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ABSTRACT

Although calcium is the major regulator of excitatoontraction coupling,
myofilament function can also be modulated through -prasislational modifications. In
particular phosphorylation and-GIcNAcylation are key modulators of calcium activation
paraneters. Among the regulatory proteins of skeletal muscle contraction, the myosin light
chain 2 (MLC2) can undergo both types of pipahslational modification. During aging or
physical inactivity, the phosphorylation status of the slow isoform of MLC2.G2) does not
correlate with calcium sensitivity, suggesting that th&IENAcylation might modulate
SMLC2 activity. To increase understanding of the contractile dysfunction associated with
muscle atrophy, we studied the phosphorylatioi@3|lENAcylation irterplay on the sSMLC2.

We demonstrata twofold decrease of &@IcNAcylation level on sSMLC2 in a rat
model of skeletal muscle atrophy (hindlimb unloading), while phosphorylation increagked. B
posttranslational modifications were mutually exclusive. ifrterplay reverseduring reloading.

The expression of enzymes involved in the phosphorylation a@GttRAcylation interplay on
sMLC2 was modified on whole protein pattern as well as on tayonént andwas load
dependentAll enzymes were colocalized on the contractile appar&inslly, we describe a
multienzymatic complex which might finely modulate the phosphorylatiephosphorylation
and OGIcNAcylation/deO-GIcNAcylation of SMLC?2 that could be involved in the contractile
dysfunction of atrophied musclenportantly, this complex was localized at thedfsk, a nodal

point of signalling in skeletal muscle
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INTRODUCTION

Numerouscellular processes are regulatémlough posttranslational modifications. Among
them,O-N-acetytglucosaminylation, termed-GlcNAcylation, is an atypical glycosylatioinducible
reversible and highly dynamic O-GIcNAcylation is more akinto phosphorylation than classical
glycosylatiors. As such the OGIcNAcylation upsetthe dogma of complex glycosylatisince (i) the
subcellular compartmentation éxquisitely nucleocytoplasmid7], (ii) the monosaccharide linked to
protein backbone is not elongatdb], and (iii) the process able to respond rapidly textracellular
stimuli (for reviews, sefl0, 18).

The additionandremoval of GIcCNAc moieties othe proteinsare mediated bythe concerted
action of two conserved and antagonist enzymes. The first isnaridine diphospheN-
acetylglucosamine:p e p t i-Ndaeetyldglucosaminytransferase (or OGT), which transfethe
monosaccharidérom the donor UDFGICNAC to theserine or threoninBydroxyl group of a protein
through a beta linkadé5, 16] The activity, specificityand cellulatocalizationof OGT areensured by
targeting proteingvhich aretransiently associated with OGTrdlugh N-terminal tetratricopeptide
repeatd4, 5, 23] The second one s  tNkaeetylflucosaminidase (or OGAlso termed MGEAB
this only knownnuclear and cytosoliglycosidasds responsiblegor the GIcNAc removalon all &
GlcNAcylated proteins, withstrict s ub st r at e s p elnked GIcNAE L1, 1404Vl r d
MGEASYOGA is a bifunctional enzymeconstituted bya catalytic domainand a histone acetyl
transferase domaiThe OGA is also associatedith otherproteinssuch asalcineurin or heat shock
proteins among othefg7]. Surprisingly, an unusual association of the two opposing {QGA has
beendescribedin whicha single GGIcNAczyme complexvas formed49].

TheO-GIcNAcylation is crucial tesegulate several if not all key cellular procesgsepatrticular,
O-GIcNAcylation was shown to be involved in cellular stress response, transcription, translation,
modulation of signding pathways, protein degradation and so on (for review,[E&¢ Thus a
dysregulation of tb O-GIcNAcylation processwas closelyassociatedvith the aetiology of several
diseases such dgpe Il diabetes mellitus, cancer or neurodegenerdiiserders[22, 26, 27] O-
GlcNAcylation is also involveih several heaif28, 30]or skeletal muscl§, 21, 34]diseases

In healthymuscle there is agrowing body of evidencéhat strongly support the role dd-
GlIcNAcylation in skeletal muscle physiologyarticularly in the fine regulation of the contractile
activity. Indeed, among structural and contractile proteiey motor and regulatory proteiias the
contractile apparatus are@cNAcylated includingmyosin heavy cains (MHC), actin, tropomyosin,
T and | troponins as well asessential and regulatory myosin light cl&aiMLC1 and MLC2
respectively)6, 8, 20] In view of thelarge panel of contractile proteibgaringO-GIcNAc moieties
we havepreviouslyinvestigated the role of @IcNAcylation on calcium activation parameters. The
disruption of proteirprotein interactions depending of theGIcNAc moiety (through the incubation

of skeletal skinned fibers in a fr€&dcNAc solution) was associatedith a decrease of calcium
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sensitivity[20]. In contrastthe increase of @IcNAcylation level on soleus muscle leads to the increase
of calcium sensitivityf7]; interestingly, the onlglow isoformpresenting an increase of its@cNAc
level washe MLC2 (sMLC2), a regulatory contractile protefton-covalently associatedith the head
to-neck junction of MHCThe glycosylation/deglycosylation process involves the OGT/OGA enzymes
respectively, even if theodulation of theiactivity toward MLC2 as well as the@ellular localization
on skeletal muscle fiberemairs unknownto date In soleus, BILC2 is also termed phosphoryéhle
MLC as it could be phosphorylatedn serine 14by the nyosin light chain kinase (MLCK or
Cé&*/calmodulindependent serirthreonine protein kinase)l, 42). The reversiblemechanism is
supported by protein phosphatase 1 (PP1), the major serine/threonine phosphatase in eukaryotes. The
myosin phosphatase targetMYPT2) corresponds to the regulatory subunitgfosin phosphatae
which target PP1 to myosif81]. The MLC2 phosphorylation results in the modulation of contractile
properties through thenhancement afalcium sensitivity[24, 42, 45] Taking into accounthe data
provided by our tearand others, it seems that MLC2 phosphorylation and/@lc)Acylation could
modudate its activity, ando alarge extentthe contractile mechanisf skeletal muscleAlthough
numerous data argue that MLC2 phosphorylation increases calcium sensitivityeialskeisclg24,
29, 36, 43, 44]it has beenlemonstrated thaiging orreduced physical activityesulting fromhindlimb
unloading(HU) leads tan increasef MLC2 phosphorylation whereas the calcium sensitivity decreases
[2, 13]. As aconsequence, the decrease in calcium sensitivity occurring dildimguldnot result from
phosphorylation variation, buathermayinvolve another type of regulatiGuch as GGIcNAcylation

Our aim wado investigate the phosphorylatiordGIcNAcylation interplayon the slow isoform
of MLC2. As such we measured the variation of@cNAcylation level orthe unphosphorylated and
the phosphorylated forntg SMLC2 in a rat model oHU followed or not by aeloading period to mimic
recovery The variation ofthe expression of thenzyme implicated in the modulation of O-
GlcNAcylation and phosphorylatiorwas alsodeterminedon thetotal soleus proteomas well as the
myofilamentproteins We investigaté the existence of a supmolecular complex involving OGT,
OGA, MLCK, PP1 and/or MYPT?2 to explain tldgnamicinterplay between phosphorylation and O
GlcNAcylation of SMLC2, and wealso attemptedto localize each enzyme along the contractile

apparatus

MATERIALS AND METHODS

Animals

Thirty-five adult male Wistar rats were randomly divided into three groups: C (control animals);
HU (14-dayshindlimb unloading); Rrécovery: 14dayshindlimb unloading followed by 14 days of

reloading. Hindlimb unloading wa performed as previously describ@?, 33] The animals were
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housed individually under temperature and light controlled conditiori€(22:12h light-dark cycle);

they were allowed free access to food and water, and daily consumption of rat chow and water was
monitored. The day before the sacrifice, animals were fasted. Soleus muscles were quickly removed
from the animals anesthetizedith intraperitoneal injection of sodium pentobarbital (60 mg/kg).
Muscles were weighted and immediately frometiquid nitrogen For each animal, the right muscle

was used for biochemical analysis, while the left one was frozen lengthwise in isopefiane

immundluorescencanalysis. All muscles were stored-80°C until analysis.

Proteins extraction

Right muscles were powdered in a steel stain mortar, and resting material was s@0egd.at
Depending on the experimetdtal proteins or myofilament proteins were extracted using RipA or NP

40 buffersas described belaw

Total proteins extraction

Muscle powders were resuspended in cold RipA (10 mM Tris/HCI, pH 7.4; 150 mM NacCl; 1
mM EDTA,; 1% TritonX100; 0.5% sodium deoxycholate; 0.1% SDS) or irnddR20 mM Tris base,
pH 8.0; 150 mM NacCl; 1% NRO) buffers, containing anfiroteases (Complete EDFitee, Roche
Diagnostic), antphosphatases (Ph&op, Roche agnostic), and 50 uM PUGNA®-(2-acetamide
2-deoxy-D-glucopyranosilidene)aminN-phenytcarbamateSigma). Samples were sonicated (Ultra
sonic Cell Disruptor) and homogenized with gentle agitation toafl4°C. Samples were centrifuged
at 13000 rpm for 10 mimat 4°C Proteinestimationof superngant was done using Bradford assay
(Biorad).

Myofilament proteins extraction

Muscle powder s resuspended in a 6.5 mM EDTA solution, pH 7.0, containingeoigases,
antiphosphatases and PUGNAc. Samples were sonicated, homogenized fatr 4°C and then
centrifugedat 13000 rpm for 10 min at 4°CPellets were washed twice with 50 nKI. The final
pellets were resuspended in RipA buffer containing-amttieases, anphosphatases and PUGNACc.

Protein estimation was performed according to Bradford assay.

Electrophoresis

SDSPAGE
Total or myofilament proteinsere diluted in sample buffer (50 mM Tris/HCI, pH 6.8; 2% SDS;
10% glycerol; 5%b-mercaptoethanol; 0.1% bromophenol blue), and boiled for 5 min. Proteins were

separated by SDBAGE on 7.5% or 15% acrylamide:bisacrylamide [37.5:1] @¢isi Protean system,



Biorad).

Phos-tag affinity electrophoresis

Samples were run on discontinuous SPSGE gels (Mini Protean system, Biorad). The gel
consisted of a stacking gel (4% acrylamidedaisylamide [29:1]) and a separating gel (12,5%
acrylamide:bisacrylamide [29:1dpntainingl00 uM MnCbk and 20 pM Phodag™ acrylamide [Phos
Tag™ AAL -107, NARD Institute]). The current was initially 25 mA/gel, raised to 35 mA/gel once the
samples had entered thesolving gel. After electrophoresigels weresoaked for 15 min in transfer
bufferas described just belowxcept that SDS was replaced byl EDTA. Then gels werevashed
twice for 10 minin transfer buffer without EDTAnd finallyblotted onnitrocellulose membrane for 2
hat 200 mA.

Phosphorylated and ngrhosphorylated isoforms of MLC2 were assigragter enzymatic
dephosphorylation of proteins using alkaline phosphatase treatment. Brieflg, &0proteins were
diluted in 20 mM Tris buffer, pH .8, added with antproteases. Twenty Ul of alkaline phosphatase
(Sigma) was added; enzymatic reaction was performed at 37°C for 4 h.

Westernblot analysis

After separation, proteins were transferted.2 um nitrocellulose membranes (Hybond, GE
Healthcare) usingransfer buffer 20 mM Tris base;150 mM glycine 20% methang| addedwith
0.025% SDSor the transfer of higimolecular weight proteindroteirs load and quality of transfer
wereverifiedby Ponceau staining. The blots were then subsequently washed in TB@&M(TrigHCI,
pH 7.6, 140 mM NaQ; 0.05% TweerR0) and blockedn 5% nonfat dry milk or BSAin TBST.
Membranes were thdslotted with primay antibodyaga instOGT, OGA, MLCK, PPIMYPT2
andsMLC2 (Abcam)in blocking solution for 2 h at room temperature (RT) avernight (o/n)at 4°C.
Membranes were washed 3x10 min in TBST, and then incubated withldtb@Fed secondary
antibodies in blockig solution for 2h at RT followed by 5x10 min washes in TBSNI experimental
procedures were optimized for each antibddgtection was carried out using the ECL or ECL Plus
Western blotting detection reagef®erkin Elmerjand hyperfilms Biomax MRGE Healthcare)

The densitometric analysis was performed using-863% Imaging densitometer and
QuantityOne Software (Bi®ad). The intensity of the bands of intenesspresented as meanstSEM
Significance of intergroup differences was examined usingn@eANOVA. Post hoc analysis was

performed using Bonferronibés test. Differences

Proteins enrichment

RL-2 immunoprecipitation

Immunoprecipitation of @IcNAc bearing proteins were performed using theZRantibody
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(Affinity BioReagents) To abrogateproteinprotein interactiog 100ug of myofilament proteins were
first incubatedl h at RTin 6M guanidine chlorhydratander agitation. Sammeavere then passed
through Vivaspin (cubff of 50 kDa Sartorius Stediin The norretained fractiondorrespondingoto
proteins withmolecular weight < 50 kDa) was then desalted on 3-¥Daspinand bufferexchanged
towardRipA buffer containingPUGNACc, antiproteases and afghosphatases.

Samples werepre-cleared with protein G coupled on magnetic bedilipore). Non-retained
sampls wereincubated with RE2 (1/25@) 1 hat RTwith gentle agitationfollowed byl h-incubation
at RT with nagnetic beadgl:5, v/v). Beads were washed sequentially using RipA; RipAM NacCl;
RipA/TNE (TNE: 10 mM Tris/HC] pH 7.4 150 mM NaCl; 1 mM EDTA)50:50, v/V), and the last one
with TNE. Beads were finally resuspended in Laemimiffer and boiled for 10 miriThe remaining
soluble fractios, corresponding to &IcNAc bearing proteins, &e analyzedusing PhosTag
acrylamide gel electrophoresiad western blavith ant-MLC2 antibody.

Negative experiments were perfor meNacetyh s ampl
hexosaminidas@\ew England Biolabsjreatment prior to the immunoprecipitation protocol. Briefly,
proteins were boiled in SDS 1% and then diluted in citrate/phosphdée,pH 4.0 added with Triton
X-100(1% final concentration)Enzymatic deglycosylation was perfornw@d at 37°C.

Co-immunoprecipitation

Co-immunoprecipitation(co-IP) experiments were performed on 500 pgtotal proteins
extracted in NR10 buffer Antibodies directed again@GT, OGA, PP1IMYPT2, MLCK or sMLC2
(Abcam)were used for ctP. Experiments were performed as described just above, except that proteins
were dilutedin NP-40 buffer containingPUGNACc, antiproteases and afghosphatasedfter pre-
cleaing, samples wereincubated with primary antibodil/10@) at 4°Co/n with gentleagitation and
thenfor 2 hat 4°Cwith magnetic beaddl:5, v/V). Beads werextensivelywashed four timewith NP-
40 buffer, and finally esuspended in Laemmli bufféor 10 min boiling Proteins wereseparated on
7.515% acrylamide gel electrophores0%20 cm gels, Biorad XLand analysed by western blot
Antibodies directed against OGT, OGA, PRW,PT2, MLCK and sMLC2 were blotted for each-tie.

Affinity chromatographiesfor enrichment of phosphoproteins and/or-GIcNAc proteins
Theenrichment ophosphoproteins was performed using the ProQ® Diamond Phosphoprotein
enrichment kit (Molecular Probes) accordingtiie manufacturet@recommendations. The procedure
was appliedbn 1 mg of myofilament proteindiluted in wash buffer incluetin the kit. Sample was
first pre-cleared using finl-bed column of agarose beads. Netained fraction was then passed through
1 ml-bed column of chromatographic resin; flblwrough was recyed three times to ensure the better
retention of phosphorylated proteins. After several washes, retained proteins were eluted from the
column usingthe elution buffersupplied inthe kit. Non-retained (NR) ath eluted (E) fractionsvere

desalted/concentrateor bufferexchangedgainst WGA(Wheat Germ Agglutininpinding buffer (as
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described just below)sing 3 kDaVivaspin. The NR and Eactionswere submitted to a second round
of chromatography on WGAgaroseas described just belovor the eluted fraction was directly
analyzed using western blagainst sSMLC2

The OGIcNAcylated proteingnrichmentwas performed using WGAgapse beads (Sigma).
The procedure was applied on 1 mg of myofilament proteins diluted in binding buffer (25isdMIClI,
pH 7.8; 300 mM NaCl; 5 mM Ca@l1l mM MgCL). Sample was first preleared using 1rbed column
of agarose beadfheNR fraction was then passed through 3dded column oWWGA-agarosgeflow-
through was recycled three times to ensure the better retentivGafNAcylated proteins. Column
was extensively washed with wash buffer (0.2%40Rn PBS), followed by a wash with Gal buffer (1
M galactose in wash buffer) and washed again with wash buffer. Retained proteins were finally eluted
from the column using etion buffer (1M N-acetytD-glucosamine in wash bufferThe NR and E
fractions were desalted/concentrated or bw#feshanged against the wash buffer tbé ProQ®
Diamond enrichment kit using 3 kBévaspin. The NR and Eactionswere submitted to a sewd
round of chromatography on ProQ® Diamond colummheeluted fraction was directly analyzed using
western bloagainst SMLC2

I mmunofluorescence analysis

Serial sections (10 um thick) of isopentdngzen soleus were cut longitudinally biyperfrost
glassslides and immediately fixed 296 paraformaldehyde in PB8/nat 4°C in a humidified chamber.
Slides were washed in PBS until permeabilizatiof.2% Triton X-100 in PBS(30 min RT). Non-
specific siteswere blocked witBBSA (0.2%in PBS for 30 min at RT. Thereafter, the slides were
incubated with the primary antibodiésbcam)diluted inblocking solutionfor 2 h at RT. Antibodies
directed against OGT, OGA, PPUYPT2 and MLCK were used for elmcalization analysis othe
enzymeswith a marker of the lisk (.e. actinin). Washes in PBS were followed by incubati@h(

RT) with secondary antibodidabdled with AlexaFluwr488 or AlexaFluor555 (Molecular Probes).
Double staining was performed to armycalocalization of protein partnersr the localization of
enzymes along the contractile apparat88des were extensively washed before mountiitp
VectaShield mountingnedum (Vector Laboratories). As negative controls, primary antibodies were
omitted. Slides were visualizdry confocal microscopy (LSM78® arl ZeissMicrolmaging GmbH;;
acquisitiors were performed using Zen2010 softwageiss) The DIC (Differential Interference
Contrast) and fluorescence images were acqusiediltaneouslyon slides.DIC microscopy was
performed with 488 nm laser and transmitted light detectd?NITT). Image analysis was done on
around ter80x80um imagesacqured ondifferent muscle$rom two independent experimentmages
were analyzed usingmageJ software (MacBiophotonicsyith Colocalization Analysisplugin.
Mander$and Pearsdn soefficients were determined to get the degree of overlap between twolshanne

in microscopy images.



RESULTS

Slow MLC2 was modulated through a balance between phosphorylation and-GlcNAcylation

To quantify the variation of @lcNAcylation on sMLC2 according to its non
phosphorylated/phosphorylated states, we used the phosphate affinit A8EES The OGIcNAc
bearing proteins were first immunoprecipitated using the2Rintibody and thereafter separated on
Phostag™ acrylamide gelTheacrylamde-pendanfPhostag™, incorporated within gel matrixetards
phosphoproteins during electrophoretiisis allowing the separation of thieosphorylated specié®m
their un-phosphorylatedorm according to theinumber of phosphatmoieties So,each form of the
protein {.e. the unphosphorylated, and mendis, or more phosphorylated fogncan be easily
identified and quantifiedafter western This strategy pernigd to quantify the variation of O
GlcNAcylation on each phosphdation state of SMLC2 The same strategy was applied without
preliminaryimmunoprecipitation in order to quantify the variation of phosphorylation on sMLC2 during
HU and aftereloading(figure 1).

As presentedn Figla Phostag™ acrylamide retaied the phosphylatedsMLC2 compaed
with theunphosphorylate(hnd sahe nonretained form of the regulatory proteiiNo additionaband
corresponding tamulti-phosphorylated forsrof sSMLC2 were detectedeven wherhypefilm was
overexposedrl heeffective naturef the phosphorylated formas confirmedisingalkaline phosphatase
treatmentwhich ledto the disappearance of retained form toward only one band corresponding to the
unphosphorylated form of the protein (data not shown)e¥yeessedhe variation of phosphorylation
on sMLC2 asthe ratio between the intensities thie phasphorylated band antbtal SMLC2. It is
noteworthy thasMLC2 expression remagal similar between eacroup (data not shown)Our data
showed thaHU induced a drastic increasetbe sMLC2 phosphorylation€4.3-fold, p<0.001), while
it returnedto control value in recovering soleus.

Whenthe GGIcNAc-bearing proteinsvereenriched before thé&hostag™ electrophoresisve
detectednly one band corresnding taheunphosphorylated form aMLC2 (Fig.1b) while no signal
was detected on thghosphorylated form of SMLC®Ve quantified the signals obtained for each group,
anddemonstrated that-GlcNAcylation levelof SsMLC2strongly decreaskafter HU ¢50.8%, p<0.05).

As was the case for phosphorylatidme teversibilitywas almost complete, since wé& notmeasure a
difference between C and R groups

Taken together, these data argue in tmwa an antagonism between phosphorylation and O
GlcNAcylation on the regulatory MLCMoreover we did not characterizea SMLC2 form bearing
concomitantly phosphate and GIcNAmoieties suggesting that these both posnslational

modificationscould bemutually exclusive



Phosphorylation and O-GlcNAcylation were mutually exclusive on SMLC2

To support the idethat phosphorylation and-GlcNAcylationdid notoccur simultaneously on
sMLC2, we performed the enrichment of phosphorylated and@tcDAcylated proteinsOne or two
rounds) of chromatographyjes)was {vere performedin orderto enrichthe phosphopreins, the ©
GlcNAcylated proteinsand proteins bearing both pestanslational modificationdn particular, he
presence of sMLC2 ithe eluates of the oneround or tweround chromatograjs was investigated
using western blofThe resultsvere presented on figure 2.

Lane 1 corresporad to phosphorylated sMLC2 while lane 2 correspahdo the O
GlcNAcylated sMLC2. These signals were obtained after a -omend chromatography, on
phosphoproteins enrichment chromatography or on Yé¢@matograph respectively.Lane 3
corresponddto the norphosphorylated but @IcNAcylated sSMLC2, since the flowhrough,i.e. the
nonretained(NR) proteinsfrom the phosphoproteins enrichment chromatographgs submitted to
WGA-chromatography. It is noteworthyahsimilar signals were obtained for lanes 2 and 3. No signal
was obtained for lane 4, suggesting that phosphorylated sNglG2d fraction from phosphoproteins
enrichment chromatographyjas not retained on WGahromatographyThe same result was obtaihe
when OGIcNAcylated proteins (fraction eluted from W@&hromatography) erepassed through the
phosphoproteins enrichment chromatography (lane 6 on Fig.2). Lastly, when tigdycasylated
proteins (norretained fraction from WGAhromatography) were psed through phosphoproteins
enrichment chromatography, a signal was obtained for thglyoosylated buphosphorylatedMLC2
(lane 5 on Fig.2, comparing with lane 1).

Taken together, all these data strongly support that phosphorylation@raN@cylationwere
mutually exclusive orsMLC2 since phosphorylatiodid nottake place on @lcNAcylated sMLC2

and reciprocally.

Enzymes expressiomnvas modulated ontotal proteins extract

We quantified the expressioof enzymesinvolved in the phosphorylation and the- O
GlcNAcylation of SMLC2 at thewholetissueproteinsfrom control (C), atrophied (HU) armgloadd
(R) soleus(figure 3. Fig.3a showed the pattern oftotal proteirs from control soleus, while Figd3
represergdthe variation of expression of these enzynsempaedwith controlgroup

The enzymes of th®-GIcNAcylation processi.e. OGT and OGA,were highly modulated
during HU. Both enzymegresented a drastic decrease in their expression level in atrophied soleus (
67.1%, p<0.01, and92.2%, p<0.001, respectively). While OGT level reagdto control values after
reloading the reversiomor OGA expressiomvas limited (-65.3%, p<0.001).

Among the phosphorylation/dephosphorylation enzymes, MLCK express®not modulated
in total proteins extracafter HU orreloading In contrast, PPivas modulated in the same wagOGT
since PP1 expressiaecreased in HU soleus!B.6%,p<0.05), while tle reversibilitywas completein

reloaced soleus. Surprisingly, the myosin phosphatase target MYiR$ 210t modulated duringlU,
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but its expressiowas 2.5fold higherin reloadd soleus (p<0.05).

Enzymes expressiomvas modulated on myofilament fraction

We also analged the expression of these enzymes on myofilammenched fractionas
presentedn figure 4.Fig.4a correspondd to myofilamentenrichedproteirs, on which contractile
proteinswere easilyidentifiableasit was previously show{20]. Data corresponding to tlenzymes
expression levein the myofilament fractiorowere presented on Figh4 comparing with the control
group It is noteworthy that & detected all the enzymisthe myofilament fractionsuggesting that
each enzyme was located on the contractile appardhese data were corroborated with images
obtained on confocal microscopy (see below).

The OGTexpressiordecrease during HU (-42.9%, p<0.0j andremainedat a similar level
after thereloading period (-38.3%, p<0.05).The expression of OGA dramatically decrehsm
contractile apparatus66.1%, p< 0.05) In contraswith OGT, the OGA expression partially revetse
duringreloading(-34% n.s.)

MLCK, for which we observed a high heterogeneity of signals in HURagisbups presentd
similar expression levels all groups.Protein phosphatase PP1 desedat the myofilament level (
485%, p<0.05), butlid not reverse sioe its expression remaid 37.8% lower than control (p<0.05)
as it was observed for OGMYPT2 expression significantly decreakafter HU(-43.7%, p<0.05) and
partially revessed aftereloading(-22.2% n.s).

The dynamic interplay betweemphosphorylation and O-GIcNAcylation involved a multienzymatic

complex
The sMLC2 wa posttranslationally modified by phosphorylation or@cNAcylation, the two

modifications occurring solely on the proteis was demonstrat@uthe present studylo explain this
dynamicandrevesibleinterplay, we postulated that a multienzymatic complex could therefore associate
two or more enzymes a@he phosphorylation and/dhe O-GlcNAcylation processesTo support this
hypothesis, we performesveralkco-immunarecipitation (celP) experiment$o immunoprecipitate
proteinof interest(i.e. OGT, OGA,PP1,MYPT2, MLCK or the target sMLC2)associated toheir
protein partnerdzor each cdP, western blo{WB) analyses werthendoneto characterize theresence

or the absence of each protein in the retained fraction-t? (@ntaining thepartnes of the protein of
interesj.

As shown orfigure 5 we identifiedby western bloeach protein irts proper celP, whereas
we never detected a signal in thlank experimentif. co-IP protocol withoutapplying proteins
sampl@, suggesting that thgroteirs of interest verecorrectly immunoprecipitatedror nearlyall the
experiments, signals wegglite similar between C and Hgroups exceptfor WB against MYPTZor
which signak werelower in controlgroupcomparing with the HU one

Concerninghe enzymes of the glycosylation/deglycosylativocesswe observea cclP of
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OGT with OGA, PP1, MLCK andsMLC2, as well as forreciprocal experimentexcept for ceP
sMLC2/WB OGT where a signal was obtained in blagkperiment For colP OGT/WBMYPT2, we
observed aery slight signal inblank, butthe result wasvalidatedby the reciprocal experimerin the

same manner, we showed thelPoof OGA with OGTandPP1 Signal vasparticularlylow in control
soleusfor MLCK; neverthelessthis data vas confirmed by inverse experiment. Lastly, we clearly
identified SMLC2 as conteractant with OGT and OGA, but unfortunately, signals in blank were present
in reciprocal experiment. Even if the signals in blank remain largely lower than those obtained in
experiments, we estimated that 4béP were insufficiently demonstrative to radude about these
interactions

Concerning the enzymes of phosphorylation/dephosphorylatimcess we showed an

interaction betweeMYPT2 and PPlas expecteds well agn interactiorbetweerboth enzymeand
the target SMLC2We also noted a e of MLC2 with MLCK. We were not able tmake a conclusion
regardingthe interaction between MLCK and PP1, ndifPT2 and MLCK, because the signals
obtainedwere weak or sincetherewas noclearcorrelation between the two reciprocal exments.
The experimental protocadf binding and washesould be toaastringent, ands suclcould mask the
existence of some proteproteininteractions particularly weak interactions¥hen MLCK, PP1 or
MYPT2 were immunoprecipitatedGT and OGA were found in the retained fractias was show
just above.

To conclude, we demonstrated that glycosylation/deglycosylation and phosphorylation/
dephosphorylation enzymesere associated within a multienzymatic complexen if direct orndirect
partners wereinknown Interestingly, this multienzymatic complex was showed to interact wséif
the targetsMLC2. All of the interactions were also observed in atrophied muesignalseing
sometimes different from control soleus. However, the difference imtéesity of thesignals could

also be explained by differential enzymes expression.

Enzymes of phosphorylation and GGIcNAcylation processesvere colocalized to sarcomere

To confirm the effective interaction between the enzymes, we performed immunofluorescence
analysisto gettheir colocalization degrevo at a time Longitudinal slides of contrand atrophied
soleus were double stained using the same antibaslilesseused in cdP/WB approachimages were
acquired usingonfocal microscopy. To determine the degree of overlap between thehamoels
Manderda nd Pe ar s o 8 wese detenairfebr niceideuble staining, chosen according to the
compatibility of pimary antibodies. The Mandémoefficient indicatd an actual overlap of the signals,
andwas expressed from 0 to 1.0 (0.9 implies that 90% of both channels cologaligd)h e Pear son o
coefficient describ@é the correlation of the intensity distribution between channétdues were
expressed frorl.0 to 1.00 indicatng that no significant correlation exéstvhereasl.0 value indicate
a complete negative correlatigbl]. Datawere expressed in Table I, and representative images of

colocalizationwere presentedn Online Resource 1Negative control experimentonsisting in the
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incubation of slides with secondary antibodies alone were done; even when overexposedyote did
detect any signal (data not shown).

Firstly, we detected all the enzymes of interest on the sarcomeyeemsnthe western blot
analysigperformed on myofilamergnrichedraction. Secondly, we measuria:higher colocalization
coefficiensb et ween OGT/ MLCK and OGA/ MLCK {&mrfoaurmn dP Qs d
coefficiens). Slightly lower ceefficient value§t Pear sondés coef f wereimeasured hi gher
for OGT/PP1,MYPT2/MLCK, OGT/OGA, and MYPT2/OGA. Finally, w e measur ed Pe:
coefficient around 0.4 for PP1/OGA, PP1/MLCK avtYPT2/PP1.Interestingly, when we compared
values between control and atrophied solewge measured an increase in the OGA/MLCK
colocalizationin HU soleus(from 0.751+0.021 to 038+0.016 for Pearsod@ soefficient p<0.Q). The
representativehange otolocalization between thes®o enzymesvas presertedonfigure 6.

In conclusion using two independent methods, we demonstraalogalization(that might
involve direct or indirectinteractiors) between enzymes of glycosylation/deglycosylatiand
phosphorylation/dephosphorylatipmocessesThese results corroborated those obtained with the co
IP/WB experimentsandreinforced the colocalizationof MLCK, PP1 andVYPT2. All together, these
data argue in favour of a multienzymatic compM¥e also sbhwed that the colocalization between
OGA and MLCK increast during HU. It is noteworthy that the location of each enzyme was

coordinated to the striation of the sarcomere.

The multienzymatic complex wagreferentially located at the Zdisk
As previously mentioned, we detected OGT, OGA, PP1, MYPT2 and MLCK on the

myofilament fraction and observed that these enzymes presented an organisation particularly well

structured, with a remarkable stadtaspectSo, we attempted to localize eachtbEése enzymes more
precisely on the contractile apparatus.

We performed a double stainingeasch othe enzymes withctinin, amarker ofthe Zdisk. To
better localize the enzymes, we also made the image acquisition on light microscopy. The DIC
(Differential Interference Contrastinages and correspondindgluorescence mages were acquired
simultaneouslyThedouble staining of OGT with actinias well as the DIC imageerepresented on
Fig.7A.On DIC imagethewhite linelocatedbetweertwo dark bandsvas completely colocalizbwith
the actinin stainingye assigned this white line &-disk. The two dark bands across this white
were assignetb I-bandsand te larger light banavas assigned to the-Band. We also visualized the
OGT (in geen on Fig.7A), and showed that OGT localiz the Zdisk and at the dark bands
corresponding to theband.

The same analysis was perfornmfed OGA, MLCK, PP1 andMYPT2; immunofluorescence
images correspondintgp double staining ofthe enzymes with actinin were presentad Fig.7B.
Interestingly, OGAandMLCK presented the same localization than OGhe repartition of MLCK

and OGA, ando alessr extent OGT, also appesl at the Aband even if staining was much more
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diffuse and less marked thardskand Fband. In contrast, PP1 and MYPT2 seemed to be preferentially
located at the #lisk, with a uniform distribution around thedfsk

In view of the localization of thdifferent enzymes along the contractile apparatus, we proposed
that the multienzymatic complexas preferentially localized at the-dsk. Of course, each of these
enzymes, especially OGT and OGA, could also be localimependenthat the tband wherethey
couldglycosylatedand deglycosylatkother substratghan sMLC2.

DISCUSSION

In the present study weavefocused on the variation of-GlcNAcylation on the slow isoform
of regulatory myosin light chain (SMLC2) proteirthatcould be involved in the contractile dysfunction
observed in atrophied muscie showed in thistudythatphosphorylation and @IcNAcylation of
sMLC2 were modulated during functional atrophgluced by hindlimb unloadingndreverse during
reloading Phosphorylation and -GIcNAcylation were mutually exclusive on sMLC2, andried in
opposite wagaccording to loading conditionhis interplay between both translational modifications
involved the modulation of expressionf eachenzymeat the whole tissue leveand/or at lie
myofilament.These azymeswere includedwithin a multienzymatic complexinterestingly, each of
these enzymesaslocalizedon thecontractile apparatugreferentially athe Zdisk and athe Fband
of thesarcomere

The mog important finding of this papexasthe dynamicinterplaybetween phosphorylation
and OGIcNAcylation on sMLC2 during hindlimb unloading and recoverysing PhosTag
electrophoresis, we quantified the variation ofG@NAcylation on he unphosphorylated and
phosphorylated forms of MLC28lthough the up-regulation of phosphorylationon sMLC2 was
previously describefR], this study showeda down-regulation of the @slcNAcylation level during
hindlimb unloading. The variation of-GIcNAcylation occurreanly on the unphosphorylated sMLC2,
as wasnot deteatd an isoform bearing concomitantly the two ptisnslational modifications.
Interestingly,this antagonisnmbetweenphosphorylation and glycosylatiamompletelyreversel when
animal were reloadeduggesting aynamic regulation dependentratiscle loadingThis antagonism
could involve the same sitlndeed serinel4 was identified to be phosphorylaigéd42]while the only
identified GGIcNAc site on cardiac MLCgalso known a the slow skeletal muscle MLC@&)rresponds
to serine 1437]. Taken together, abf these elements suggedt key role of the phosphorylation/O
GlcNAcylationinterplayin thefine regulation of SMLC2 functional activity.

While several works supported that phosphorylation of MLC2 was strongly associated with an
increase of calcium sensitivif24, 29, 36, 43, 44Jaging or reduced physical activity were associated

with an increase of phosphorylation on MLC2 whereas the calciuntisgnglecreased?, 13]. As a
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consequence, the decrease in calcium sensitivity occurring during HU could not result from
phosphorylation variation, but rathenay involve another type of regulatiod few years ago, &
investigated the role of GIcNAcylation in the modulation of contractile propertiéée demonstrated
thatincubation of soleus skinned fibers in a solution of freachtytD-glucosamine lead to a totally
reversible decrease in calciusensitivity and Hinity [20, 37] Interestingly this effect was also
observed ircardiac musclg¢37] and inhuman skeletal muscle fibef8]. Taken together, these data
strongly supported that-GlcNAcylation could modulate the calcium activation properties of striated
muscles. Recently, we have shotlat the increase of-GIcNAcylation level orsoleusorganaculture
lead to an increase of calcium affin[]. We attempted to identify contractile proteins presenting an
increase of their @lcNAcylation level; interestingly, the only slow protein proposed to be invatved
the increasén calciumaffinity wasthe sSMLC2. However, he existence o& potential interplaywith
phosphorylatiorof MLC2 has never beeaxaminedo date To take into account the link betwe@n
GlIcNAcylation and calcium sensitivity, involving potentially MLGEhd in view of oufindingsin the
present studywe could hypothesize that the decrease 6BIONAcylation on sSMLC2 could be partly
involved in the contractile dysfunction associated with, iidre particularly the decrease in calcium
sensitivity, whereas phosphorylationayratherbea marker of the phenotype transiti@, 38, 41]

To explain the modulation oMLC2 glycosylation,we quantified the expression ofthe
enzymesnvolved in the glycosylation/deglycosylatignocess Our results indicatthatHU induced
a decrease of QT expression at the whole proteome lewbich corroborated thdecrease of OGT
activity during HUas it was previously measur§d]. While we slowed that OGTwas localized to
contractile apparatus, this decrease of OGT expression was also observed at the myofilament fraction.
This variation of expressiowas reversiblewhich corroborates the variation of@GIcNAc level on
sMLC2. Interestingly, OGT expression seemed tdoae-dependent sincits expressiorwas higher
when ras were reloadedSurprisingly, we detected the same modulation for OGA expressitawe
previausly measured an increase of OGA activity. Tola&xpthis discrepancy, weonsideed the
specificity of thepolyclonal antibodysed in this study, whiakecognizs the fulFlength MGEAS.The
OGA is constituted of two domainthe OGIcNAcase and the HA@omairs. It was demonstrated that
MGEAS could be cleaved betweéme twodomains witlout altering theéD-GIcNAcase activity3]. We
could postulate that MGEAS antibody loses its recognition capacity as a consequence of the cutting out
of the enzymeleading so to a drtis decrease in the expression level of OGA, independently of the
modulation of OGA activity

We alsoinvestigated the expressiof the kinasfphosphatasevolved in the modulation of
phosphorylation stas of SMLC2. Theincrease of phosphorylation aWLC2 couldnot be explained
through theMLCK expression, but rather by tlieecrease of expression and/or activitynofosin
phosphatasdndeed the variatios of expression of PPand MYPT2, which confers the specificity of
PP1 toward thesMLC2, were closely linked to variation of phosphorylation on sMLC2 at the

myofilament fraction; intergingly, these variationg/ere parallel toOGT expressionsuggesting that
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all of theseenzymes could bsubmitted to the samregulation pathway

Another important finding irthis paperwas the characterization o multienzymatic and
sarcomeric complepesulting in the fine modulation of the phosphorylation an@IENAcylation levels
on sMLC2 We demonstratedhat OGT, OGA, PP1, MLCK and MYPT®&ere assciated within the
same compbeand also with their target SMLC®/hile some papeipreviously describedn interaction
between OGT and phosphata$&s48], leadingso to a concomitanincrease of @slcNAcylation
patternand a decrease of phosphorylation level, we shoimethe present studihat an interaction
between OGA and kinases alsocurred since OGA interaed with MLCK. In the same way,
multienzymatic complexassociatingdGT/OGA and kinase/phosphatase couples was described in the
modulation of cell cycl¢40]. The enzyme interactions in tkemplex could be modulated during HU
since we described a differential colocalization of OGA with MLCK, which argue inufaobthe
phosphorydtion associated to the deglycosylation of ML@2erestingly, immunofluorescence images
revealed that each of these enzympesented a similatriatedorganization

By immunofluorescence assay, we assessed the localization of these enzymes along the
sacomeric apparatu®ur data clearly showed that OBJGA and MLCK strongly colocalized with
the Zdisk and the -band, whereas PP1 and MYPT2 were preferentially located arounddisi.Z
MYPT2 was previously described to be located at, or close to-line,Zhe Aband and mitochondria
in heart, although the location to-l#and and in mitochondria was irregu[@5]. A subproteomic
analysis of cardiac myofilament revealed that signalling kingseh as PP2A)r phosphatasgsuch
as MYPT1 and MYPT2)werelocated to myofilamentmore particularly at the-gdisk for MYPT1/2
[50]. Initially considered as a passive constituent of the sarconmeré:disk is nowadays considered
as a nodal poirfor anchoringcytoskeletal proteins, channedgoptotic proteinggnzymes and signalling
molecule active in the cytoplasm and in nucl§l®, 39] Moreover, the sarcomeric localization of
proteins is not always confined to a single sarcomeric band; indeed, proteins could relocalize from Z
disk to A-bandaccordingto physiologicaldemand [39, 50] In skeletal and cardiac muscle diseases,
the Zdisk is often remodelledand could be considered as a link between structural aspect and
maladustmentof muscle[25]. This is the first report fothe localization of OGT and OGA onish
particular structurewhich couldfinally explain why so many contractile and structural proteiase
O-GIcNAc modified. Moreover, the colocalization of -GIcNAcylation enzymes with MLCK and
myosin phosphatasen a complex at the vicinity of the target coutdplain the dynamism of
phosphorylathtn and GGIcNAcylation variation on SMLC2.

To conclude, wedemonstrateda dynamic interplay depenént onthe loading condition,
between phosphorylation and-@cNAcylation on sMLC2, a regulatory protein involved in the
modulation of contractile propertiesf skeletal muscleBoth posttranslational modificationsvere
mutually exclusivelnterestingly, the variation of @IcNAcylation was correlated with contractile
dysfunction associated with hindlimb unloading/e also showed that the fine modulation of

phosphorylation and @IcNAcylation onsMLC2 involved a multienzymatic complex localized on
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contractile apparatysnore precisely at the-disk which correspond to a nodal point of signalling in
skeletal muscldt will be necessary in the future itovestigatethe modulation of GGIcNAcylation
sMLC2 as well as the dynamic of the multienzymatic complexmianscle dysfunction such as
sedentaritysarcopeniar type |l diabetesThe characterization of the role of@cNAcylation inthe
modulation of contractile properties should be extended to other regulatory proteins, isince

involvement inactivity of skeletal muscles undoubtedly underappreciated
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Figureslegend

Fig.1 Phosphorylation/O-GIcNAcylation interplay on sMLC2. Myofilament proteins were separated
using PhosTag affinity electrophoresis, and revealed using-skitiC2 antibody(a) or the same
protocol was appliecfter immunoprecipitation of GICNAc bearing proteingb). Representative
signals obtained for C, Haind R soleus were presedtaibove histogramg\s indicatedon blot imags,
the monephosphorylated sMLC2vas retarded comparing with the rphosphorylated sMLC?2.
Histograms correspord to densitometric analysis of signals, and represtite semiquanttative
variation of phosphorylation leved)(or O-GIcNAcylation level b) on SMLC2 Significart differences
between HU and other group®rereferenced as follows:p<0.05; *** p<0.001

Fig.2 Characterization of the phosphorylated and/or glycosylatedstatus of SMLC2. Affinity
chromatographies were performed to enrich the phosphoproteins,-8leN@cylated proteins or
proteins bearing both pestinslational modificationsThe markers in the table indicdté oneround

or tworounds of chromatography(ies) was (were) performed. NR and E correshtonthe non
retainedfraction or the eluted fraction respectively at the end of the ficsind chromatography. Both
fractions were treated in parallel for a secoodnd of chromatography in order to retained proteins
bearing a phosphate afdGIcNAc moieties The presence of SMLC2 in the eluates of the-mumnd

or two-round chromatographies was investigated using western blot as presented at the bottom of the

figure.

Fig.3 Variation of expression of enzymes involved in glycosylation/deglycosylation and
phosphorylation/dephosphorylationprocesseon sMLC2 on total proteins extractsfrom C, HU

and R groups (@) Total proteins from control soleusereseparated on 12.5% SEFAGE and revealed

by Sypro Ruby stainingbj Fifty micrograms ototal proteins extract were separated on 7.5% or 15%
SDSPAGE, and analyzeby western bloto detect OGT, OGA, MLCK, PP1 and MYPT2 enzymes
Densitometric analysis wgerformed to quantify the variation of each sig8ajnificant differences

between each grouperereferenced as follows:p<0.05; ** p<0.01; *** p<0.001

Fig.4 Variation of expression of enzymes involved in glycosylation/deglycosylation and
phosphorylation/dephosphorylationprocessen sMLC2 on myofilament proteins extractsfrom

C, HU and R groups (a) Myofilament proteins from control soleugereseparated ot2.5% SDS

PAGE and revealed by Sypro Ruby staining). Fifty micrograms ofmyofilament proteinsvere
separated on 7.5% or 15% SIPBGE, and analyzeoly western blot to detect OGT, OGA, MLCK, PP1

and MYPT2 enzymes. Densitometric analysis was performed to quantify the variation of each signal.

Significant differences between each growgrereferenced as follows: * p<0.05.

Fig.5 Characterization of a multienzymatic complex using a ceammunoprecipitation approach

followed by western blot analysis On each squaravere representedsignals obtained after €o
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immunoprecipitatior{co-IP) of each enzyme of interest, followed by an electrophoretic separation and
an immunodetection of thadifferentenzyme. Five hundred micrograms of whole proteins extracts were
used for celP. The first langB) corresponddto experimental blank.e. the P experiment performed
without applying proteins samplesThe second langC) corresponddto signals obtained in control
soleus, while the third lan@HU) represerdd signals obtained in HU samples. Data presemtect

representative of three indepentlexperiments.

Fig.6 Change of colocalization degree betweenMLCK and OGA consecutively to hindlimb
unloading. Longitudinal slides of soleus muscle were double stairsatgantibodies directed against
MLCK and OGA. Images were acquired using confocal microscqpg0). The images and
corresponding merge exe presented from control (Gt thetop) andatrophied (HU at the bottom)

soleus Scale correspordito 10pm.

Fig.7 Localization of enzymes along the contractile apparatud.ongitudinal slides of soleus muscle
were double stained using antibodies against OGT, OGA, MLCK, PP1 or MLCK, with actinin, a marker
of Z-disk. (a) A double staining of OGT and actinin was dptige DIC (Differential Interference
Contrast) image and corresponding fluorescence images were agjoitggneouslyOn the top of

the figure were presented the two channels corresponding to OGT andrasfigctivelyand between
those two the correspding DIC image. Just below were presented the nkigeges beteenDIC

and OGT or actininrespectively At the bottom of this panelkas presented the magnified region
corresponding to the white box on DIC image, where were localized dligk Zthe tbhand and the A

band of the sarcomere. Representativeaimunofluorescence images corresponding to double staining
of actinin with OGT, OGA, MLCK, PP1 anMYPT2 were presented with the merge image. Scale

corresponded to 5 um.
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