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Abstract

The spectrin superfamily is composed of proteins involved in cytolinker functidmsr main
structural feature is a large central subdomain with numerous repeats ifolidigde helical coiled-
coils. Their similarity of sequence was considered to be low without detailed tpadiatf of the
intra- and intermolecular levels. Among the superfamily, we considered asiasseptropose an
overview of the surface properties of all the repeats of the five proteihe spectrin family, namely
a- and B-spectrins, a-actinin, dystrophin and utrophin. Therefore, the aim of this work was to abtain
guantitative comparison of all the repeats at both the primary sequence and thinteresonal
levels. For that purpose, we applied homology modelling methods to obtain structdels for
successive and overlapping tandem repeats of the human erythrocyte a- and B-spectrins and utrophin,
as previously undertaken for dystragphand we used the known structure of a-actinin. The matrix
calculation of the pairwise similarities of all the repeat sequences hancdelectrostatic and
hydrophobic surface properties throughout the protein family support the view that spectrins and a-
actinin on one hand and utrophin and dystrophin on the other hand share some structural similaritie
but a detailed molecular characterisation highlights substantial diffetefibe repeats within the
family are far from identical, which is consistent with their multiple int@wvas with different cellular

partners, including proteins and membrane lipids.
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Introduction

The proteins of the spectrin superfamily contain a calponin type actimdinidimain at their N-
termini followed by multiple spectrin repeats that could specify an actsslarking characteristic
distance. The superfamily includes plakins, nesprins, plectirsndf-spectrin, a-actinin, dystrophin
and utrophin (Jefferson et al., 200This superfamily of proteins is characterised by the presence of
multiple copies of spectrin-like repeats arranged in tandem (Parry et al.,Bi88s 2003, Jefferson
et al., 2007). The spectrin-like repeats (or repeats) are composed of three at@satAelB and C)
wrapped into a coiled-coil. In the present study, we focused among the supedantiye five
proteins members belonging to the so-called spectrin family, nameand B-spectrin, a-actinin,
dystrophin and utrophin. The first two proteins can form dimers / tetsawlgte the last two remain
as monomers (Broderick and Winder, 2005)

Although the sequence similarity of the repeats among the spectrin family hégerotstudied
guantitatively in detall, it is considered to be rather low (Winder et al., 1995)ufiigee feature of
this coiled-coil structure is that the residues of the primary sequence attdidtin heptads, i.e., on
seven successive residues (a to gkravthe two residues in the ‘a’ and ‘d’ positions are hydrophobic
while the others are mainly hydrophilic. The coiled-coil folding of the rspésa principally
maintained by the heptad hydrophobic residues, buried away from the molecular surfacagin bei
close contact. Therefore, the accessible residues of the repeats arehgdrsibhilic and situated in
positions other than ‘a’ and ‘d’ (Parry et al., 1992Lupas, 1996). This structural characteristic was
demonstrated by the first crystals of spectrin solved by X-ray diffraction in 1993 (Yan et al., 1993) and
more recently for the dystrophin and utrophin single repeat 1 (Muthu et al., 2012)

Two repeats are linked to each other to compose a filament consisting of aamgr helix formed

by the third helix of the first repeat and the first helix of the secepdat. This linking has been
solved by crystallography for several spectrin tandem or multiple repeats @ali, 2009; Grum et
al., 1999; Ipsaro and Mondragon, 2010; Ipsaro et al., 2009; Ipsaro et al., 2010; KusunpRoédat
Kusunoki et al., 2004b; Stabach et al., 2061) for the four repeats of a-actinin (Djinovic-Carugo et
al., 1999; Ylanne et al., 2001). The remarkable feature of all these structures except th&rme of
(Grum et al., 1990is that they appeared as dimers.

Although a-actinin has only 4 repeats, which have all been solved by X-ray crystallograpiovi®
Carugo et al., 1999; Ylanne et al., 2001), the other proteins have a high number tsf @epbao
crystal for the complete protein have been successfully obtained for any of themvedothes
structures could be crucial for the understanding of the interactions or théomutadifications of
theseproteins. In that context, we previously proposed homology models for all the dyseydits
(Legrand et al., 2011). Herein, we have applied this approach to an exhaustive study of thefepeat

human utrophin and human erythrocyte a- and B-spectrin. We compared them to the previously
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obtained models of dystrophin repeats and to theayXsolved a-actinin repeat structure. We
guantitatively assessed the similarity between these proteins at both tlaeypstnucture and the
three-dimensional levels using electrostatic clustering methods and molecular hydrophotlgniiglpot
comparisons. We showed that spectrins and a-actinin on one hand and utrophin and dystrophin on the
other hand shared some structural similarities, but a detailed molecular clisatatehighlighted
substantial differences. These differences are also related to a padigalasation of the exon and
repeat coding in dystrophin and utrophin not observed in the other three proteives sgectrin
family.

Materialsand Methods

Sequence alignment and isoelectric point calculations — The sequences of human skeletal muscle
utrophin andlystrophin and a- and p-spectrin from human erythrocytes were retrieved from the NCBI
Protein Database, and sequences of a-actinin were retrieved from the deposited Protein Data Bank
data (PDB: 1HCI)see Fig. 1A for a schematic drawing of the proteils)define the boundaries of
the repeatsthe alignment of dystrophin and utrophin repeats from Winder was(Mgiedler et al.,
1995) The five proteins are schematically showed in Fig. Nate that for a-spectrin, the repeat
number according to Winder (Winder et al., 1995) was 20 complete repeats while ipagmeT® the
SH domain accounts for a"l0domain’ of the protein which shifts the number to ‘@omaing (An

et al., 2004; Li et al., 2010). We chose to number them from R1 to R20 accardiigder (Winder

et al., 1995).

The sequences were aligned using the ClustalW2 program with the deéaatheters
(Thompson et al., 1994 arkin et al., 2007). The matrix similarity between the sequences was
calculated using the Protdist program included in the PHYLIP padkadsenstein, 1987). Isoelectric
points were computed from the primary sequence using ProtParam on the EXPASYy server (Gasteiger et
al., 2005).

Homology modelling — The three-dimensional models were computed by tHASSER
server (Zhang, 200&Zhang, 2009). The sequences of two successive tandem repeats were submitted
with an overlap of one repeat for the next submission, i.e., first repeat 1-theamcepeat 2-3The
two tandem repeats of utrophin that include known hinges, R3-4 and R17-18, weted offrtiie
incomplete repeats -In) and 17 f§) of the spectrins were not modell€ithis strategy was used to
obtain models for the potential helical linkers between adjacent repeati{fTéZSSER produced one
to five models for each of the two-repeat sequences submitted, and only the ntbdbkbviiest C-
score for each tandem repeat was retained. We did not use the X-ray solvadtestro€tthe
erythrocyte spectrins to compare all the models obtained by the same method. Howevepldtestem
used by I-TASSER are all the X-ray crystallography structures of the spespeats.In all, 74
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models were obtained: 21 for dystrophin, 19 for utrophin, 19-&pectrin and 15 for f-spectrin.For
a-actinin, we used the X-ray crystallographic four-repeat structure avaitaltee iPDB (Djinovic-

Carugo et al., 1999) and subdivided it into three structures for each tandem repeat.

Surface-property comparisons: hydrophobicity - Surface hydrophobicity calculations were
performed using the PLATINUM program, which is designed to match hydrophobic patches for the
prediction of receptor-ligand complexes (Efremov et al., 2007; Pyrkov et al., Z08)program
allows the calculation and visualisatiohmolecular hydrophobic/hydrophilic surface properties using
the concept of molecular hydrophobicity potential (MHP). The PLATINUM algoritisn provides
the hydrophobic and hydrophilic composition (in %) of the molecular surfaces ifagjaive MHP
definition. All the models were submitted to the PLATINUM web site, wipigivided potential maps
visualsed using the PyMOL program.

Surface-property comparisons. electrostatics - The web-based version of the PIPSA program
(Protein Interaction Property Similarity Analysis) (Blomberg et al., 1999; Gabdoutirsd., 2007;
Richter et al., 2008; Wade et al., 20@%as used to compare tandem repeats with respect to their
electrostatic potentials. PIPSA quantifies the similarity in the surface pexpeti homologous
proteins, which is particularly useful for comparing the surface properties of thentaapleats of the
spectrin family members. After the 3D alignment fit, the models were signid the PIPSA server
(Richter et al., 2008), and the Adaptive Poisson-Boltzmann Solver (APBS) software wa® used
calculate the electrostatic potentials (Baker et al., 2001). To prevent thetiglotdiscrepancies
observed in calculations performed at too high or low an ion concentration, wel@lwesent maps
computed for an ionic strength of 50 mM. The similarity indexes (Sl) for @atthof surface
electrostatic potentials were calculated (Blomberg et al., 1999) and converteddistange matrix
ranging from O to 2 (Gabdoulline et al., 2007; Wade et al., 2001). The distadg was then
subjected to a clustering procedure, and the corresponding heat map was generateisatian of
the electrostatic potentials projected on the molecular surfaces of thesreyses produced using
PyMOL.

Results

Intramolecular sequence smilarity

The sequences were aligned using ClustalW2 (Thompson et al,, U1&8%h et al., 2007)
(Supplementary Figure S1), and the similarity matrix between repeats was edlcutahg the
Protdist program included in the PHYLIP packaffeelsenstein, 1987). Only a poor sequence
similarity was found between each single coiled-coil repeat of the five proteins. The pairwise sequence
similarity scores of all repeats within each protein (Fig. 1B) indicatawdian value below 0.2. The
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highest internal sequence similarity scores were 0.38 and 0.30 for the a-spectrin and B-spectrin
repeats, respectively. It is also interesting to highlight that the higimagarity recorded between
repeats for the two spectrin molecules was observed for repeats that ardrdisfitament: R5 and
R13 (0.38), R1 and R14 (0.35) and R2 and R10 (0.35) for a-spectrin and R4 and R15 (0.30) for B-
spectrin. The best similarity value for a-actinin repeats was very low at 0.19. Dystrophin and utrophin,
despite a length comparable to the two spectrins (22-24 repeats vs 16-20 repeats for spectrins), showed
a large range of sequence similarity scores among their repeats. The highests@resmore than
0.25 for the dystrophin repeats (R8 and R17, R21 and R24) and 0.26 for the utrophin repeats (R12 and
R2).
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Figure 1 Presentation of the five proteins and the similarity scores for their single repeats. (A) Schematic

drawing of the five proteins under study. Similarity scores aesegmted as box plots for (B) the pair-wise
similarity of the repeats for each protein and (C) the pair-wis#asity of repeats of the five proteins in pairs.
The box plots indicate the median values + quartiles, and the verticaldigates the minimum and maximum
values. When the values are larger than the 1.5 box size, individual apluesr as points above or below the

box plot. Act = a-actinin; Dys = dystrophin; SptA = a-spectrin; SptB = -spectrin; Utr = utrophin.
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Intermolecular sequence similarity

The highest median values of similarity between sequences of repeatieiantliproteis
were observed for the two spectrins at 0.2 (Fig. 1C). For these two proteitmsgtiest sequence
similarity was found for a-spectrin R9 and B-spectrin R13 (0.34); a-spectrin R16 and B-spectrin R4
(0.33), R12 (0.34) or R14 (0.33); a-spectrin R6 and B-spectrin R10 (0.33); and, finally, a-spectrin R12
and B-spectrin R16 (0.33). These scores for a-spectrin and B-spectrin defined protein domains with
weak similarities between the two spectrins from a-spectrin RS to R9 and from p-spectrin R9 to R13.
We shouldnote that the lowest sequence similarity score, with a mean value of 0.14, was found for a-
spectrin R20 towards any of the B-spectrin repeats and B-spectrin R1 towards any of thespectrin
repeats, underlying the specificity of these repeats involvélet in-spectrin/ -spectrin hetero-dimer
formation.

Dystrophin and utrophin did not show high sequence conservation with either thinspactr
a-actinin, with values well below 0.3@&upplementary Figure SRTlear high sequence similarities are
found fa the a-actinin repeats R1 and R2 with B-spectrin R1 and R2, with scores of 0.42 and 0.38,
respectively. Surprisingly, the a-actinin repeat R2 is the closest to all a- and B-spectrin repeats.
Finally, the most remarkable similarity was found between the dystrophimtamghin coiled-coil
repeats that can be seen on the boxplot with outliers distributed over trar tqpg. 1C). Dystrophin
R1 and utrophin R1 present a sequence similarity up to 0.66, and the second higleel.61) was
for dystrophin R8 / utrophin R8 and dystrophin R11 / utrophin R11.

Globally, the highest scores in sequence similarity between the dystraptiirutrophin
proteins were found for the regions covering R1 to R3 (from 0.44 to 0.66), R8 to R1)(#0rto
0.61) and R20 to R24 of dystrophin and R18 to R22 of utrophin (from 0.30 to 0.55), with 13 of them
higher than 0.40. The regions covering R4 to R7 of dystrophin and utrophin are netmay in
sequence. A lack of similarity was also found for dystrophin R14 or R15 witphuh R14 and for
dystrophin R18 or R19 with utrophin R17. Finally, dystrophin repeats are very simitdarophin

repeats, more similar than to one another, which is also true for utrophin itself.

Exon and repeats phasing in the five proteins

In a previous work, we showed a partial phasing of the exon coding for the repeats of
dystrophin and the repeat sequence (Nicolas et al., 2012). We therefore wondereshih¢hease
holds for the proteins of the spectrin family. On the alignment of the repedissef proteins, we
differentiated the sequences coded by successive exons (Fig. 2). The sequences coded by even exons
are in grey, while the sequences coded by odd exons coded sequences are uncoloured. It is clear that
the helices B of the utrophin repeats are coded by two successive exons viatrddes exactly
aligned with the “b” and “c” residues of the 3" heptad of the helices for all repeats except repeat 14.

This pattern constitutes a partial phasing of the protein domains and the examsianithr to what
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we observed for dystrophin approximately in the middle of helices B. By contrast, was no such

phasing in the codingf the a- and B-spectrins or the a-actinin repeats (Fig. 2).

Helix A Helix B Helix C
Utrophin repeats
--a--d---a--d---a--d---a--d-- ~-d---a--d---a--d---a--d---a--d---a--d-- --a--d---a=--d---a--d---a=--d--
R1 DMDLDSYQIALEEVLTWLLSAEDTFQEQDDI------ SDDVEEVKDQFATHEAFMMELTAHOS SVGSVLOAGNGL ITOGTLS ~ - DEEEFEIQEQMTLLNARWEALRVESMDROS RLH-~~-~ 9,10,11

R2 DVLMELQKKQLQGLSAWLTLTEERIQKMETCPL-
R3 NILWOELLEEQCLLKAWLTEKEEALNKVOTSN-
R4 IEAKKEFDAISRELLNWILKWKTAIQTTEIK-E
RS QEDINAYFKQLDELEKVIKTKEEWVKHTSISE-
R6 GRPGHAYLETLKTLKDVLNDSENKAQVSLNVLN-
R7 ALTLRAFEADSTVIEKWMDGVKDFLMKQQAAQ-
RE  QEKAANLKKDLAEMQEWMTQAEEEYLERDEFEYK-
RY WSCWIELLHYLDLETTWLNTLEERMKSTEVL--
R10 LQVLRETDOMLOVLQESLGELDKQLTTYLTD-
R11l FQKPANFEQRMLDCKRVLDGVKAELHVLDVKD-
R12 SQLARKMKKERASLSEWLSATETELVQKSTS-
R13 QNQLEIFDGNVAHISTWLYQAEALLDEIEKK-
R14 GVPFSDLEKLENDIENMLEKFVEKHLESSDED-
R15 SLLPTDYLVEINKILLCMDDVELSLNVPELN--
R16 MEEWRQFHCDLNDLTQWITEAEELLVDTCAP--
R17 SKQUMKYRHQOLDEIICWLTKAEHAMQKRSTT-

~DDDVKS LOKLLEEHKSL QS DLEAEQVKVNS LTHMVV IVDE-- NSG-~ESATATLEDQLOKLGERUTAVCRUTEERUNRLGET -- 11,12,13
~FKDQKBLSVSVRRLATLKEDMEMKROTLDQLSEIGQDVG- LLDN-- SKASKK INSDSEELTQRWDSLVQRLEDS SNQVTQA<4T> 13,14,15,16
- YMKMQDTSEMKKKLKALEKEQRERT PRADELNQTGOILVEQMGKE -~ GLPTEE IKNVLEKVS SENKNVSGHLEDLERK IQL--- 16,17,18, 19
- §4ROSLESLKDSCORELTNLLGLHEK IEMARASCSALMS -~~~ 0~ - PARDEVORGEDSFLGRYGAVOEAVEDROQHLENELK 19,20,21
DLAKVEKALQEKKTLDEILENQKPALHRLAEETKALEK--NVH-- PDVEKLYKQEF DDVOGKUNKLKVLVSKDLHLLEET-~ 21,22
-GDDAGLORQLDGCSAFVNETETIES S LKNMKEIETNLRS - - GEV--AGIKTWVQTRLGDYQTOLEKLSKE TATOKSRLSES - 22,23,24,25
-~ 5PEELESAVEEMKRAKEDVLOKEVRVK ILKDNIKLLAA- -~ KV~ - BSGGOELTSELNVVLENYQLLCNRIRGKCHTLEEV-~ 25,26,27

- PEKTDAVNEALESLESVLRHPADNRTQTRELGQTL ID-——-G--GTLDDT IS EKLEAFNSRYEDLSHLARSKQTSLEKQ-— 27,28,29
~RIDAFQVPQEAQKIQAET SAHELTLEELRRNMRS -~ ~ QPLTS PESRTARGGSQMOVLORKLREVSTKFQL--~ 29,30,31
~VDPDVIQTHLOKCMKL YKTLS EVKLEVETV IKTGRHIVQ-—KQQ- - TONPKGMDEQLTS LKVLYNDLGAQUTEGKQDLERA—~ 31,32,33
EGLLGDLDTEISWAKNVLEDLEKRKADLNTITESSARLG---NLI--EGSEPILEERLCVLNAGWSRVRTWTEDWCNTLMNH-- 33,34,35

-~ PTSKQEETVKRLVSELDDANL QVENVRDGAL TLMN—ARG—S5 5 SRELVEPKLAELNRNFEKVSQHIKSAKLLTAQE< 14> 35,36,37

- EKMDEESAQIEEVLOR--GEEMLHOPMEDNKKEK TR--~- -~ LOLLLLHTRYNKIK-ATPIQORKMGQLASGIRS <S> 27,38,39
~TAIYEDFSFQEDSLKNIKDQLDKLGEQIAVIHEKQRDVIL-~EAS-~GPEATQIRDTLTOLNAKWDRINRMYSDRKGCFDRA—— 39,40, 41
~GGSLDLEKARTHOQELEVG IS SHOBSFAALNRTGDGIVG- - KLY - - QADGSFLKEKLAGLNORWOAIVAEVKDROPHLKGE-~ 41, 42,43

- --ELGENLQELRDLTQEMEVHAEKLKWLNRTELEMLS DK SLS—L PERDK ISES LRTVNMTWNK ICREVETTLKECIQE<36> 43, 44, 45
R18 ISTEADLDKTITELADWLVLIDGMLKSNIVT- VGDVEEINKTVSRMK ITKADLEQRHEQLDYVETLAQNLKN- KAS S~ - SOMRTA ITEK LERVENQWDGTQHGVELRQOQLEDM-~ 46, 47, 48
R19 IIDSLOWODHREETEELMRKYEARLYILQOAR- ~RDELTKQISDONGILLOELGPGDGIVMAEDNVLGKLLE--EYG-- SDDTRNVKETTEYLKTSWINLKGS IADRQNALEAE-~ 48, 49,50
R20 WRTVGASRROLENFLEWIQEAETTVNVLVDASHRENALQDS TTARELKQOMOD TQAETDAHND TFKS TDGNRQKMVK-ALGN-- SEEATMLOHRLDDMNQRUNDLKAKSAS TRAHLEAS-— 50,51,52
R21 AEKWNRLLMYLEELIKWLNMKDEELKKQMPIG------GDVPALQLOYDHCKALRRELKEKEYSVLNAVDOARVE LA- - DQP<3GK TAKAMRK QS SEVKEKWES LNAVTSNWOKGVDKA-- 52,53, 54
R22 LEKLRDLQGAMDDLDADMKEAESVRNGUKPVG-———-DLLIDSLODHIEKIMAFREETAPINFKVKTVNDLS SQLS P~ LD-- LHES LKMSRQLDDLNMRUKLLQVSVDDRLKQLOE——— 54,55,56

a-Spectrin repeats

——a-—d-——a--d d d d d 4 d 4 d d

--a --a --a d
R-1 = - mSea - = E---TAEEIQERRQEVLTRYQSFKERVAERGOKLED 2

Rl SYHLOVFKRDADDLGKWIMEKVNILTD---KSY-EDPTNIQGK YQKHQSLEAEVQTKS- RLMSELEK TREERF TMGHS - - - AHEETKAHIEELRHLWDLLLELTLEKGDQLLR 2,3, 4
R2 ALKFQQYVQECADILEWIGDKERIATS---VELGEDWERTEVLHKKFEDF QVELVAKE-GRVVEVNQYANECAEENHE- -~ DLPLIQSKQNEVNAAWERLRGLALQROKALSN 4,5, 6
R3 AANLOREFKRDVTEAIQWIKEKEPVLTS EDYGKDLVASEGLFHSHKGLERNLAVMS - DKVKELCAKAEKLTLSHES -~ - DAPQIQEMKEDLVS SWEHIRALATSRYEKLOA 6,7, 8

R4 TYWYHRFSSDFDELSGWMNEKTARINA---DELFTDVAGGEVLLDRHQGHKHEIDS YD-DRE Q8ADETGODLVNANHE--~ASDEVREKME ILDNNWTALLELWDERHRQYEQ 8,9,10,11

RS CLDFHLEYRDSEQVDSWMSRQEAFLEN---EDLGNSLGSAEALLOKHEDFEEAE TAQE-EKI ITVDKTATKL IGDDHY---DSENTKATROGLLARRDALREKAATRRRLLKE 11,12,13,14
R6 SLLLOKLYEDSDDLKNWINKKKKLADD---EDY-KDIQNLKSRVQKQOVFEKELAVNK-TQLENIQKTGQEMIEGGHY---ASDNVTTRLSEVASLWEELLEATKQKGTQLHE 14,15, 16

RT ANQOLOFENNAEDLORWLEDVEWQVTS EDYGKGLAEVONRLRKHGLLESAVAARG-DOVDILTDLAAYFEEIGHP---DSKDIRARQESLVCRFEALKEPLATRKKKLLD 16,17

R8 LLHLQLICRDTEDEEAWIQETEPSATS---TYLGKDLIASKKLLNRHRVILENIASHE- PRIQEITERGNKMVEEGHF - - - AAEDVASRVKS LNQNMESLRARARRRQNDLEA 17, 18,19

RY  NVQFQQYLADLHEAETWIREKEPIVDN-—-TNYGADEEAAGALLKKHEAFLLDLNSFG-DSMKALRNQANACQOQOA <>~ EEPGNITOROEGIENOYRSLLORAEERRRRLLY 19,20,21,23
R10 RYNEFLLAYEAGDMLEWIQEKKAENT- -—-GVELDDVWELQKKFDEF QKD LNTNE- PRLRD INKVADDLLFEGLL- - - TPEGAQIRQ-ELNSRUGSLORLADEQROLLGS 23,24,25
R11 AHAVEVFPHREADDTKEQIEKKCQALSA---ADPGSDLFSVQALQORRHEGFERDLVPLG-DKVTILGETAERLSESHPD---ATEDLOROKMELNEAWEDLOGRTKDRKESLNE 25,26,27
R1Z AQKFYLFLSKARDLONWISS IGGMVSS---QELAEDLTGIEILLERHQEHRADMEABA- PTFQALEDF SAELIDSGHH---ASPEIEKKLOAVKLERDDLEKAWEKRKKILDY 27,28,29
R13 CLELOMFQGNCDQVESWMVARENSLRS---DDK-8SLDSLEALMKKRDDLDKAITAQE-GKITDLEHFAESL IADEHY-—~AKEETATRLORVLDRWKALKAQLIDERTKLGD 29,30,31,32
R14 YANLKQFYRDLEELEEWISEMLPTACD ESY-KDATNIQRKYLKHOTFAHEVDGRS-EQVHGVINLGNS LIECSACDG- NEEAMKEQLEQLKEHWDHLLERTNDKGKKELNE 32, 33,34
R15 ASRQQRFNTS IRDFEFWLSEAETLLAM---KDOARDLASAGNLLERHQLLEREMLARE- DALKDLNTLAEDLLSSGTE--~-NVDQTVEKKDNVNKRE LNVOELARAHHEKLKE 34,35,36
R16 AYALFQFFQDLDDEESWIEEKLIRVSS-—-QDYGROLQGVONLLKKHKRLEGELVAHE- PAIQNVLDMAEKLKDKARY-—-GQEEIQLRLAQFVEHWEXLKELAKARGLKLEE 36,37,38,39
R17 SLEYLOFMONAEEEEAWINEKNALAVR---GDCGDTLAATSS LLMKHEALENDEAVHE-TRVONVCAQGEDILNKVLGEESQNKEIS SKIEALNEKTES LAKATAAWKLOLED 39,40, 41
R18 DYAFQEFNWKADVVEAWIADKETSLKT---NGNGADLGDFLTLLAKGDTLDASLOSFOOERLPETTDLEDKLISAQHN-—-QSKATEERYARLLKRWEQLLEASAVHROKLLE<B> 41,42,43
R19 EDLFVEFAHKASALNNWCEKMEENLSE---BPVHCVSLNEIRQLOKDHEDFLASLARAG-ADFKCLLELDQQIKALGVE---55PYTWLTVEVLERTWKHLSDITEEREQELQK<8> 44, 45
R20 FEMCQEFEQNASTFLQWILETRAYFLD---GSLLKETSTLESQLEANKRKQKEIQAMK - RQLTK IVDLGDNLEDALIL-——---DIKYSTIGLAQQWDQLYQLGLRMQHNLEQ 45, 46,47

B-Spectrin repeats

--a--d---a--d---a--d---a--d-- -a--d---a--d---a--d---a--d---a--d-- --a--d d---a--d d
R1 EKMIEKYSGLASDLLTWIEQTITVLNS---RKFANSLTGVOOOLOAFSTYRTVERPPKFQEKGNLEVLLFTIQSRMRANN-QKVYTPHDGKLVSDINRAWESLEEAEYRRELALRN 8,9,10
RZ EQLARRFDRKARMRETWLSENQRLVAQ---DNFGYDLAAVEARKKKHERIETDTRAYE- ERVRALEDLAQELEKENY- - - -~ - HDQKRITARKDNILRLWS YLOELLQSRRQRLET 10,11
R3  TLALQKLFQDMLHS IDWMDEIKAHLLS---ABFGKHLLEVEDLLOKHKLMEADIATIQG-DKVKAITAATLKETEGKGYQP- -~ CDPQVIQDRISHLEQUFEELSNMARGREAQLED 11,12,13
R4 SKRLWKFFWEMDERESWIKEKEQIYSS LDYGKDLTSVLILORKHKAFEDELRGLD-AHLEQIF QEAHGMVARKQ-~ FGHPQIERRIKEVSAQWDOLKDLAAFCKENLOD 13
RS AENFFQFQGDADDLKAWLQDAHRLLSG---EDVGQDEGATRALGKRHKDF LEELEESR-GVMEHLEQQAQGF FEEFR: ~-DSPDVTHRLRALRELYQQVVAQADLROORLOE 13
R6 ALDLYTVFGETDACELWMGEKEKWLAE---MEMPDTLEDLEVVOHRFDILOGEMKTLM-TQIDGYNLAANS LVESGHP -~ -~~~ RSREVKQYQDHLNTRWQAFQTLYSERREAVDS 13,14, 15
R7 ALRVHNYCVDCEETSKWITDKTKVVES--TKDLGRDLAGIIAIQRKLSGLERDVARIQ-ARVDALERESQQLMDSHE - -~~~ -EQKED IGOROKHLEELWQGLOQS LOGOEDLLGE 15
R VSQLOAFLODLODFQAWLS ITQKAVAS---EDMPESLPEAEQLLOGHAGIKDE IDGHG- DS YQRVKESGEKVIQGQTOP- - - - ~-EYLLLGQRLEGLD TGWNALGRMWESRSHTLAQ 15
RY CLGFQEFQKDAKQAEAILSNOEYTLAH---LEPPDSLEAREAGIRKFEDFLGSMENNRDKVLS PVDSGNKLVAEGNLY- ~SDKIKEKVQLIEDRHRKNNEKAQEASVLLRD 15,16,17
R10 NLELQNFLQNCQELTLWINDKLLTSQD----VSYDEARNLHNKWLKHOAFVAELASHE-GWLENIDAEGKQLMDEKPQ- -FTALVSQKLEALHRLWDELQATTKEKTQHLSA 17,18,19
R11 ARSSDLRLQTHADLNKWISAMEDQLRS DDPGKDLTSVNRMLAKLKRVEDQVNVRE-EELGELFAQVESMGEEGG-~ DADLSIEKRFLDLLEPLGRRKKQLES------— 19,20
R12 SRAKLOISROLEDETLWVEERLPLAQS ADYGTNLOTVOLFMEKNGTLONETLGHT- FRVEDVLORGOOLVEARET— —~DCQDLEERLGHLOSSWDRLREAAAGRLORLRD 20,21,22
R13 ANERQOYYLDADEAEAWIGEQELYVIS---DEIPKDEEGAIVMLKRHLRQQRAVEDYG- RNIKQLASRAQGLLSAGHP---~-~ EGEQTTRLOGOVDKHYAGLKDVAEERKRKLEN 22,23,24
R14 MYHLEQLKRETDDLEQWISEKELVASS--- PEMGODEDHVTLLRDKFRDFARETGA IGQERVDNVNAF IERLIDAGHS —————— EAATIAEWKDGLNEMWADLLELIDTRMQLLAR 24,25
R15 SYDLHRYFYTGREILGLIDEKHRELP- EDVGLDASTAESFHRVHTAFERELHLLG-VOVOOF QDVATRLOTAYAG EKAEAIGNKEQEVSAAWCALLOACAGRRTOLVD 25,26
R16 TADKERFFSMARDLLSWMES IIRQIET---QERPRDVSSVELLMKYHQGINAEIETRS - KNF SACLELGESLLQROHQ- - - - - - ASEEIREKLOOVMSRRKEMNEKWEARWERLREM 26,27,28
R17 LLEVCQFSRDASVAEAWLIAQEPYLAS---GDFGHTVDSVEKLIKRHEAFEKSTAS WA- ERFAALEK PTTLELKER---- - --= - 29,30

a-Actinin repeats

=eg=edenagecduaagend d d d d d---a--d d d- eenduenpeedecepuedecagnadenngee
R1 -SSAVNQENERLMEEYERLASELLEWIRRTIPWLENRTPEKT----MOAMOKKLEDFRDYRREKHEPP-KVOEKCOLEINFNTLOTKLRISNR-~~ ~PAFMPSEGEMVSDIAGAWQRLEQAEKGYEEWLL 9-10-11
R2 NEIRRLERLEHLAEKFROKASTHETWAYGKEQILLOKDYESASLTEVRALLRKHEAFESDLARHODRVEQIAATAGELNELDYHDAVNVNDR-~------CQKICDQWDRLGTLTQKR----REALERMEKL- 11-12-13-14
R3 = ~LETIDOLHLEFAKRAAFPFNNWMEG-AMEDLQDME IVHS IEEIQSLITAHEQFKATLPEADGERRS IMAIONEVEKVIQSYNIRISSSNEYSTVTMDELRTKWDKVEQLVEIRDGSLOEELARQHANE 14-15-16

R4 - ===-RLRROFAAROANATGPWIQNKMEE IARSSIQIT--GALEDQMNQLKQYEHNT INYKNNIDKLEGDHQL IQEALVF DNKHTNY T~ - - - - - ~-MEHIRVGWELLLTTIARTINEVETQILTRD-~-- 16-17-18

Figure 2:Sequence alignment of the repeats of utrophin, a- and B-spectrin and e-actinin and the exons
coding for these sequences. The repeats were aligned by ClustalW using the default parameters acdording
Winder et al. (Winder et al., 1995). The repeat numbers are mentiortbe teft side of the repeat sequence.
The numbers of the exons coding for the repeats are mentioned aththsid& of the repeat sequence. The
repeat sequences coded by successive exons are underlined alternagjrashy(@ven) or left blank (odd). When

the successive exons are not in-frame, the two residues coded by thetessive exons are coloured red.
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Isoelectric point of the single repeats of the spectrin family

The isoelectric points calculated from the primary sequence ranged from 3.93 (GteRQ) t
(DysR3). The range of values is quite large for dystrophin, utrophin and B-spectrin, but there is a
narrow range around the mean value for a-spectin and a-actinin (Fig. 3). These two last proteins
appear to be more acidic as a whole than the other three. However, the dystropé# arel
significantly different from the utrophin and a-spectrin values, while the a-actinin ando- and (-
spectrin values were not so different from each other. In addition, gé\asusly shown, there is an
alternation of acidic and basic repeats on the region covering repeats 11 tdysiraphin, which
was not observed for the other proteins.
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Figure 3.Calculated isoelectric points of the single repeats for the five proteins. The isoelectric points were
computed by ProtParam of the ExPASy server. The individual valubs oépeats appear as dots. Mean values
(SD) are given above the plot. The values from dysitophkre significantly different from utrophin and from a-
spectrin, as shown above the plot. Some values appearing outside the mean, such as for B-spectrin, dystrophin

and utrophin, are tagged.

Homology modelling

Not surprisingly, the I-TASSER threading procedure identified spectrin repsdtise best
structural templates for all the tandem repeats, specifically 1CUN (chichéme-spectrin repeat
R16-17) (Grum et al., 1999), 1U4Q (chicken-braispectrin repeat R15-17) (Kusunoki et al., 2004b)
1S35 ¢rythroid B-spectrin R8-9) (Kusunoki et al., 2004aEDV (B2-spectrin repeat R14-16) (Davis
et al., 2009) and 1F57 (erythrocyte [3-spectrin R14-15) (Ipsaro et al., 2069%hotvn above, the
identity score was very low, ranging between 0.08 and 0.18. However, the sequenagecouss
very good, with values ranging between 86 and 99%, and the C-scores ranged between -0.72 and 0.80,
which indicated that all the models proposed adopt correct folds (Supplementary Tablhes1
models were further assessed using PROCHECK to calculate Ramachandran plots.€entagecot
residues in core ranged from 81.8% (dystrophin Ri)ge 98.5% (B-spectrin R15-16) and percentage
of disallowed residues ranged from 0 to 2.6% (dystrophin R18-19) (Supplementary TallbesE)
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results indicated that all models were of high quality. Furthermore, th6&BER model oR8-9 and
R14-15 of erythrocyte B-spectrin were compared to the corresponding PDB structures 1S35 and 3F57
(Supplementary Fig. S3®). The Ca-atoms Root Mean Square Deviation (RMSD) between the
structures and the corresponding models were respectivélyAl#nd 1.36 A,asthese moderate
deviations may originate from the last relaxation step of the I-TASSER mmgg@itocedure. The
electrostatic and hydrophobic surface properties are also compared and indicated kehags li
between structures and models.

The structural models for the coiledil repeats of both a- and B-spectrins all presented a
regulara-helix fold at the linker region between two consecutive repeats. For insthaceotlels
with the highest similarity tandem repeats, a-spectrin R67 and B-spectrin R10-11, presented a
geometric deviation of 3.7 A (CRMSD) for their protein backbone (Fig. 4

Tandem repeat Dystrophin R5-6

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Figure 4 Representative models of the five proteins. A schematic drawing of a tandem repeat is shown on the
left upper side. Helices A, B and C conatitthe first repeat and A’, B* and C’ the second repeat. The helices are
connected by loops named AB, BC, A’B’ and B’C’. The linker region is common to the two consecutive repeats

and may be either helical or not. The two models of a- and B-spectrin showed helical linkers, while the two
models of dystrophin and utrophin showed non-helical linkse8nin was taken from the structure obtained by
X-ray diffraction and showed helical linkers. In all models, the A raflithe first repeat is placed in front and at

the bottom left of the image.

However, even though the models were obtained using spectrin X-ray @gstallstructures
with helical linkers, non-helical linkers were observed for utrophin R5-®-Rland R14-15, as
previously observed for the dystrophin homologous tandem repeats (R5-6, R10-11 and R15-16).
Finally, the homology models were well structured in the coiled-coil fold by cosopato the
distortedoi-actinin experimental structures. Compared to spectrin, dystrophin and utrophin models and
structures, a-actinin presented more elongated structures. This is due to the fact thajubeces of

the repeats are longer by about 6 to 10 residues than the repeats of the athes. drioerefore, R1
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and R2 ofu-actinin have A-helices prolonged by 8 to 9 residues while R3 and R4 have thaic€s
prolonged by 6 to 9 residues compared to spectrins, dystrophin or utrophin. This leadslite®
less kinked than in the other structures and gives an elongated and compact stuctaetinin
tandem repeats.

Surface properties - Electrostatic potentials

The electrostatic surfaces of the tandem repeats were clearly dissimildhegrghowed a
large variety in the distribution of positive and negative potential patcheslétheyary Figure S4).
Such patches often appeared to extend over more than one repeat surface, while stimetinoes
repeats in a tandem exhibited opposite electrostatic properties. To further ygulatiSurface
electrostatic potential similarity of the tandem repeats, we analysed oursmied) the PIPSA
program (Richter et al., 2008). The previously obtained dystrophin models wereethétudhis
analysis (Legrand et al., 2011). The resulting PIPSA heat map was divided into fourgmaps

(Fig. 5).
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Figure 5.Matrix visualisation of an all-pairwise comparison of the electrostatic potentials of the tandem
repeat surfaces. The matrix (heat map) is shown with colour coding corresponditigetalistances calculated
from the Hodgkin similarity indices for the electrostatic potentials (ufgfeside). Distance between molecules
a and b is defined by the equation given on the top, where & idatigkin similarity index between molecules
a and b. Tandem repeats with highly similar electrostatic potentials are clustgtitbtpand four groups have

been clustered (groups A, B, C, D).

Group A was characterised by strongly negative surfaces with positive patchelutdibt
homogenously at the molecular surface (Fig. 6 and Supplementary Figure S4). The tandenofrepeat
group B had also negative surfaces but with positive patches distributed on one k&enofeicular
surface. Group C was characterised by an alternation of large positiveegative patches. The
electrostatic surfaces in the group D were comparable to the ones in group Ghlamatier positive
patches.
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Figure 6.Representation of the electrostatic potential projected on the solvent-accessible surface of tandem

repeats representative of the four groups obtained by PIPSA analysis. Each model was coloured using the
APBS electrostatic potential calculated for an ionic strength of 50 mM, and theestofaars were clamped at -

3 (red) and +3 (blue) kTe The molecules are presented in the same orientation as in Figure 4A.

The distribution of the tandem repeats of the five proteins in each grasilearly non-random
(Table 1).

Table 1. Distribution of the five proteins in the four groups obtained by PIRBalysis of the electrostatic
surfaces of the tandem repeats.

Number of tandem repeats in each group (% of the total)

Group A Group B Group C Group D
Dystrophin (n=21) 2* (14%) 5 (17%) 8 (62%) 7 (33%)
Utrophin (n=19) 2 (14%) 5 (17%) 3 (23%) 9 (43%)
a-Spectrin (n=19) 6 (43%) 11 (37%) 0 2 (10%)
B-Spectrin (n=15) 3 (21%) 9 (30%) 1 (8%) 2 (10%)
a-Actinin (n=3) 1 (7%) 0 1 (8%) 1 (5%)
Total (n=78) 14 (100%) 30 (100%) 13 (100%) 21 (100%)

*Values indicate the number of tandem repeats of each protein in tlweedifgroups. The percentage of protein
tandem repeats in each group is indicated in parentheses.
The a- and B-spectrin tandem repeats were predominantly distributed in groapsl A.
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The three a-actinin tandem repeats were observed in three different clusters. Thepiystr
tandem repeats were distributed rather homogeneously in groups B, C and D, and thetatrdphin
repeats were predominantly distributed in groups B and D. Group A predominantly consisted of a-
spectrin, which made up 43% i tandem repeats. Group B consisted primarily of a- and B-Spectrins,
respectively constituting 37% and 30% of its tandem repeats. Group C consistedimaatprof
dystrophin models (62%), and the D group was composed6id®phin and 33% dystrophin.

Surface properties— Molecular hydrophobicity potentials

As is often the case with cytoplasmic proteins, the overall tandem repeat suwéaeemostly
hydrophilic with nonpolar surfaces covering 25 to 39% of the surface (Fig. 7). Howexer was a
large heterogeneity in and between the tandem repeats of the proteinghdle, a-actinin has the
less hydrophobic repeat domain, with a mean hydrophobic surface representing 28% dhds, sur
while utrophin has the highest hydrophobic repeat domain with a mean hydropirfdie ®f 36% of
the whole molecular surface (p = 0.03 from the dystrophin repeat domain to p™ &difi o-
spectrin). In addition, the values for the utrophin tandem repeats were allaarge of values from
32 to 38%, while the values for the other tandem repeats were in a larger(theig standard
deviations ranged from 2.9 to 3.5 vs 1.6 for utrophin). Dystrophin repeat domain appearedasie cl
to utrophin but with three extra values of less than 30% hydrophobicity. Wihesgectrin repeat
domains appeared identically hydrophobic with values in a range of 17 over 19 and 14taneleh®
repeats with 24 to 31% hydrophobic surface. This globally hydrophobic charastes &iom the
presence of large patches at the molecular surface (Supplementary Figure S5)ha@stevhige was
observed for the tandem repeat R18-19 of dystrophin with a hydrophobic surfacesass|d@o of

the total surface.
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Figure 7.Molecular hydrophobicity potentials of the tandem repeats of the five proteins. The individual
values of the repeats appear as dots. Mean values (SD) are given abpiat.thThe values from dystrophin

and utrophin are significantly different from each other and fiwarthree other protein values.
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Discussion

The spectrin family of proteins comprises the five well-known proteinysedlin the present study
although the spectrin superfamily includes other proteins such as plakins, nespriestins phat
could be the subject of another study (Jefferson et al., 2007; Ortega et al., 2@l fjain structural
feature of all these proteins is the presence of repeats folded in colledwmito a heptad pattern of
hydrophobic residues (Parry et al., 1992, 2008). As in every family, the siyndasequence is one
of the major characteristics shared by their members. However, this syrilasi been qualified as
low without true quantification before our present study. Here, we reported that the a- and B-spectrin
repeats showed the highest intramolecular sequence similarity values, whidtelgreelated to a
better conservation of the heptad pattern by comparison to the dystrophin and utrophin Aepeat
mentioned previously (Winder et al., 1995), the length of the helices is more corigistenspectrin
repeats compared to the utrophin and dystrophin repeats, while the three dfedi@ctinin repeats
have very similar lengths compared to the other proteins. This intramoldauilaris/ of the spectrin
repeats could also be related to the more precise placement of helix breakess resisluectrins
Indeed, proline or glycine residues are clearly delimiting the stops inAalind B and thus the start
of the AB and BC loops. By contrast, dystrophin, utrophin and a-actinin exhibited low intramolecular
sequence similarity. Dystrophin and utrophin showed relatively heterogeneous lehtjlesthree
helices with highly variable delimitation of B and C helices, which likelgompanies the relatiye
low sequence similarity of the repeats.

As expected, the highest intermolecular sequence similarity was recorded betwgstin and
dystrophin repeats, but dystrophin repeats R14, R15, R18 and R19 are the most divergtdm from
utrophin repeats. Despite a low similarity between a-actinin repeats and the repeats from other
proteins, a high similarity weanoticed between a-actinin R2 and all the spectrin repeats. Moreoser,
high similarity score wafound between a-actinin R12 and B-spectrin R1-2.

Correlated to these primary sequence variations in length and sequence similarity, wedabseall
models of a- and B-spectrin tandem repeats showed helical linkers between successive repeats,
contrast to utrophin as shown here and to dystrophin as shown previously (Legran20atla The
helical linkers of spectrins should most likely be involved in the linearithetpectrin filament, and
this putative straight structure may be enhanced by the hetergsditiver of o- and-spectrin. The
efficiency of the heterodimer formation is likely increased by the singulafisequences of both
associated ending repeatsspectrin R20 anfl-spectrin R1.

The non-helical linkers of dystrophin lead to kinks between successive repeats arel defin
individualised regions all along the central domain (Legrand et al., 2011)pAémmenon is most
likely the same for utrophin, which showed non-helical linkers in its dystrophin hoousagpeats.
This arrangement most likely enables a non-linear structure to be maintaioedght modifications
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such as rotations or kinks between successive repeats. Finally, it should fiexctreedf differentiate
utrophin and dystrophin as flexible monomeric filaments, as opposed to the stetgiutetrameric
filaments of spectrins. Similarly, a-actinin forms dimers that maintain a rather straight topology,
although some flexibility is maintained (Djinovic-Carugo et al., 13%nan and Kaazempur-Mofrad,
2004 Golji et al., 2009).

The evolution of spectrin family members has been previously studied from dtenpsequence
perspective (Pascual et al., 19%aines, 2003 Broderick and Winder, 2005). Spectrin family
members were hypothssd to diverge from an ancestral a-actinin molecule. This a-actinin diverged
into three branches, the first branch leading to the modern a-actinin, the second branch to dystrophin
and utrophin and the third branch to the a- and B-spectrins. Indeed, the a- / B-spectrin ancestor split is
visible in the a- and B-spectins, with B-spectrin R1 and R2 diverging from the ancestral a-actinin
repeats R1 and R2 and the a-spectrin R19 and R20 diverging from the ancestral a-actinin repeats R3
and R4 (Pascual et al., 1997). The acquisition of new repeats occurred by furtheatidupknd
elongation events.

In agreement with these results, a high similarity score was observed here between a-actinin R1-2 and
B-spectrin R12. However, a lower similarity score was observed between a-actinin R34 and a-
spectrin R19-20, while a higkimilarity between a-actinin R2 and all other spectrin repeats was
observed. This discrepancy with previous reports regarding evolution allows us to hgedthegsthe
newly appeared repeats evolved after the duplication of the ancestral a-actinin R2.

Our results show that particular features were observed specificaltyoiphin and dystrophin, such
as partial phasing of the repeats and the respective coding exons, variable lengithhelites and
the presence of non-helical linkers between several identified repeats. These asiszsatencur
with the hypothesis of the early divergence of utrophin and dystrophin from the ancestral a-actinin and
could also reveal a common ancestor diverging later into utrophin and dystropdilovl similarity
reported among all the repeats may be the consequence of the parallel evolution of tleésgousm
proteins and the addition of new repeats with new functions. This concept could be suppanted
analysis of the potential surface properties that also clearly helpstiagdish these filamentous
proteins.

The use of APBS and PIPSA allowed us to calculate and compare the electrostatic siefdizdspot
of the tandem repeats from the five proteins. Considering all the models, despitentmlibsta
heterogeneity of the electrostatic surfaces, the analyses highlighted fourtdjstiups, A, B, C and
D. Interestingly, the tandem repeats from the five proteins are not randomlputestriin these
groups. The tandem repeats from the two spectrins appeared mostly in two groups, Alistiddd
from the two other groups, C and D, in which the tandem repeats from utrophin angphipstvere
clustered. This observation supports the idea that the repeats from the spectrinsrepeiatserom

utrophin and dystrophin are far from similar and amplifies this idea touatwtal perspective.
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However, some interesting exceptions were observed. The tandem repgeaf Bactinin appeared

in the same group C as the Rdf B-spectrin, with these four repeats being considered to derive from
the same two repeats. This group C is more charsetieloy the presence of large basic patches at the
molecular surface and is therefore quite different from the tandem repeats of groups A and B.
Remarkably, the four tandem repeats of dystrophin involving R11 to R15 appetiiedsame group

C as these two tandem repeats. Amraaal. (Amann et al., 1998) already proposed that the basic
isoelectric points observed for this region of dystrophin defined a singatd, tvhich was further
characterised as a second actin binding domain (ABD2). However, the region is rdy easic. It
appears that there is an alternation of basic (R11, R13, R15 and R17) and dddiRIR and R16)
repeats that could define a groove for the interaction between filamentous actin aophdysirhis
interacting sub-domain is clearly missing in the homologous region of utropthich does not
interact with actin (Amann et al., 1999). This poimés confirmed by the observation that the
dystrophin R11 to R15 and utrophin R13 to R17 regions belong to different electrostatic clusters.

In accordance with the heptad pattern's projection of the polar residue side chsittes thet coiled-
coil, the tandem repeat surfaces are mostly hydrophilic. However, the tandem tefsstssalso
display hydrophobic patches of potential interest. What was highly strilisgtive observation that
the coiled-coil domain of utrophin is a highly hydrophobic region compared to the corresponding
domain of spectrins and a-adinin, with a mean difference of approximately 6%. However, dystrophin
showed high heterogeneity among the repeats, from low hydrophobic tandem repeats such as R13-14
and R14-15 (26 27% of hydrophobic surface) to the highly hydrophobic tandem repeat R18-19 (40%
of hydrophobic surface). The varied surface properties among the repeats are likely telageddo

the varied interaction properties of the dystrophin repeats.

Indeed, as utrophin and dystrophin are monomeric proteins, the level of hydropglaithes
accessible to the solvent should be lower than the level that occurs in the mormomeifr dodimerc
protein, but this is not the case. This global feature in the physicochemicaltippéthe molecular
surface is most likely a functional key for these peripheral proteins, whéchbde to dynamically
bind to membrane phospholipids all along the molecule. It is effectively the cdgstiophin (Le
Rumeur et al., 2010), by contrast to spectrins, in which only specific repeats intithagtembrane
lipids (An et al., 2004Grzybek et al., 2006). These lipid-interactirgeats are the 8 to 9 of a-spectrin

and the 2 to 4 and 12 to 14 of B-spectrin. The repeats®Bef a-spectrin are not in the most hydrophobic
part of the protein while the repeats 2-4 andl42f B-spectrin are among those that are the most
hydrophobic of the molecule. Interestingly, the most hydrophobic tandems are those thatvisiterac
ankyrin (R14-15 with 31.5% hydrophobic surface) or are involved in the dimerizaftitime two
spectrins (R of B-spectrin and R19-20 / 20-21 depending on the numbefingspectrin) (Li et al.,
2010). The fact that utrophin has a repeat domain highly hydrophobic could be interpreteglan

being a molecule with numerous unknown binding partners.
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From sequence similarity and molecular potential measurements, it appeared thiméstdus
central domain of both utrophin and dystrophin (75% of overall protein) showed cledicggs in
comparison with the same regions in the gf&cand a-actinin, such as regular exon phasing towards
coiled-coil orgarsation, monomeric and non-straight filament structure and large hydrophobic and
positive potentials. This observation is supported by the hypothesis concdraireydlution of
utrophin, dystrophin and spectrins from a common a-actinin ancestor. The individualisation of each
coiled-colil repeat, in terms of structure regularity or surface potentiilldwarise from the need to
specifically interact with cellular partners, proteins or phospholipids. The diveyaitg fin the coiled-

coil repeats between spectrins and utrophin/dystrophin is also underlined by theagesgtin the
nature of the pathologies related to the dysfunction of one or the other prosiagf@r, 2004
Bennett and Healy, 2008aines, 2008Tuffery-Giraud et al., 20QNicolas et al., 2012). This study
clearly indicates that the replacement strategies proposed for the thegamett diseases, such as
dystrophies, cannot be as simple as inducing an overexpression of a rescue homologous pyotein o
the conception of a chimeric protein including those pseudo-homologs.

In conclusion, our data support the view that spectrins and a-actinin on the one hand and utrophin and
dystrophin on the other hand share some structural similarities. Nevertheless|eal detdécular
charactagation indicates that the repeats within the family are far from being édgntvhich is

consistent with their multiple and specific interactions in the cell.
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