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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 | B .-, | B -, and | B 0-RelAp43nteraction 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

Rabies/irusis arecurringzoonosigesponsibldor about60,000eathgperyear.A key
featureof rabiesvirusis its stealth allowingit to spreadwithin the hostandescapé¢he
immuneresponseTo do so,rabiesvirus developegeveramechanismsncluding athor-
oughinterferencewith cellsignalingpathwaysHere,wefocusedur attentionon the
molecularaspect®f rabiesvirus escapéo the NF- B pathwaythroughtheinteraction
betweerthe M proteinandthe NF- B protein RelAp43Monitoring closerangeinterac-
tions,wefound that RelAp43playsanimportantrolein the stabilizationof the p105-
ABIN2-TPL2complexwhichis essentiain theregulationof both NF- B andMAPK
pathwaysandwebroughtanewinsighton the dynamicswithin the hostprotein complex.
Theseresultswereconfirmedin living cellsandin mice.Overall,our datasuggesthat
rabiesvirusinterferencewith the p105-ABIN2-TPLZomplexis acornerstoneof its
stealthstrategyto escapgéheimmuneresponse.

Introduction

Dependingon specificstimuli, the transcriptionfactorsof the NF- B family aremajor regula-
torsof cellularphysiologyTheyregulateapoptosiscellsurvival,proliferationandimmune
responsewhichrequireseachstepof the cellsignalingcascadéo behighly regulated1]. The
NF- Bfamilyis constitutedof 3 proteinswith atransactivatiordomain(TAD): RelA(p65),
cRelandRelBand3 proteinslackinga TAD: p105/p5QNF- B1),p100/p5ANF- B2)and
RelAp43asixthmemberof theNF- B family andsplicingvariantof RelA[2]. All thesepro-
teinssharea Rel[HomologyDomain (RHD) involvedin dimerization,DNA- and| B binding.
TheNF- B pathwayis dividedin acanonicabathwaywhich mostlyrelieson RelA-p105/p50
dimers,andanon-canonicabathwayinvolving RelB-p100/p5@imers.Upon activationof the
cascaddahel B kinase(IKK) complexis phosphorylatedndinducesthe phosphorylatiorof

| B proteins,suchasl B orl| B ,leadingto their ubiquitination anddegradatiorby the pro-
teasomeSimilarly,p100and p105,actingboth asprecursorsaandinhibitors, arephosphory-
latedand cleavednto maturatedp52andp50upon KK activation.ThereforeNF- B dimers
arereleasedrom their inhibitors andfreeto translocaténto the nucleusto regulatethe
expressiorf their targetgenes.

Interestingly apool of p105is alsoforming acomplexwith the A20-bindinginhibitor of
NF- B activation2 (ABIN2) andthe Tumor progressionocus2 (TPL2).Both ABIN2 and
TPL2interactwith the C-terminal (C-ter) half of p105and not with p50[3]. TPL2,stabilized
andinhibited by p105,is akeyMAP3K involvedin the activationof theimmuneresponse
mediatedby the MAPK pathwaythroughdownstreankinasesMEK1/2andERK1/2 ABIN2 is
essentialo maintain steady-stat& PL2levelssothatin ABIN2 depletectells the activationof
downstreanERKisreducedunderstimulation[4]. TPL2inducesthe NF- B pathwaywithout
prior stimulationin ap105-dependamnanner([5], increasinghe productionof p50andits
translocationin the nucleustogethemwith RelA,therebyactivatingNF- B-responsiveeporter
genesinterestingly, TPL2phosphorylatep105at differentsitescomparedo IKK andis
autophosphorylateth unstimulatedcells[6]. It hasbeensuggestethat TPL2promotesthe
full processingf p105by the proteasomereleasingndependeniNF- B dimerswhile main-
taining the overallrateof p50production.Indeed, TPL2could modulatethe NF- B pathway
while beingassociatetb arestrictedpool of p105forming the coreof high-molecular-weight
regulatorycomplexe$3,7]. Finally,upon IKK activationp105is phosphorylatedby the regu-
latory IKK /NEMO subunitand ABIN2 isreleasedrom the complextogetherwith TPL2,

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

2/24


https://doi.org/10.1371/journal.ppat.1006697
https://doi.org/10.6084/m9.figshare.5522209
https://figshare.com/s/44d03f41255ab49acd0e
https://figshare.com/s/44d03f41255ab49acd0e
https://doi.org/10.6084/m9.figshare.5522197
https://doi.org/10.6084/m9.figshare.5522197
https://figshare.com/s/c011844bc1cd024111a4
https://figshare.com/s/c011844bc1cd024111a4
https://doi.org/10.6084/m9.figshare.5522200
https://doi.org/10.6084/m9.figshare.5522200
https://figshare.com/s/6b105b33e8abc8f56bb1
https://figshare.com/s/6b105b33e8abc8f56bb1
https://doi.org/10.6084/m9.figshare.5522203
https://doi.org/10.6084/m9.figshare.5522203
https://figshare.com/s/42929baa4a9b818ef9b3
https://figshare.com/s/42929baa4a9b818ef9b3

@'PLOS | PATHOGENS

Regulation of NF- B signaling by RABV

whichonceliberated canactivatethe ERK/MAPK pathway Thisternarycomplexthen estab-
lishesanintersectionstepbetweerboth NF- B andMAPK pathwaysnotablyinvolvedin the
regulationof , , or [8,9], constitutingatargetof choicefor
immune escapdy virusessuchas , theagentof rabies.

Lyssavirusearealreadyknown to interferewith severasignalingpathway410]. Oneof the
5 proteinscodedby thelyssaviruggenomethe phosphoproteinP) inhibits both the IRFs[11]
andthe JAK-STATpathwayg12] throughamechanisntonservedcrosshe genus
[13]. Anotherviral protein,the matrix protein (M), is asmallpleiotropicprotein forming olig-
omersandinvolvedin variousfunctionssuchasstructuralorganizationof the viral particleor
potentiallyin the formation of viral inclusions[14,15].Firstinvolvedin the dysregulatiorof
cellhomeostasiandinduction of celldeath[16+18],the M protein hasbeenalsoshownto be
associatewith theinhibition of the NF- B pathwaythroughaninteractionwith RelAp43
[2,19].Interestingly,only the M protein of field rabiesvirus (RABV) isolatesuchasthe Thai-
land strain(M 1,5 wasshownto interactwith RelAp43comparedo attenuatedsiral strains
suchasthevaccinalPV or SADvirus (M sap). Recently4 residuef the M protein (position
77,100,104,110)wereshownto beinvolvedin theinteractionof My, with the C-ter part of
RelAp43andlinked to the control of the expressiomf RelAp43-dependdmgened19].

Herewefurther characterizeéhe modulationof the NF- B networkmediatecby RelAp43
andtherole of Mt,5in theformation of RelAp43-p5@imersthroughits interactionwith a
complexformedby RelAp43NF- B1(p105/p50)ABIN2 and TPL2(RNAT). Interestingly,
althoughM 1,5, Msapand M ham (a defectivemutant) areinteractingwith the complexwe
candistinguishseveraprofilesof interaction.All M proteinscaninteractwith TPL2,but only
Mha hasastronginteractionfor both RelAp43and ABIN2. Therebyonly the M+,4 protein
andThavirusareableto affectNF- B signalingleadingto the control of the hostresponséo
theinfection. Takentogetherpur databring newinsightin the NF- B pathwayandparticu-
larly onthe p105-ABIN2-TPLZomplex.sheddindight on the role of the matrix proteinon
cellsignalingandon viral immune evasion.

Results

Mapping of RelAp43 interactors highlights an important modulation of
the NF- B network by M1, and identification of ABIN2 as a major target
of MTha

UsingRelAp43ashaitin atandemaffinity purification (TAP) assayssociatedvith alabel-
freequantitativeproteomicsapproachweidentified 329proteinsand 49 of themwereshown
to besignificantlyinteractingzdirectlyor notbwith RelAp43(S1Fig).For38of theseproteins,
theinteractionwith RelAp43wasobservedo bemodulated(5 decreasednd 33increased)n
the presencef M1, Thenetworkof RelAp43nteractomewasbuild basedn hitsidentified
afterRelAp43purification (S2Fig), revealinghighly intra- andinter-connectectlustersof pro-
tein. Besideshe NF- B pathwayRelAp43appeardo form complexesvith proteinsinvolved
in geneexpressiomegulation(mRNA splicing,nucleoplasm)protein expressiomegulation
(translation,ubiquitin-proteasone) or the regulationof protein localization(cytoskeleton,
nucleartransport).

Asexpectedrom previouswork on RelAp43?2], in absencef M+,, our approached usto
identify allknown NF- B proteinsexceptRelA,aswellasl B andthetwo othermajor mem-
bersofthel B proteins:l Bl andl B (in bluein Fig 1A left). Thelackof RelAidentification
canbeexplained1) by thecommonRHD of RelAandits overexpressedariantRelAp43
which areundistinguishablend (2) by the presenc®f only 2 Lysand1 Arg in the 207residues
constitutingthe specificC-ter sequencef RelA,which stronglyimpairsits 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 Mrn,. A. Volcano plot of FG-RelAp43 vs FG with V5-CAT (left panel) and FG-RelAp43 vs FG with V5-Mtp,
(right panel). HeLa cells were co-transfected with 2 plasmids expressing FG or FG-RelAp43 and V5-CAT or V5-Mypa.
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/
Mmha- C. The presence of the transfected FLAG- and V5-tagged proteins as well as the endogenous p105/p50 proteinsin
the input and output were revealed by western blot. The results presented are 2 experiments representative of 4 replicates.
The 3lgH°band corresponds to the immunoglobulin heavy chain from the antibodies used in the TAP experiment.

https://da.org/10.1371¢urnal.ppal006697.g001
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detectedby massspectrometryMS) converselyo the specificC-ter part of RelAp43(S3Fig).
Nevertheles§100/p52and p105/p50verequantifiedassomeof the mostimportant partners
of RelAp43(Fig 1A left panel,1B).In addition to the 49 proteinssignificantlyinteractingwith
RelAp43manyotherproteinsincluding5 NF- B/ | B proteinswereidentified but failedthe
statisticatest(Fig 1A), mostlikely dueto thelow intensity of detectecpeptidesandcould
nonethelesbeconfidentlyconsideredn further investigation(S2Fig). While the interaction
of cRelandp105/p50with RelAp43is not modulatedby M+, | B( interactionwith RelAp43
isreducedby afactorof 3in the presencef M1, (Fig 1A right panel,1B).Furthermore,l B ,
pl00/p52RelBandl B exhibitedanincreasednteractionwith RelAp43by afactorof 3to 7
in the presencef M, RelBandl B  becomingsignificantlymore presentHence wecan
observehat M, induceda strongreorganizatiorof the interactionprofilesof RelAp43with
theNF- Bandl B proteins.Indeed M5 ledto anincreasednteractionbetweerRelAp43
andRelBandp100/p52part of the non-canonicabathwayandaswellasachangen its asso-
ciationwith theregulatoryproteinsl B , | Bl andpl100.

Moreover,weidentified 2 proteinsthat areknown to form aregulatorycomplexwith p105:
ABIN2 and TPL2(S2Fig),forming anintersectionstepbetweerthe NF- B andthe MAPK
pathwayg3]. Thevolcanaoplot (Fig 1A left panel)showshat asidefrom p105/p50and p100/
p52,ABIN2 wasoneof the mostsignificantproteinsinteractingwith RelAp43n the absence
of Mt However ABIN2-RelAp43nteractionis reducedenfoldin the presenc®f M,
(falling underthe cutoff of 5%FDR) converselyo p105/p50whichinteractionremainedsimi-
lar (Fig 1B,S2).It isworth to notethattheinteractionof TPL2with RelAp43wasfoundto be
increasedy afactorof 4in the presencef M, (Fig 1 right panel,1B).Thereforewedecided
to focusour work on theregulatoryrole of ABIN2 in aRNAT complexandon deciphering
how the activity of this complexcould be modulatedby the M protein of Thavirus.

M4 favors the formation of RelAp43-p50 dimers

AsTPLZ2is knownto regulatethe processingf p105andactivationof NF- B[5], andas
ABINZ2 inhibits NF- B pathwayandstabilizesTPL2,welookedin the presencef M, for an
evidenceof the modification of RelAp43nteractionswith p105and p50.

To thisaim,weusedthe samplegpurified by TAP andanalyzedy MS. In thewholecell
extractcontrolsprior to the TAP (input), the quantity of p50revealedy westerrblot is equal
or slightlyhigherthanthat of p105(Fig 1C) regardlessf the presenc®f RelAp43and M.
In the absencef M1, (output), the quantity of p50isinferior to the quantity of p105when
p105/p50s purified alongsidewith RelAp43Interestingly the quantity of p50co-purified
with RelAp43s significantlyhigherin the presencef M,,, similarto the quantity of p105.

Altogethertheseresultsshowedarole of M+, in the modulationof the compositionof a
RNAT complexresultingin the formation of RelAp43-p5@imers.

Characterization of the interactions between RelAp43, p105, ABIN2 and
TPL2

To further confirm the existencef aRNAT complexweusedprotein-proteininteraction
(PPI)assaysuchasbioluminescenceesonancenergytransfer(BRET)and protein-fragment
complementatiorassayPCA).

BRETenablesdentificationin living cellsof anyinteractionoccurringbelowa1l0nm
radius.STAT1,aproteinfrom the JAK-STATpathwaywhichis not interactingwith p50,was
usedasanegativecontrol (Fig 2A). Asit interactswith RelAp43out not with ABIN2 nor TPL2
(Fig 2A), p50wasalsousedasacontrol. All negativecontrolswereusedto determineathresh-
old basedn athreestandarddeviationsof the mean(3SD).Hence althoughthe BRETsignal
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Fig 2. Characterization 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( ¢)-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 Glul-, 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: Glul-, Glu2- for N-ter and -Glul, -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://dbi.org/10.1371djurnal.ppal0066979002

of eachinteractionappearedo vary,with strongersignalfor p105-RelAp43)50-RelAp43nd
TPL2-ABIN2(netBRET>0.05thanp105-ABIN2 p105-TPL2RelAp43-TPLANdRelA-
p43-ABIN2(netBRET<0.05)pverallall combinationsof interactionwithin the complex
RNAT showedapositiveresult(Fig 2A).

We nextstudytheinteractionbetweerthe 4 RNAT partnersusingPCA (Fig2B+2G)In
comparisonto BRET hereonly RelAp43-p10%ndpl05-TPLAnteractions(stabldogNLR
abovethe 0.54threshold)weresignificant(Fig 2Band 2C). Thisresultcanbeexplainedby the
high stringencyrequiredfor the molecularcomplementatiorduring PCAcomparedo the
more flexibleresonancenergytransferperformedat nanometricdistancesvith BRET.

In orderto studymore preciselythe hierarchicalinteractionswithin the RNAT complex,
weusedPCAIn the contextof anotherthird overexpresseprotein (Fig2B+2G)In thesecon-
ditions, wefound thatthe RelAp43-pl0interactionwasnot modified by ABIN2 nor TPL2
(Fig 2B).Similarly,ahighlevelof interactionwasobservedvith p105-TPLAFig 2C),butin
this caseit wassignificantlyenhancedy RelAp43(logNLRof 1.99insteadof 1.67with the
control CAT). Thisis morein favorof amodification of the p105-TPLZomplexinducedby
RelAp43whichallowsthe generatiorof a higherluciferasesignal. Again,ABIN2 hadnot effect
on p105-TPLZomplexMoreover,astableinteractionbetweemABIN2 andp105o0r TPL2,
separatelygould not beobservedFig 2D and 2E).However ABIN2-p105interaction(Fig 2D)
wasstabilisedby RelAp43(logNLR= 0.65)andevenmoreby TPL2(logNLR= 1,1).In the
caseof the ABIN2-TPL2interaction(Fig 2E),it wasonly stabilizedoy p105(logNLR= 0.86).
RegardingRelAp43the collaborationof p105wasmandatoryto stabilizeits interactionwith
ABIN2 (Fig 2F)or TPL2(Fig 2G)with alogNLRof 1.1and 1.3 respectivelyThis further estab-
lisheghecrucialrole of p105,TPL2andasecondNF- B proteinsuchasRelAp43jn theinitia-
tion of the RNAT complex Altogether the BRE Tresults(Fig 2A) showingthe strongessignal
for ABIN2-TPL2interaction(netBRET= 0.093)andthe PCAresults(Fig 2B+2G)demon-
stratethe participationof ABIN2 to the RNAT complexthroughits interactionwith both
TPL2andp105,p105binding itselfto RelAp43to form aquaternaryRNAT complex.

Tha virus excludes ABIN2 from the RNAT complex

In orderto confirm therole of rabiesvirus proteinsin the modulationof the compositionand
activitiesof the RNAT complexand more specificallyon interactionsinvolving ABIN2, we
performedaPCAusing3 partners asdescribedn Fig2B,but in the contextof viral infection
(Fig 3). To do so,weusedthe Thaand SADviruseswhichM proteinswerepreviously
describedasdifferentiallytargetingthe NF- B pathway{2].

In theseconditions,weconfirmedthattheinteractionbetweemBIN2 andRelAp43is
facilitatedby p105(Fig 3A). However the infectionwith Thavirus significantly(p<0.05)
decreasethisinteractionevenin the presencef p105,whencomparedo the mockinfected

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006697 October 30, 2017 7124



@'PLOS | PATHOGENS

Regulation of NF- B signaling by RABV

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 Glul-, 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: Glul-, Glu2- for N-ter and
-Glul, -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:/Hoi.org/10.137ournal.ppat206697.9003

cells(logNLRdroppedfrom 1.45to 0.80),confirming theresultsfrom MS.RegardingABIN2
and TPL2interaction(Fig 3B), Thavirusinfectionreducedheinteractionof the two proteins
in absencef pl05comparedo the control cells(logNLRdroppedfrom 1.11to thelevelof the
thresholdsetat 0.54).This effectis evenmorestriking in cellsoverexpressing105.wherea
strongandsignificantdecreasef the interactionbetweerABIN2 and TPL2is noticed(from
1.52and1.34in themock,p<0.01,and SAD,p<0.05,infectedcellsto 0.80logNLRwith Tha,
Fig3B).In the caseof ABIN2 andp105 theinteractionwasdecreaseth Thacomparedo
mockinfectedcells,n absencél.53to 0.91logNLR)aswellasin presencg1.92t0 1.18
logNLR)of overexpressionf TPL2(Fig 3C).Overall this indicatesthat Thavirus canstrongly
disturbtheinteractionof ABIN2 with the othermembersof the RNAT complex.

Mtha interacts with the RNAT complex

Next,weinvestigatedhe capacityof the M protein of Thaand SADto interactwith the RNAT
complexusingthe BRETtechnologyBoth STAT1 which doesn'tinteractwith the M proteins,
andthe P protein,which doesn'tinteractwith the proteinsRelAp43p105/p50ABIN2 or
TPL2,wereusedasnegativecontrolsto determinea 3SDthreshold.Sincethe P proteincan
interactwith phosphorylate 6 TAT1[20], this pair wasnot consideredasa negativecontrol.
NoneoftheM proteinsleadto asignificantinteraction(higherthan 3SD)with STAT1,p105
andp50(Fig 4A). However M1, but not M sap seemdo interactwith RelAp43whichis
expected?], but alsowith ABIN2. Both, M+, andM sap gavea strongpositivesignalwith
TPL2(netBRET> 0.05).

To further investigateheinteractionsbetweerthe M proteinsand eachof the membersof
the RNAT complexweincludeda M4 protein mutatedon the positions77,100,104,110
(M+ham) andshowingalossof interactionwith RelAp43(Fig 4C)[19]. Basedn theabsence
of significantinteractionwith M proteins,p105(Fig 4B),p50and STAT1(S4AFig) wereused
asnegativecontrols.Theydid not showanysignificantBRE Tactivity,evenwhile usinghigher
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Fig 4. My, interacts with RelAp43 and ABIN2. A. Interactions between M1, Msap 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. Myp5, Mham and Msap 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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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://dbi.org/10.1371durnal.ppal0066979004

YFP:Nlucratios(S4BFig),which areknown to increasehe potentialefficiencyof BRET
[21,22].At the oppositethe M proteinsexhibiteda strongincreasenf the BRE Tsignalsignifi-
cantlyabovethe controlswith RelAp43,TPL2and ABINZ2 (Fig 4C+4E)Fig4C confirmedthe
ability of interactionof M, with RelAp43(netBRE Trangingfrom 0.022to 0.109)while both
Mtham @ndMsap presentecverylow netBRETIf any (rangingfrom 0.001and0.006to 0.003
and0.059yespectively)Moreover the observatiorof asignificantdifferenceatthe 1:2ratio,
wherethe efficiencyof BRETIs low, is astrongevidenceof this interaction.As expectedall M
proteinsinteractedwith TPL2(Fig 4D), althoughM 4 Showedor unknown reasoranet-
BRETabouthalfthat of Mt,,and M sap. More interestingly Fig 4E highlightsthat M, inter-
actionwith ABIN2 (increasingrom 0.042to 0.154of netBRET)is stronglyhigherthanthat of
M-ham OF Msap (increasingrom 0.028and0.022t0 0.052and0.0630f netBRETrespectively).
Overall this showshat M proteininteractionwith the NF- B pathwayis more complexthan
previouslydescribed2,19].While we highlightthat M proteinscanalsointeractwith TPL2,a
distinctinteractionof the M proteinfrom afield isolatevirus with ABIN2Dsimilarly to
RelAp43bisshownfor thefirst time.

Tha virus modulates the inflammation

NF- Bsignalingisinvolvedin theinduction of theimmuneresponsandits control by the M
proteinis alreadywell established//hile M sap and M sy caninduceNF- B activity, M1, is
ableto stronglyinhibit its activation[2,19].Hence we quantifiedthe expressiorof various
immunity-relatedgenesegulatecoy NF- B: , (Fig5A+5F and
(S5A£S50Fig)in the brain of micefrom two genetichackgroundg$23,24],atlate
stageof theinfection by Thaor theisogenicTh4M virus mutatedon the positions77,100,104,
1100f the M protein[19]. Thaand Th4M virus havesimilar replicationratesin the brain of
mice,both at 9 daysafterinfectionandatthe experimentabndpoint (S6BFig).
and havealreadybeenshownto bemodulatedby theinteractionof M+, with RelAp43
[19].
After 9 daysof infection, neitherThanor Th4M inducethe expressiorf or
in BALB/c(S6C+S6[Eig). However atthe experimentakndpoint, both Th4M and Tha
virusinduceanincreaseof the expressiorof and in BALB/cmice(Fig5A+
5C)while almostno induction is observedn C57BL/6miceinfectedby Thavirus compared
to Th4M (Fig 5D+5F).Indeed,Th4M virusinducedastrongerincreasenf the expressiorof
(Fig5A and5D), (FighBand5E)and (Fig5Cand5F)comparedwith Tha
(13-,4- and3.3-foldsin BALB/c,respectively5.8-,14-and5.3-foldsin C57BL/6mice,respec-
tively).In comparisonpoth Thaand Th4M virusesnducea strongexpressiorof and
(S5Fig)andno differencedetweerthetwo virusescould beobservedThereforejf
CCLbis overexpressednder SADinfection comparedo Thainfectedcells[19], this pattern
seemdo bedueto ahigherstimulationof theimmuneresponsehananinhibition by My,
andits control togethemwith that of CXCL10mustbestrictly restrictedto the N protein of
pathogenidNi virus[25].
Interestingly lateinfection symptomscorrespondingo experimentabndpoint) appeared
in Thainfectedmicewithin 10dayspost-infection(dpi) regardlessf the genetichackground
(Fig5G),while appearancef the lateinfection symptomsn Th4M infectedmicewasdelayed
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Fig 5. Tha virus modulate s the response to the infectio n in infected mice. A-F. Relative quantification of IFNG (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://abi.org/10.1371durnal.ppal00669 79005
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by 4 to 8 days(medianof survivalat 14and 17 dpiin BALB/candC57BL/6 p<0.05,
respectively).

Overallandalthoughsomedifference®xistbetweerthe two geneticbackground23,24],
thoseresultssuggesthat Thavirus could exertarepressiorof the expressiorf inflammatory
relatedgenesuchas and in the brain of infectedmiceat the latestageof the
infectioncomparedwith Th4M while not affectingCCL5and CXCL10.Moreover the mutation
on the positions77,100,104,1100f the M protein of Thavirus,whichleadgo astrongerimmune
responséo theinfection,canalsobecorrelatedwith ahighersurvivalrate of theinfectedmice.

Discussion

New insights on the interactions within NF- B pathway and the p105,
ABIN2 and TPL2 complex

The capacityof theNF- B pathwayto control variousresponsesderivesfrom the differential
regulationof awide rangeof targetgeneshroughtheformation of abroadNF- B dimerrep-
ertoire[26]. A splicingvariantof RelA,RelAp43wasrecentlyinvolvedin the control of the
immuneresponsealuring rabiesvirus (RABV)infection[2,19]andformscomplexesvith all
theNF- Bandl B proteins. Amongstthem,theregulatoryproteinsp105/p50andp100/p52
arethe mostsignificantNF- B proteinsinteractingwith RelAp43While activeNF- B dimers
aremainly composedf RelA-p50dimers,RelAis alsoinvolvedin the regulationof p100/p52.
Theregulatoryp100precursorservessaninhibitor of p65/RelAasRelA-p10dimersarenot
activeafter TNF stimulation[27] and RelA-p52dimershavebeenshownto bepart of several
signalingpathwayg28]. Therefore RelAp43couldactasanimportant competitorof RelAin
both canonicalandnon-canonicapathwaysaccordingto the physiologicatontext.

In addition, all the partnersof the ternarycomplexp105-ABIN2-TPL2regulatingthe acti-
vationof downstreanNF- BandMAPK pathwayg3] areassociatetb RelAp43within a
closerange(< 10nm). Themappingof PPIsshowedl PL2to be mainly responsibldor the
interactionof ABIN2 with the complexwhile co-immunoprecipitdion experimentshowed
that ABIN2 preferentiallfformsalargerternarycomplexincluding TPL2and alsop105[3].
Interestingly the C-terregionof TPL2involvedin theinteractionwith the processingnhibi-
tory domain(PID) of p105(which alsomediateg105dimerization)is alsoinvolvedin the
interactionwith the 194+250egionof ABIN2 (Fig 6A) [3]. Hence both ABIN2 andp105
interactwith onesingulardomainof TPL2.Investigatingcloseproximity interactionsweshed
anewlight on the specificrole of the differentproteinsin the complex(Fig 6A). ABIN2 isthe
memberof the complexexhibitingthe weakelinteractionwith the others.Overall this sug-
gestghat p105and TPL2might form togetheraregionincluding the C-ter of TPL2andthe
PID of p105securingastablenteractionwith ABIN2.

Finally,RelAp43nteractswith p105mostlikely throughthe RHD [29] and helpsits associ-
ationwith TPL2andthereforeof ABIN2 with the complex All observedndreportedinterac-
tionsaresummarizedn S1TableandFig6A. Interestingly,RelAp43and ABIN2 arealsoable
to interactwith the helpof p105but without the overexpressionf TPL2.This suggestsvo
possibilitiesRelAp43couldallowthis interactionwithout TPL2asit exhibitedasmallsignal
of interactionbetweenmABIN2 and p105.Anotherexplanationcouldbethatthe endogenous
TPL2is sufficientto bring ABIN2 to the RNAT complex Altogether this suggestthat
RelAp43affectgpl05andstabilizethe formation of the complex.t islikely thatwhile p105is
mandatoryto bring ABIN2 to NF- B dimers,severaiembersof the NF- B family canform a
complexwith p105-ABIN2-TPLZ5,30]. Whetherthe capacityof p105to form acomplexwith
TPL2and ABIN2 increasesolelywhendimerizedwith RelAp43andits specificC-ter part or
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 infection. 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://da.org/10.1371durnal.ppal006697.g006
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crystallizationof RelA-p50dimers[29] suggestthatthe RelAp43C-terregionshouldbe
nearbythe PID regionof pl05andtherefore closeto the suggestegocketof interaction
betweerp105,ABIN2 and TPL2(Fig 6A).

Hereweconfirmedthat ABIN2 formsa stabldanteractionwithin closeproximity only with
both p105and TPL2.Moreoverwhileit hasbeensuggestedofar thatthe p105-ABIN2-TPL2
complexis separatedrom themain NF- B pathwayand usesa separat@ool of p105[3], herewe
showthat the assemblyf this ternarycomplexcanbefavoredby asecond\NF- B protein suchas
RelAp43andthatall proteinsinteractbelow10nm of distanceof eachotherasshownby BRET.

M+ha disturb the NF- B network of RelAp43 and the RNAT complex

Thecentralrolein cellhomeostasisfthe NF- B pathwaymakest atargetof choicefor viruses
suchasRABVto control theimmuneresponsandhelpit to silentlyspreadwithin the host[10].
In the caseof pathogenidyssavirusesuchasthe Thailandstrain,the M proteininteractswith
RelAp43anddisturbsthe homeostasiwithin the NF- B dimers.Mt4 couldlock RelAp43-
dependentNF- Bdimerswith | B in aninactivestate aswell asfavorits interactionwith the
non-canonicapathwayIn the caseof RelB,t hasbeenwell establishethat the formation of
RelA-RelBlimersinhibit both RelAand RelBrespectiveathwaydy inhibition of the DNA bind-
ing [31+33].Hence|it couldbeinterestingto investigatehe DNA binding capacityof a RelA-
p43-RelBlimer, asthe enhancementf the interactionbetweerRelAp43and RelBby M1,, could
leadto adifferentialregulationof the canonicandnon-canonicapathway.

Althoughfirstly describedashavingamostlikely directinteractionwith RelAp43herewe
showthe capacityof M1, but alsoin alowerextentof M sap, to interactwith aclusterof NF-

B signalingproteins(S1Table).Indeed,if the capacityof the M proteinto interactwith TPL2
isconservedn both attenuatecand pathogeniosirusespnly the M protein of a pathogenic
virus seemableto significantlyinteractwith both RelAp43and ABIN2. TheM proteinisthen
likely to first dockon TPL2,andinteractafterwardwith ABIN2 and/or RelAp43two proper-
tiesthatarelostin attenuated/iruses.Thereforethis questionghe effectof the singleinterac-
tion of M with TPL2during theinfection by attenuatedvirus on cellsignaling.However as
the capacityof M, to disturbthe NF- B pathwaywasshownto dependon RelAp43expres-
sion[19], theinteractionof M+, with only ABIN2 and TPL2is not enoughto disturbit.

Mha Significantlyenhancesheinteractionof manyproteinswith RelAp43complexes
(Figs1l andS2)andinteractswith 3 out of the 4 proteinsof asinglecomplex:RelAp43 ABIN2
and TPL2.Evenif the M proteinis known for havingpleiotropicpropertiesthe specificnter-
actionof M, with suchawide rangeof hostproteinsis highly unlikely. Asthe M protein of
lyssaviruseis known to oligomerize[34] andform superstructureswithin thecell[15], we
suggesthat M1, canactasa scaffoldingagentfor the formation of high molecularweight
complexestargetingseveratellularfunction atthe sametime (S2Fig). Additionally, aregion
of the M protein (positions33+36)wasdescribedhassharingthe featuresof a proline-rich motif
(PRM)andinteractswith the position 107+112n asecondM protein andforming ahydro-
phobiccleft[34]. PRMsarecommonmotifs amongsthostprotein-proteininteractionsand
their hydrophobicpropertiescouldfacilitatethe binding to manyhostproteins.

At this stagenveobservedhat (1) the MS quantificationof ABIN2 purified with RelAp43s
reducedby 10fold in presencef M+, whichgoesagainsthe generatrend of M+, enhanc-
ing interactions(2) the M,ABIN2 interactionis strikingly strongerthanthat of Mj,4m OF
Msapand,(3) the Thavirus hasahigherpropensityto weakerthe interactionof ABIN2 with
RelAp43,TPL2andpl05comparedo the SADvirusandmockinfectedcells.Thisleads
stronglyto the hypothesighat M, disturbthe RNAT complexweakeninghe capacityof
interactionbetweemBIN2 andthe hypothesizedegionof interactionformedby p105,TPL2
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andmaybeRelAp43(Fig 6A). Interestingly our resultsdemonstratea switchof theinteraction
of theM protein betweerapathogeni@andavaccinalstrain.

Furtherinvestigationshouldalsofocuson ABIN2 andits role asaninhibitor of RIP1,
upstreamof NEMO (which werenot identified by MS) andthe NF- B pathway[35]. A work-
ing hypothesigs that ABIN2 couldberecruitedto polyubiquitin chainswhenit isreleased
from activatedT PL2,restrictingthe activationof innateimmune signalingnetworks[36].
Therefore aswe haveshowna stronginteractionof Mn,t0 ABIN2, M1, couldinterferewith
theNF- Bsignalingatseveralevelghroughits interactionwith ABIN2. Furthermore ABIN2
hasbeenlinked to the ESCRTpathway[37], andits interactionwith the M protein couldbe
relatedto RABV budding[38].

Tha virus controls cell signaling to fine-tune the host response to the
infection

While destabilizinghe RNAT complexleadingto the exclusiorABIN2, M1, controlsdown-
streamNF- BandMAPK pathwayslndeed,M 4 facilitateshe formation of RelAp43-p50
NF- BdimerslackingaTAD which canregulatethe expressiorof NF- Btargetqd19]. Todo
s0,Mtha€itherinducedirectly the processingf p105into p50in aRelAp43dependenman-
ner,or modify thehomeostasisf NF- B dimers[5]. Thisremainsto beclarified.It isworth to
mentionthatthe productionand/or releas@f p50from the cytoplasmandtranslocationof an
activeNF- B dimer (not including RelA)wasobservedinderinfection by the laboratory
strain CVS[39]. Togethemwith our resultsjt showsthat p50couldhaveanimportantrolein
rabiesvirusinfectionthat shouldbefurther investigated.

In parallel MSresultssuggesthat TPL2is beingstabilizedwithout ABIN2, implying that
Mthacouldlock TPL2on p105(Fig 6, S1Table).Yet,theimplicationson TPL2remainto be
investigatedisingtime sensitiveapproacheo determineif andin which order M+, destabi-
lizes liberatesor blocksTPL2aswell asthe effectson downstreanmactivityon MAPK ERK1/2
andMAPK-dependentranscriptionfactors[3].

Hence,in additionto P protein control of IRFand JAK-STATpathwaysluring RABV
infection[10], M appeard¢o haveacentralfunctionin cellsignalinginhibition andmodulation
of innateimmune responsehroughthe control of TPL2,akeyregulatorof NF- BandMAPK
pathwayslt is worth to notethat TPL2regulateslsolRF proteins leadingto astronginduc-
tion of IFN during vesicularstomatitisvirus (VSV) infection[40] and appearslownstreanof
JAK-STATpathwayholding anessentiatole in antiviral hostdefenseagainsinfluenzavirus
infection[41]. Thereforethe perturbationof TPL2signalingby M couldbepotentiallyimpli-
catedin amuchfurther control of the hostresponseywhich couldbeconservedicrosgpatho-
genicandattenuatedsiruses.

TheNF- B pathwayisinvolvedin the expressiomf severagjenef theimmuneand
inflammationresponséo theinfectionsuchas and [8,42]. Themodulation
of their expressiorby Thavirus dependingon the capacityof the M proteinto interactwith
RelAp4319], aswellasABINZ2, is hereconfirmedin Thainfectedmice.Interestingly |IFN ,
CXCL2and TNF expressiorcontrol by the M proteinis observedn thelatestage®f theinfec-
tion , further corroboratingthe modulationby M+, of theimmuneresponsebserved
in cellulo[19]. Further,it would beinterestingto explorethe effectof M+,4 hijackingof the
NF- Bsignalingon otherNF- B-dependengenespossiblyinvolvedin RABV pathogenesis.
Additionally, the control of the expressiomf suchgenesnainly by the NF- B signalingpath-
way,but alsopotentiallyin synergywith other pathwaysgorrelatesvith theincubationand
pathogenicityof RABV.Hence throughtheregulationof the NF- B pathwayby the M pro-
tein, Thavirusis ableto fine-tunethe hostresponseo theinfection.
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Conclusion

RelAp43andthe matrix protein of pathogeniaabiesvirus areknown to interactand modulate
theinnateimmuneresponsg2,19].However we showherethat the mechanismsnvolvedare
far more complexthaninitially thought.M+,, andto alowerextentMsap, Caninteractwith
RelAp43andother proteinsinvolvedin NF- B aswellasMAPK signaling While introducing
anewinsightin theNF- B networkandespeciallyn ap105-regulatingomplexwegathered
for thefirst time evidencesuggestinghat apathogenrabiesvirus, canuseoneof its proteins
(the M protein) to modulatetheinteractionof ABIN2 with p105and TPL2.Therebythe M
proteinleadgo the controlthe NF- B pathwayin orderto modulatethe inflammationin
responsé¢o RABVinfection.

Material and methods
Cells and viruses

Human carcinomaepithelialcells(HeLa,ATCC CCL2 ), humanepithelialkidneycells(HEK-
293T/17 ATCC CRL-11268 )arepart of the collectionof our laboratoryandwereculturedas
previouslydescribed17]. Virus infectionwasperformedin 6- or 96-wellplatedisheduring
indicatedtimesat 37EGandusingdifferentvirusesatamultiplicity of infection (MOI) of 1.
Thailandvirus,referredasTha (isolate8743THA),is afield strainof RABVisolatedn Thai-
landfrom ahumanbitten by adog (EVAg collection,Ref-SKU014V-02106)SAD-B1%virus
(SAD)isavaccinestrainsof RABV (EVAg collection,Ref-SKU014V-02283)A recombinant
Thavirus mutatedon the positions77,100,104,1100f the matrix protein (Th4M) wasusedas
previouslydescribed19].

Plasmids

Thecodingsequenc€CDS)of CAT, Mtha Msap, Mtham, RelAandRelAp43wvereobtained
from pcDNA3.1N-V5-desplasmidsin thelaboratory[2]. The CDSof NF B1(p105/p50yvas
givenby R.Weill (Institut Pasteur)The CDSof TPL2and ABIN2 wereamplifiedby PCR

from cDNA obtainedfrom HeLacells. The CDSwerecomparedo the RefSe®f their respec-
tive variantnumber1:NM_005204.2ndNM_024309.3NCBI). Genesvereinsertedusing
In-Fusiontechnology(Clontech)in variousplasmidspKmycvectorwasagift from lan
Macara(Addgeneplasmid#19400}o addthe c-Myctagin N-ter position.Gaussid_uciferase-
BasedProteinComplementatiomAssay(PCA) plasmidso addaGlulor Glu2tagin N- or
C-terpositionof theinsertwereagift from D. Gerlier[43]. A modified versionof the pEGFP-
Clplasmid(Promegajnto p3xFLAG-EGFP-CIgresentinga 3xFLAGtagupstreanto the
eGFP[44wasagift from F. Thierry (Institute of MedicalBiology,Singapore)lt addsaFG
(3XFLAG-eGFP)agin N-ter position.The pEYFP-C1/NIplasmidgPromegawerecommer-
ciallypurchasedaddingaeYFPtagin N- or C-ter position. ThepEYFP-C1/NIplasmidswere
modified by switchingthe eYFPto the Nano-Luciferas¢Nluc) to obtainnewpNIuc-C1/N1
plasmidsaddingaNluc tagin N- or C-ter position.All sequencewerecontrolledby sequenc-
ing, usingSangetechnologyAll constructionsaresummarizedn S2Table.Finally,the plas-
mid pGL4.50Promegakxpressinghe Firefly Luciferasavasusedascontrol.

Tandem affinity purification and mass spectrometry

HeLacellswereplatedonto 75cm? disheswith 2.1C cellsperdishin 15mL of medium (10
dishesgpercondition). After 24h,cellsweretransfectedvith 6 g of FGor FG-RelAp4dlas-
midsand4 g of V5-CAT or V5-M, plasmidsusingLipofectamine2000(Invitrogen). Cell
pelletswerelysed24hlaterin aFLAG Buffer(150mM Tris-HCI, 300mM NacCl,1%Triton-
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100X).30mg of protein extractwereincubatedovernightat 4ECon anti-FLAG-M2beads
(Sigma)in FLAG Buffer.Proteincomplexesverethen elutedwith 3xFLAGpurified peptides
(Sigma)andincubatedfor 1 h with GFP-Trap_A(Chromotek)in a GFPBuffer(50mM Tris-
HCI pH 7.4,150mM NacCl,0.2mM EDTA). Proteinswerefinally eluteddirectly usingloading
samplebuffer (Invitrogen) and heatedat 95EGor 10min. After centrifugation,aquality con-
trol of the elutedproteinswasperformedby westerrblot. Eachcondition wasdonein 3 bio-
logicalreplicates.

dx.doi.org/10.17504/mtocols.io.jeqcjdyPROTOCOLDOI].

Proteinsamplesvereloadedon a SDS-PAGHel(4+12%gradient,Biorad).After the elec-
trophoreticmigration the gelwasstainedwith Coomassi@lueR-250(Biorad)andeachlane
wascutinto 10gelbands Gelslicesverewashedwicewith 100mM ammoniumbicarbonate
for 15min, followedby 100mM ammoniumbicarbonate/acetonitrilél:1)for 15min. After
reductionandalkylation,proteinsweredigestedy 0.5 g of modified sequencingradetryp-
sin (PromegaMadison,WI, USA)in 10mM ammoniumbicarbonateovernightat 37EC.

Resultingpeptidesvereextractedrom the gelby incubationin 50mM ammoniumbicar-
bonatefor 15min, andthreetimesin 5%formic acid(FA) and 50%acetronitrile(ACN) for 15
min. All extractionswverepooledanddried downin avacuumconcentratorandfurther resus-
pendedin 2%acetonitrile 0.1%FA beforeinjection.

Trypsin-digestegeptidesobtainedfor all gelslicesvereanalyzedseparatelpy
nanoLC-MS/MQusingan UltiMate 3000RSLC(Dionex,Amsterdam,The Netherlandsou-
pledto anLTQ-Orbitrap Velosmassspectromete(ThermoFisherscientific,BremenGer-
many).Five L of eachsamplewereloadedon aC,gpre-column(300 m inner diameter 5
mm; Dionex)at30 L/min in 2%ACN, 0.1%FA. After 4 min of desaltingthe pre-columnwas
switchedonline with the 15cm capillarycolumn (75 m diameterfilled with 3 m Reprosil-
PurBasicC,gHD resin)(Dr. MaischGmbH, Ammerbuch-EntringenGermany)equilibrated
in 98%solventA (2%ACN, 0.1%FA) and 2%solventB (80%ACN, 0.08%d-A). Peptidesvere
elutedusinga 2 to 55%gradientof solventB during 30 min at 300nL/min. TheLTQ-Orbitrap
Veloswasoperatedn data-dependerdcquisitionmodewith the XCalibur software Survey
scanMSwereacquiredin the Orbitrap in the 300£2000n/z rangewith theresolutionsetto a
valueof 60,000at m/z = 400.The 10mostintenseions per surveyscanwereselectedor colli-
sion-induceddissociation(CID), andresultingfragmentsvereanalyzedn thelineartrap
(LTQ). Dynamicexclusionwasemployedwithin 20sandrepeatediuring 30sto prevent
repetitiveselectiorof the samepeptide.

Data processing and analysis

Rawfileswereprocesseavith Maxquant[45] (v.1.4.1.2andthe Human Swiss-ProEASTA
databas€20,24Qroteins)concatenateavith 4 recombinantproteins(FG,FG-RelAp43,
V5-CAT andV5-Mtha) wasused Andromedasearche§t6] wereperformedchoosingrypsin
asspecificenzymewith amaximumnumberof 2 missedcleavage$fossiblenodifications
includedcarbamidomethylatiofCys fixed), oxidation (Met, variable)and Nter acetylation
(variable) Themasgolerancen MSwassetto 20ppm for thefirst searcithen6 ppm for
themain searchand0.5Dafor MS/MS.Additional peptidesvereidentified by the2match
betweerrun® option with amaximalretentiontime window of 1 min. Fiveaminoacidswere
requiredasminimum peptidelengthand 1 uniquepeptidewasrequiredfor proteinidentifica-
tion. A falsediscoveryate (FDR) cutoff of 1%wasappliedatthe peptideand proteinlevels.
MaxLFQ,Maxquant'dabel-freequantification(LFQ) algorithmwasusedto calculateprotein
intensity profilesacrossample$47]. A minimum peptideratio countof 2 wasrequiredfor
LFQcalculation(S2AFig).
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For statisticalndbioinformaticsanalysisaswell asfor visualizationPerseusyhichis part
of Maxquant,wasused48].

The?proteinGroup.txt°file wasprocessedsdescribedn Tyanovaetal.2016.Two valid
LFQvaluesout of threewererequiredfor aconfidentquantificationacrossll replicatesPro-
tein LFQintensitieswerelogarithmisedand missingvaluesmputed by valuessimulating
noisearoundthe detectionlimit. For pairwisecomparisorandidentification of interacting
proteins t-teststatisticasvereappliedwith a permutation-base#DR setto 5%anda SOof 2
[49].

Protein-proteininteractionnetworksfor genef interestwereobtainedusingSTRING
v10[50]. Interactionsweredeterminedwith the following sourcesexperimentallydetermined,
automatedextmining and databasannotationg(minimum score0.9).Finally,the network
wasvisualizedwvith Cytoscapg¢51] andclustersvereannotatedusingDAVID v6.8[52,53].

Western blot and antibodies

Westernblot analysisvasperformedusingNuPAGEgels(Invitrogen). Proteintransferon
nitrocellulosemembranewasperformedusingiBlot transfersysten{Invitrogen),asindicated
by provider.Membranesveresaturatedor 1 h in PBS-Twee®.1%with 5%non-fatdried
milk. Immunoblotting procedureconsistedn overnightincubationwith indicatedprimary
antibodydiluted in 5%dried milk PBS-Tweenyashedhreetimesfor 5 min in PBS-Tween,
thenincubatedl h with indicatedHRP conjugatedsecondarantibody.Thefollowing anti-
bodieswereusedmousea-V5antibody(Invitrogen); mousea-FLAGM?2 antibody(Sigma),
mousea-p50antibody(SantaCruz)HRP-linkeda-mouseantibodyand HRP-linkeda-rabbit
antibody(GE Healthcare)Blotswererevealedy chemiluminescencand exposurego X-ray
films or with animager(Amershamjor differenttime to avoidsaturation.

Protein-fragment complementation assays (PCA)

HEK-293Tcellswereplatedin 96-wellplateswith 25000cellsperwellin 100 L of culture
medium.After 24h,cellsweretransfectedvith Lipofectamine2000with 2 plasmidsgachof
themexpressingitherGlulor Glu2 (N- or C-tertaggedyecombinantprotein,aplasmid
expressing@ cMyc-taggedrotein andacontrol plasmidexpressinghe Firefly Luciferaself
specifiedcellswereinfected3 hoursbeforetransfection After celllysis,the GaussiandFirefly
activityweremeasuredeparatelysingrespectivelyhe RenillaLuciferaseit andthe Firefly
Luciferaseit (Promega)After afirst normalizationwith the Firefly activity, Normalized
Luminescenc®atio(NLR) wasobtainedfrom split Gaussiduciferase'activity usingthefol-
lowing formula (1), aspreviouslydescribed54].

" .1 2 t=% ... 1 * 2t t .. 1+ 2 tS..at

The PCAefficiencyfor eachcouple(Glulor Glu2in N- or C-ter) wasassessédd aprior
experimentandthe bestcombinationswereselectedurther investigation.
dx.doi.org/10.17504/mtocols.io.jekcjcjPROTOCOLDOI].

Bioluminescence resonance energy transfer (BRET)

HEK-293Tcellswereplatedin 384plateswith 3000cellsperwellin 50 L of mediumand
transfectedh laterusingFUGENEGPromega)with atotal of 25ng of plasmidsexpressing
YFP-andNluc-taggedoroteinsataratio of 1:1.Whenspecifiedcellsweretransfectedvith dif-
ferentratiosof DNA (from 1 YFP:2Nluc to 4 YFP:1INluc) percondition. Direct biolumines-
cencdrom thedonor (Nluc) andtheaccepto(YFP,notedNlucY) wasmeasuredi8hlater
usingthe Wallac1420VICTOR 3V multilabelplatereader(PerkinElmer) Next,the energy
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transferbetweerthe Nluc and YFP(BRET)wascalculatedaccordingto the following formulas
(2 and3) andnormalizedto a YFP-Nluclinked recombinantprotein [55].

B t= t .21

" %o Tg= .31

All combinationswereassesseahdcombinationsproducingmorethan0.050f netBRET
(with anN-ter tagif possiblewereselectedor further investigation A thresholdof specific
interactionwasdeterminedusingthe mean+3Ssimplified 3SD)of the negativecontrols
within eachexperiment.

dx.doi.org/10.17504/mtocols.io.jepcjdfPROTOCOLDOI].

Ethics statement

All miceexperimentsvereperformedin accordancevith guidelinesof the Europearand
FrenchguidelinegDirective86/609/CEEand DecreeB7+848&f 19 October1987)andthe
Institut PasteuSafetyAnimal Careand UseCommittee andapprovedoy the FrenchAdmin-
istration (Minist re del'Enseignemenétdela Recherchelinderthe numberO522-02All ani-
malswerehandledin strict accordancevith goodanimalpractice.

In vivo experiments

Three-weeksld BALB/cor C57BL/6(CharlesRiver)wereinfectedby intramuscularinjection
of 1000focus-formingunits (FFU) andmonitored over21daysMice weresacrificedat 9 days
postinfectionor uponthe apparitionof lateinfection symptomg humaneendpoint). The
infectionwasconfirmedby RT-qPCR.

RNA isolation, reverse transcription and quantitative real-time PCR

Total RNA wasisolatedusingtrizol. Reversgranscriptionwasperformedon 1,2mgof RNA
usingSuperscriptl (Invitrogen)with 2 pmol of oligodT primers(Fermentas)n afinal volume
of 20 L. Transcriptionanalysisvasperformedon 100ng of total RNA usingTagmanPower
SYBRGreen(Applied Biosystemsin a7500instrument(Applied Biosystemsand Quantitect
primers(Qiagen) following manufactureiinstruction. Relativequantificationwasperformed
usingGAPDH geneasendogenousontrol gene Resultsvereanalyzedising7500SD Ssoft-
warev2 (Applied Biosystems).

Statistical analysis
Multiple comparison®f datawereperformedby ANOVA usingthe GraphPadPrismsoftware.

Supporting information

S1Fig. Massspectrometrydata processingand analysis.

A. Fromtherawdata(n = 553),reverseproteins,potentialcontaminantsandonly identified
by siteproteinswerefiltered out, alog2transformationwasappliedto the LFQ valuesand

only the proteinsidentified atleastmorethan oncein acondition werekept(n = 329).Missing
valuesf the datasetvereimputedaccordingto Tyanovaetal. 2016 A total of 49proteinsare
significantlyidentified asspecificof FG-RelAp43Xomparedo FG. = correspondingValue
areindicatedin Fig 1A.

B.Fromthe49proteinidentified asspecificof RelAp43L FQratio of [FG-RelAp43+
V5-Mtha] / [FG-RelAp43+ V5-CAT] wasusedto determinethe effectof Mtha on the proteins
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purified with RelAp43.
(PDF)

S2Fig. Network of proteins identified by MSin acomplexwith RelAp43.Protein-protein
interactionnetworksweredeterminedusingSTRINGv10(minimum score0.9)andvisual-
izedwith Cytoscap&3.4basedn MS hits identified afterRelAp43purification (FG-RelAp43
/ FG> 0in presencef CAT and/or My,5). RelAwasincludedin the analysisOnly the pro-
teinsdeterminedassignificantandthe proteinsinvolvedin the NF- B pathwayarelabeled
with their genename.A globalfunction for eachmajor protein cluster(n>10) wasidentified
usingDAVID v6.8Functionalannotationclusteringtool. Nodesizeis relativeto the number
of edgesNFKB1=p105/p50TNIP2= ABIN2, MAP3K8= TPL2,REL= cRel NFKB2= p100/
p52,NFKBIA/B/E=1kB / | .

(PDF)

S3Fig. Alignment of the C-terminal sequencef RelAp43and p65/RelA.C-terminal
sequencesf RelAp43and p65/RelA startingat R336to showthelastArg andLyspresenton
the C-terminalpart of their identicalRHD sequenceBlue= homologoussequenceRed= Arg
or Lys, =localizationof specificpeptideof RelAp43or RelA/p65afteranin-silico tryptic
digestion.

(PDF)

S4Fig. Controls of net BRET.

A. InteractionbetweerSTAT landp50or with itselfassessenly net BRETasdescribedn Fig
3B(left panel).Nluc (centerpanel)and YFP(right panel)valuesveremeasuredor eachDNA
ratio. Briefly, BRETand YFPsignalweremeasuredn living HEK 293Tcells48haftertransfec-
tion of plasmidsexpressingy FP-andNluc-taggedroteinsat5 ratiosof DNA, from 1:2to 8:1.
Thevariationsof DNA transfecteds representedby agradientof bluefor the Nluc andyellow
for the YFP.Eachvalueis the meanbetweerB8 experimentswith error barsrepresentinghe
standarddeviation.

B.Nanoluciferas@alueqabove)and YFPsurfacgbelow)measuredcrossachratiosshown
in Fig 3B+3Eand S3AFig.

(PDF)
S5Fig. CCL5and CXCL10expressionis induced during RABV infection and not con-
trolled by the M protein. A-D. Relativequantificationof (A andC)and (Band

D) mRNA expressiorin the brain of miceinfectedby Thaor Th4M viruses Sixweekld
BALB/c(A andB) or C57BL/6(C and D) wereinfectedby intramuscularinjection of 12000
UFFandmonitored over21days.Themiceweresacrificedupon the apparitionof lateinfec-
tion symptomsand mRNA wasextractedrom the brain. The expressiorof genesvasstudied
by RTgPCRanalysisThelevelof geneexpressiomasnormalizedaccordingto the levelof
GAPDH reportergenen non-infectedmice.Sixmicewereusedper condition. Error barsrep-
resenthe standarddeviation.

(PDF)

S6Fig. Controls of miceinfections prior to the experimentalend point. A-D. Sixweeksld
BALB/cmiceweremock, Thaor Th4M infectedby intramuscularinjection. Themiceweresac-
rificed at9 dayspostinfection or atthe experimentabndpoint andmRNA wasextractedrom
thebrain. Viral RNA (A) mRNA expressionasquantifiedat 9 dayspostinfectionor atthe
experimentaéndpoint. (B), (C)and (D) mRNA expressionwasquantified
at9 dayspostinfection. Resultarethe meanand standarddeviationobtainedfrom 5 mice.
(PDF)
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Si1Table.Observedand reported interactions betweenthe matrix proteins, RelAp43,
p105/p50,ABIN2, TPL2.
(DOCX)

S2Table.Representationof all recombinant proteins. Proteinsareorientatedfrom the N- to
the C-terminus.
(DOCX)
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