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Dystroglycan (DG) is an adhesion complex that links the cys&eleton to the surrounding
extracellular matrix in skeletal muscle and a wide varietyf other tissues. Itis composed of
a highly glycosylated extracellulaa-DG associated noncovalently with a transmembrane
b-DG whose cytodomain interacts with dystrophin and its isafrms. Alpha-dystroglycan
(@-DG) binds tightly and in a calcium-dependent fashion to mtiple extracellular proteins
and proteoglycans, each of which harbors at least one, or, m frequently, tandem arrays
of laminin-globular (LG) domains. Considerable biochemat and structural work has
accumulated on the a-DG-binding LG domains, highlighting a signi cant heterogneity
in ligand-binding properties of domains from different preins as well as between single
and multiple LG domains within the same protein. Here we re@w biochemical, structural,
and functional information on the LG domains reported to bid a-dystroglycan. In
addition, we have incorporated bioinformatics and modelig to explore whether speci c
motifs responsible fora-dystroglycan recognition can be identi ed within isolatel LG
domains. In particular, we analyzed the LG domains of slitsral agrin as well as those
of paradigmatic a-DG non-binders such as laminina3. While some stretches of basic
residues may be important, no universally conserved motifsould be identi ed. However,
the data con rm that the coordinated calcium atom within theLG domain is needed to
establish an interaction with the sugars oB-DG, although it appears that this alone is
insuf cient to mediate signi cant a-DG binding. We develop a scenario involving different
binding modes of a single LG domain unit, or tandemly repeatt units, with a-DG. A
variability of binding modes might be important to generata range of af nities to allow
physiological regulation of this interaction, re ectingts crucial biological importance.

Keywords: dystroglycan, laminin globular (LG) domains, bind ing af nities, protein modeling, protein structure

INTRODUCTION

In the tissues of multicellular animals, di erent cell typesaddish intercellular molecular contacts
(junctions) as well as cellular-extracellular ones. Acamglyi, connections established between
the extracellular matrix (ECM) and appropriate adhesion compexiethe cell surface support
the functional morphology and physiology of di erent tissuesrihg development and in adult
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animals. A well-conserved array of ECM proteins, cell adivesi recent reviews bylanya and Endo, 2017; Sheikh et al., 2017;
receptors and ECM proteases has been identi ed in animalganagawa and Toda, 20118
(Ozbek et al., 2010; Hynes, 201t this context, dystroglycan Like legume lectins as well as animal galectins, with which
is probably the major non-integrin adhesion complex for thethey share a similar fold Rudenko et al., 2001 the LG
formation of molecular contacts that stabilize the inteda domains establish crucial protein-sugar interactions tbgize
between cell membranes in skeletal muscle and the spedializearcolemma and other plasma membranes. In this regard, it has
ECM surrounding them (i.e., basement membrands)dms and recently been showrB(iggs et al., 20)&hat the recombinant
Brancaccio, 20)%seeFigure 1A). LG4-LG5 pair of murine laminina2 can be crystallized in
Dystroglycan (DG) is composed of two subundsDG which  combination with a polysaccharide that is found &DG and
is extracellular and highly glycosylated, and the transimeme belongs to its glycan-repeated sca oldVi{ler et al., 201}
b-DG, whose cytoplasmic domain links the whole adhesiorihis important study also demonstrates the crucial role of
complex to dystrophin and the actin cytoskeleton in skeletah coordinated calcium cation for binding. The disaccharide
muscle. In addition to skeletal and cardiac muscles, DG hasortion of the sugar molecule identied in the structure is
a wide tissue distribution and interacts with utrophin and coordinated only to the LG4 domairB(iggs et al., 20)pand
dystrophin isoforms within the cytoplasm in a variety of tiesy  any additional contribution of protein-protein interactiain the
such as the central and peripheral nervous system, lung ardG/LG binding, possibly involving portions of theore protein
kidney Barresi and Campbell, 2006 of DG, has not so far been con rmed(zic et al., 2004A point
In striking contrast with the integrin family of cell-ECM of curiosity is that, while many LG-containing proteins inde
adhesion receptors, there is only one DG gePAGJ), and no  multiple LG domains, a few, such as the slits, contain onlyglsin
physiologically relevant alternative splicing has been regbr domain. It is not clear whether this distinction re ects a drent
so far. Therefore, di erena-DG binding a nities for various  mode of binding.
extracellular ligands seem to depend on the degrea-bBiG Although in the past 20 years considerable biochemical and
glycosylation, which might vary in di erent tissuelsitDearmon  structural data (se@able 1) have been collected on laminins (the
et al.,, 2006; Sciandra et al., 2R1f fact, a-DG interacts prototypical LG-containing DG binding partners) and on severa
with members of the laminin family of ECM glycoproteins and other DG binding partners, several key questions concerning
several other ECM-associated binding partners through ifityab  dystroglycan-LG binding remain unanswered. For example, is it
to recognize the so-called laminin-globular (LG) domaisged possible to identify common molecular characteristics (ijea
Figure 1B for a summary of the domain architecture of the short linear motifs) that would de ne the propensity to bind
binding proteins discussed here). LG domains were originallg-DG in this domain family? On the other hand, are there
identi ed within laminins (Beck et al., 199(but can be found some identi able structural features shared n-binding
in several proteins and proteoglycans located in the ECM ds welG-domains? These questions could have important biological
as in a variety of otherwise diverse proteifsi(s et al., 1998 implications, and to review them we have combined two separate
The LG domains that bind-DG likely represent a distinct subset lines of analysis. Firstly, we consider the general features of
within the entire LG-domain family and are expected to shard.G domains and re-evaluate the available information on the
common structural features that allow them to recogrézBG.  interaction ofa-dystroglycan to its binding partners that share
However, sequence analysis demonstrates a limited dedreeld domains; secondly, we have carried out homology modeling
homology amongst di erent LG domains, and it is possible thatof LG domains of unknown structure, with a speci ¢ focus on
other members of the LG domain family remain to be identi ed two paradigmatic cases, namely the LG domains of human slit
(Rudenko et al., 2001 and agrin. The modeling results are reported in the paragraphs
Although other proteins and proteoglycans harboring LGcorresponding to the di erent binding partners of DG in the
domains (for example, thrombospondingdams and Lawler, sections below, and the methods employed are described in the
201) might be additionab-DG binders, the focus of this Review section “Methods for sequence analysis and homology modeling
is on the established and physiologically relevant moleculaof the Supplementary Material
partners whose binding behaviors have been tested oth
vivo and in vitro. We examine LG domains demonstrated
experimentally to binda-DG for potential common structural GENERAL FEATURES OF LG DOMAINS
features and compare these domains with LG domains that do
not bind a-DG in vitro. LG domains have a globular/spherical shape and are commonly
Laminins and certain other LG-containing binding partners composed of 160-180 amino acids, mostly organized as a jelly-
have high, or very high (s within the low nanomolar range) roll sandwich with two antiparallel seven-strandéxd sheets
binding a nities for a-DG (Sciandra etal., 20).3The interaction  (Timpl et al., 2000; Le et al., 2Q1For example, the structure
depends on recognition of O-linked sugar moieties that prdeu of human perlecan LG3 has been solved both in calcium-bound
from the central mucin-like domain 0d-DG. Multiple analyses (PDB: 3SH5) and apo form (PDB: 3SH4)e( et al., 2011
from di erent groups have led to an increased understandingand comprises 1l4-strands (from A to N) and 2a-helices
of the glycosylation moieties of O-mannosylatedystroglycan, (Figure 2). The speci c b-strand order, as found in perlecan
whose complex structure also includes ribitol-phosphateyaye LG3, JIHCLAN and GFEDKBM (in the two opposirgsheets,
identi ed glycosylation unit in mammals (for further detaisee respectively, seeigure 2) applies broadly to all the LG domains
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FIGURE 1 | (A) The dystrophin-glycoprotein complex (DGC). Dystroglycais embedded within the membrane as a pivotal member of the comlex establishing
multiple contacts with extracellular, transmembrane, andéhtracellular partners. In skeletal muscle it creates a “metular bridge” between cells and the surrounding
tissues offering stability upon muscle contraction(B) Domain architecture of representativea-dystroglycan binding partners. LG domains representing-DG-binding
sites are boxed in green. Each domain has been assessed usinigterProScan 5.2 (https://www.ebi.ac.uk/interpro/) datalase as described in the Supplementary
section. Codes: LN-N-term. (Laminin, N-terminal), LN-EGfLaminin-type epidermal growth factor-like), LN IV (LammiV domain), LNaDI (Laminin alpha, domain I),
LNDII (Laminin Domain 11), NtA (N-terminal of agrin), SEA (Speprotein, Enterokinase and Agrin), EGF-like (Epidermalayth factor-like), 1G-like
(Immunoglobulin-like), Leu-r (leucine-rich), Cys-r (cyshe-rich). Not to scale.
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whose 3D structures have been resolved, although in songe casharacterized family cdi-DG binding partners. In fact, laminin-
the strands at the edges of the sheets are not well-de neds;Th globular (LG) domains are named after the ve domains
human perlecan LG3 structure is used as a reference in theommonly found at the C-terminal portion of all laminira
Review, that mainly focuses on human LG domains. It shouldhains, typically separated by short stretches of linkingrami

be noted that the tw@-helices following the B and K strand in

acids Beck et al., 1990; Timpl et al., 200&xtensive binding

perlecan LG3 are not uniformly found in other LG domains of analysis Andac et al., 1999; Talts et al., 1999, J0a8 well

known structure.
The conserved G4 coordination site in LG domains of

as crystallization and X-ray structural analysis, carried by
Hohenester and colleagueddhenester et al., 1999; Tisi et al.,

known structure comprises side chain (acidic or amide) and®000; Harrison et al., 2007; Carafoli et al., 2008 several
backbone carbonyl groups on three loops that come togethdaminin LG domains expressed recombinantly, suggests the
on one edge of the “clam”like LG domain, namely thepresence of a hierarchy of binding modes and a nities (see

loops betweenb-strands D-E, F-G, and J-K (seeigures 2

Table ). A nity studies have shown that the presence of tandem

3). In more detail these are (i) a highly conserved acidi@arrays seems to be required for e cient binding to DG (e.gupt
side chain (usually Asp but occasionally Glu) on the D-Edomains as in LG4-5, or three as in LG1-3); in only a few cases
loop, (i) a backbone carbonyl group on the F-G loop, andcan binding be supported by an isolated LG domain. Examples
(i) a backbone carbonyl and a side chain acidic or amideof the latter are LG4 of the laminial chain (probably the most
group on the long J-K loop. Water molecules likely providee cient binder) (Durbeej et al., 200Q7or, with reduced a nity,

two hydrogen bonds to fully coordinate the €aion, and
the recently resolved crystal structure of lamira@- LG4 in
the presence of a co-crystallizedDG polysaccharideEriggs
et al., 201pindicates that these waters are displaced b§*Ca

LG3 ofa2 or LG4 ofab (sed-igure 4).

From the viewpoint of function, the terminal LG domains
seem to represent a bindirfgot-spot For example, it has been
observed that binding of LG4-5 of laminial induces tyrosine

coordinating oxygen atoms on the carbohydrate, presumablghosphorylation of syntrophin, initiating a signaling pathway

when an LG domain undergoes &adependent binding. The

(Zhou et al., 2006 In a similar line of enquiry, the functional

structure reported by Briggs et al. also shows that in additio role of a speci c stretch of residues spanning the loop which

to coordinating the LG domain G& ion, the disaccharide
moiety interacts directly with the laminira2 LG4 domain
through an interesting stacking interaction between R2808 a

connects the adjacent E andoFstrands of the LG4 module and
is important for syndecan and heparin binding in laminin-332
(Utani et al., 200}, has been analyzed in all the ve isoforms

the GlcAlring, and via hydrogen bonds between backboneamidf murine laminin a via a panel of synthetic peptideSyzuki
NH groups (D2873 and 12874) with the GIcA3 ring carboxylet al., 2008 The analysis suggested that this region is involved in
group and between the backbone carbonyl of G2826 and GlcAskeveral biological activities, including cell attachmerd aaurite

ring hydroxyl group Figure 3A). Although the carbohydrate-

outgrowth, althougha-DG binding was not testeduzuki et al.,

stacking arginine of laminia2 LG4 is not conserved amongst LG 2003. The latter observation is consistent with the position of
domains (sedrigure S, backbone amide groups in equivalentthis loop at the opposite side of the LG domains from theé€a
hydrogen-bonding positions, and especially a highly coresgrv and carbohydrate binding regions that are involvedarDG

glycine equivalent to G2826 (s&&ure 3B and Table 2 may

provide common interaction points for LG domains that

bind a-dystroglycan.

STRUCTURAL ANALYSIS AND MODELING
OF DIFFERENT a-DG BINDING
LG DOMAINS

Table 1 summarizes key properties of LG domains present i

proteins and proteoglycans that are known to bineDG and
which are discussed in detail below. Particular emphasiwvéng

to the LG-domains that bind as isolated single domains or as do

tandem array. In some cases (e.g., lamia8ieontaining laminin
isoforms), the possibility o&-DG binding has not been tested

yet, although sequence homologies with domains having know®
structures allows these to be modeled and inferences maulg ab

their likely C#C anda-DG binding.

Laminins
Laminins are hetero-trimers composed of singde b, and

binding (sedrigure 2).

As far as calcium is concerned, it is generally accepted that
this metal is required to achieve tiglatDG binding (Ervasti
and Campbell, 1993; Brancaccio et al., )9&bfact, a calcium
ion must be bound to LG4, but not LG5, for e cient binding
of murine laminin-a2 to a-DG (Wizemann et al., 2003 and,
more recently, the importance of €ain LG4 of murine laminin
al for chelating disaccharide units present afDG has been
demonstratedBriggs et al., 20)6Underscoring the importance
f C&C for a-DG binding, crystal structures of a number of LG
domains have been solved that contain &€or Mg%°) ion
within a structurally homologous binding site. These irsduLG
mains of agrin, laminins, neurexins, and perlecBig(re 5A).
The C&C site of LG domains is a weak site with just two
(laminins; agrin) or one (neurexins; perlecan; slits) negdyiv
harged side chains involved in chelating the metal iteib(e 2.
The relatively weak binding a nity of LG domains for C&
is consistent with a matching of €a-binding a nity to the
physiological calcium concentration in the extracellutailieu,
which is in the low millimolar rangeHofer and Brown, 2003

Based on sequence analysis, it has been suggested thanhlamini
a3, a4, anda5 chains would not bind calciumT(mpl et al.,

g chains. They represent the most extensively biochemicalB00Q. It has been shown, however, that EDTA does abolish
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FIGURE 2 | Crystal structure of perlecan LG3 domainb-strands are annotated according to the scheme of_e et al. (2011) In this representation(A) strands M and N
are “fused” and a short sequence in the D-E loop is missing desity in the crystal structure. The C&C ion in the perlecan LG3 C&C binding site (ligand residues are
highlighted) is shown as a sphere(B) homology model of a slit-2 LG domain constructed on the perlean LG3 structure template. The slit-2 model produces a
potential Ca2C -binding domain with a very similar arrangement of backbonand side chain ligands for CC as in the LG3 domain, suggesting that the slit-2 LG
domain is likely to bind C&C. see Figure 8 for additional interpretation of slit LG domain homology maels.

FIGURE 3 | (A) Structure of laminina2 LG4 cocrystallised with a LARGE polysaccharide moiety. L@omain side chain and backbone carbonyl ligands coordinatig
the Ca2C ion are identi ed with black bold and italic annotations, repectively. LG domain groups making direct interaction witlthe carbohydrate are identi ed with
blue annotations; these are: R2803 side chain stacking witkthe XyI2 ring; G2826 backbone carbonyl with a GIcAl ring hydixyl group and D2783 and 12874
backbone amide NH groups with the GIcA3 carboxyl. The two casohydrate oxygen atoms coordinating the CZC ion are identi ed with red stars Briggs et al., 2016),
PDB:5IKS5. (B) Structure of perlecan overlaid with the disaccharide unitfgwn in (A). To construct the model in(B) the perlecan LG (PDB:3SH5) and laminia2 LG4
domains were superimposed, and the disaccharide from lamin-a2 directly extracted onto perlecan. Apart from a small diffience in the positions of the CZC ions in
the two structures, the disaccharide “ ts” into the perlecanstructure and provides equivalent c4c coordinating ligands as in the laminira2 LG4 structure. Equivalent
groups providing potential hydrogen bonds with carbohydrée (G4276; V4324; A4325) are annotated in blue. The similtigs suggest that perlecan should coordinate
carbohydrate units ofa-DG in a manner similar to that of laminira2 LG4.

binding of a-DG to both a lamininab LG domain fragment sites might be formed from non-canonical arrangements of
(including LG1 to LG5) expressed in bacteria and labeled witicandidate C# ligands Eigure 4), potentially explaining the
biotin (Shimizu et al., 1999and toa5-containing laminin {u e ects of EDTA ona-DG binding to laminin-a5 LG domain
and Talts, 200B8or laminin-a5 and speci c deletion mutants fragments. Laminira3 is likely to represent a paradigmate
recombinantly expressed in eukaryotic celldo(et al., 200 DG non-binder (erletta et al., 2003; Kikkawa et al., 2004
Homology models obtained here suggest that wea¢®inding  In fact, the nature of potential cell-surface lamiré3- binders
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TABLE 2 | Amino acid ligands for CZC in X-ray structures and modeled LG domains.

LG domain and D-E loop F-G loop J—K loop Species and NCBI

PDB accession codes
Lamininal LG4 NQMDy771 YAT FMFDL»7g8 GKGR GKaATrzgg,g LD2gaoVERK Mus musculus P19137
2JD4 (M?®)

Laminina2 LG4 NHAD»gog FATV FSYg25GSGD KKAD»g74LD2g76VV Mus musculus Q60675
5IK5 (C&C)

Laminina2 LG5 QKMngsgeMG MFHVD\IzggggAG SA3153053AD3055TNDP Mus musculus Q60675
1QUO (C&°)

Laminina3 LG4 - FALGT 3050D3051 GKKLR LPGNS3098T3099!SIR Homo sapiens Q16787
model on 2JD4

Laminina5 LG3 RASmglegGLCQ = PPFE3233LQ3235PQP Homo sapien5015230
model on 2JD4

Laminina5 LG4 VAQM 3405E3406 GLGT - HQGA 3460HPQP Homo sapiens 015230
model on 2JD4

Agrin LG3 GLERSD 1953 YIALA MMYDL1970GSKP LGAT2020LD2022TD Gallus gallusP31696

1PZ7,1PZ8 (CZC)
1PZ9 (C&C -free)

Perlecan LG3 GVEVGEAGQGID4258F|SL VFRYQ4275§SGEAR PGFN4323VA4325VN4327AKGS Homo sapiens P98160
3SH5 (C£C)

3SH4 (C&C-free)

Neurexin la LG2 GKSAD329YVN SLVINL346 GGSGAF EDYM414LGSDD Bos taurus XP_010808206
2HOB (C&C)

Neurexin 1b LG1 SGLGD;37YLE VKFN/15,GTDD GRQLT236FN23gSQAT Rattus norvegicusQ63373
2R1D (C&C)

Slit-1 LG1 GDND1gHIAV VSYIP12,7GSYP GKHYT 157gLNSEA Homo sapiens 075093
model on 2JD4

Slit-2 LG1 GDKD1204H|A ASYDT 1221 GSHP NLSKQ1270ST1272LN1274F Homo sapien5094813
model on 1QUO

and 2JD4

Slit-3 LG1 KGDND1209PLA VYDS1226L1227SSPP QKlez77VG|N Homo sapiens

model on 2JD4 NP_001258875

aK is reported as a N in the NCBI sequence: a mutation introduced to elimini@ N-glycosylation. Amino acids in bold and italics provide side chain (choxyl, amide or hydroxyl) or
backbone carbonyl C&* liganding groups in the observed or modeled C&" binding sites. The highly conserved glycine residue that follows the &4 liganding group in the F-G loop
of many LG domains is underlined.

with roles in cell adhesions are unknown. A synthetic peptiddacks or shows very weak binding 88DG yet is su cient in
based on the murine lamini@3 sequence that spans the loopisolation for the maturation of the NMJgesemann et al., 1906
connecting the two adjacent E andd-strands (within its LG4 In addition, NMR studies have shown that the LG3 domain
module) does not a ect cell attachmenB(zuki et al., 2003 of agrin binds sialic acid in a Ga-dependent manner, whilst
whereas the human-based peptide doéskoyama et al., 2005 binding the glycosaminoglycans heparin and heparan sulfate
However, the terminal LG4-5 domains of lamina8 can bind  bind independently of C% . It remains unclear whether these
syndecan 1 and 4Utani et al.,, 2001; Carulli et al., 2012 observations may be relevant fadystroglycan binding to agrin
Homology modeling of laminina3 LG domains presented here (Sallum et al., 2007

(Figure 5B) supports the conclusion that these domains are The LG domains of agrin are separated by EGF-like modules.
unlikely to bind C#C. We propose that this may contribute to Interestingly, a splice variant that includes an insertedgiba

low a-DG a nities. stretch of residues (site A: KSRK) in the loop between the J
. and K strands, which introduces a heparin binding site within
Agrin its LG2 domain, bindsa-DG less e ciently (Campanelli et al.,

Neuronal agrin is a heparan sulfate proteoglycan secretethos: Gesemann etal., 1996; O'Toole et al., 1 Th@ homology
presynaptically which plays an important role in the maturationmodels of agrin LG2 inFigure 6 show that the basic site A
and stability of the postsynaptic element at the neuromusculasequence (KSRK) likely lies adjacent to a putativ&danding
junction (NMJ) (Ruegg and Bixby, 19)8It harbors three LG sijte spatially homologous to the &asites in LG domains of
domains within its C-terminal region, and analysis of iseldt known structure, such as perlecan ($égures 2 6). Additional
domains prOduced recombinantly showed that the rst two (LGlagnn Sp”cing isoforms of di erent |engths (0, 8, 11, or lg_ha
and LG2) are su cient for DG binding whereas the last one,jnvolve a site (B) located between the last EGF-like module
LG3 (whose structure has been solvédetefeld et al., 20§4  and the nal LG3 domain. The agrin isoform AOBO (expressed
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FIGURE 4 | Homology models of laminin LG domains. Laminira5 LG3 (A) and laminin-a5 LG4 (C) built on the crystal structure template of murine laminiral LG4

(B, PDB:2JD4, NCBI Code: P19137). Neither the LG3 nor the LG4 dmain of laminina5 has a canonical CZC binding site. However, each of the laminira5 LG
domain models places potential c&c chelating ligands near the expected position of a C%€ ion. Conformational exibility in the loops on the edge of thee domains
may allow weak c&¢ binding that could explain observations of EDTA attenuatioof a-DG binding by laminina5. The laminina5 LG4 model has a basic patch (RHR)
in a topologically-equivalent location on the B-C loop as dter basic patches of other knowna-DG-binding LG domains including laminiral LG4 (middle). Note that
2JD4 is the murine lamininal LG4 structure; the human lamininal LG4 equivalent has RKK rather than RKR in this basic patch ntid. In red: residues involved in
Ca2C binding (italic numbers denote backbone carbonyl ligands)n purple: Arg residues of the basic patch.

by skeletal muscle cells) shows the tightest bindinggtbG  also bind; conversely, isolated perlecan LG domains did not
(Gesemann et al., 1996, 1998 bind in the range of ligand concentrations explored (i.e.,

Several missense mutations (reported in greekigure S), up to 500nM) Eriedrich et al., 1999 Perlecan domain V,
mostly homozygous, have been identi ed in LG domains ofragri renamed “endorepellin” due to its angiostatic activiyqnzalez
(Huzé et al., 2009; Maselli et al., 2012; Karakaya et al.; X017 et al., 200§ has been involved in multiple biological functions
et al., 2017; Zhang et al., 2Q;l.these are located ip-strands or related to its ability to modulate cytoskeletal dynamics in
inter-strand loops that may be involved DG binding. The a calcium-dependent mannerL¢ et al., 2001 The high-
missense mutations that cause congenital myasthenic esymelr resolution crystal structure of human perlecan LG3 has been
(CMS) a ect the agrin LG2 domain (namely, G1675S, R1698Golved (seeFigures 2 4A) and the presence of a €a ion
G1709R, V1727F, and A1768P), which is known to be part of theon rmed, highlighting some structural similarities withther
a-DG binding site together with LG1desemann et al., 1996 LG domains (namely, LG3 of agrin, LG2 of neurexanl. G5
The extent to which these mutations might a eatDG binding  of laminin-a2 and LG1 of neurexird) (Le et al., 2001 A
and how the agrird-DG connection would relate to the range superposition of the perlecan LG domain structure with the
of CMS phenotypes have yet to be determined. For example, atructure of laminina2 LG4 that contains a co-crystallized
instability of agrin and impaired clustering of the acetylthe  polysaccharide unitEriggs et al., 20)6indicates that thea-
receptor (AChR) has been observed in cells containing thBG binding edge of the perlecan LG domain is likely to
R1698C mutantXi et al., 201), which, according to our model, bind disaccharide units in a similar fashion to that of larmn
is expected to lie on the E-F loop on the opposite side of th&G4 (Figure 3).
domain to the C&" coordination site. The neighboring G1709R
that lies on the FG loop near the &asite was not reported to . .

Pikachurin

a ect a-DG binding (Huzé et al., 2009 The structural context R . ) ) )
Pikachurin is a retinal ECM protein localized to the synaptic

of these mutations is illustrated on the model of human agrin - !
LG2 inFigure 7. cleft in the photoreceptor ribbon synapse of the central nessou

system, which binds-DG in a C&ZC-dependent fashionJato

et al., 2008 Within its C-terminal portion, pikachurin harbors
Perlecan three LG domains separated by single EGF-like domains. Bindin
Another heparan sulfate proteoglycan which bired®G tightly  experiments on recombinantly produced isolated domains have
(Friedrich et al., 1999.e., with Kd within the low nanomolar shown that LG2-3 are su cient for binding with an a nity
range,Talts et al., 1999s perlecan. The C-terminal portion of similar to LG1-3 Kanagawa et al., 20)L0This implicates
perlecan is termed domain V and includes three LG domaingikachurin LG1 as another LG domain that could be included
and several EGF-like domains organized in the following arde within the group of “non-binders” (see below). LG3 alone is
LG1-EG1-EG2-LG2-EG3-EG4-LG3. The recombinant domaimnable to induce DG clusteringdmori et al., 201}, indicating
V, which includes all the LG domains (LG1-3), shows thethat a tandem array (doublet) of LG domains is required
tightest binding toa-DG, but LG1-2 and LG2-3 pairs can for binding.
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FIGURE 5 | (A) Comparison of the CZC binding site in C£C-bound (green)
and Ca?C-free (blue) perlecan. C&C-bound perlecan PDB:3SH5; C#C -free
perlecan PDB:3SH4. The structure of the binding site is matained in the
absence of C&C Similar observations have been made with agrin in its free
and Ca2C - bound states (Stetefeld et al., 2004. The CZ£C ligands are
highlighted; italic type denotes backbone carbonyl ligansl (B) Homology
model of laminina3 LG4. The model was built on the crystal structure template
of lamininal LG4 (PDB:2JD4). This domain lacks potential @&—chela’[ing
acidic or amide groups on the D-E and J-K loops (see residuesbeled in red);
the side chain carboxyl (D3051) on the F-G loop is poorly posoned to chelate
Ca2C This domain is predicted to have a very weak C& binding site.

Neurexins

features only one LG domain. Interestingly, an extensia\ais

of recombinant isolated domains showed that only LG2 and
LG6 of neurexind and LG1 of neurexini (identical to LG6

of neurexinsa) could bind a-DG tightly and, most relevantly,
in an isolated fashion. There is a plethora of neurexin spgjcin
isoforms (Missler et al., 1998 and the forms with no inserts
appear to bind better taa-DG (Sugita et al., 2001 A large
body of structural work on neurexin-1 has been carried out by
Rudenko and coworkersRudenko et al., 1999; Sheckler et al.,
2006; Shen et al., 2008; Chen et al., $08Aowing that their
LG domains conform to the typical jelly-roll fold motif and
revealing unexpected structural similarity to legume lestand
human galectins Rudenko et al., 19991In fact, it has been
suggested that neurexins might bind carbohydrates, and tha
this could have a role in the interaction with DG. In addition
neurexins bind tightly to other protein partners such as
latrotoxin and neuroligin, and alternative splicing also nutates
such binding activitiesudenko et al., 1999It has been shown
that LG2 of neurexina binds calcium with k§  400mM, and
that splicing may in uence the a nity Sheckler et al., 2006
Similarly, splicing was also shown to modulate the a nity for
calcium of the LG domain of neurexibl(Shen et al., 2003
However, it remains unclear how this e ect may relate a@o
DG binding. Interestingly, binding o&-DG and neurexophilin-

1 to neurexind are mutually exclusive, suggesting overlapping
binding epitopes, and that the binding @&-DG to neurexin
can also inuence the formation of trans-synaptic neurexin-
neuroligin complexesXeissner et al., 20).4

Slits
Slit-2 is another neuronal protein that acts as a secreteth@xo
cue guidance factor and is reported to biredDG (Wright
et al.,, 201p Slit-2 is the only binding partner 0&-DG that
has a single LG domain (the other one, neurexinbeing a
cell surface receptor; see above). Although the binding eomst
has not been determined, it would be predicted to badG
tightly. It has been shown that a pair of basic residues (in the
sequence KVR) is important for DG binding, as is the presence
of a coordinated calcium ion\W{right et al., 201p. There are
two additional highly homologous slit paralogs, known as lit
(in which the KVR is not conserved) and slit-3 (in which it is),
however there are no reports on their potent&DG binding
properties as yet.

Homology models of the LG domains of the sliSidure 8)

Neurexins are neuron-speci ¢ cell surface proteins expressed support the presence of a canonical ®Easite in slit-2, with

the presynaptic terminal, that bind neuronalDG (Sugita et al., an arrangement of potential a-chelating groups that is
2001; Siidhof, 2008For an overview of the role of neurexins in similar to that of the structurally-de ned C¥ site of perlecan
synaptic organization the reader is referred to a recentewvi (see Figure 2 with the model of slit-2 on the right for

(Rudenko, 201) In humans, there are three paralogous genesomparison); the latter binds a with a Ky

100mM

coding for neurexins 1, 2, and 3. Most of the work concerning th (Le et al., 2011

neurexin-DG axis has been carried out on neurexinl. Typjicall
the gene has two promotera:(upstream) and (downstream),

The KVR sequence required for tight binding®DG in slit-
2 lies on the same edge of the domain as th&Gste Figure 8

encoding longer neurexina- and shorter neurexing; each and likely occupies a structurally equivalent position on the B
harboring LG domains within their extracellular portions. In C strand loop as the corresponding RKK sequence of human
neurexin-1, the LG domains of neurexa-are organized with laminin-al LG4 (RKR in murine lamininal LG4;Figure 4) and
interspersed EGF-like domains as follows: LG1-EGF1-LG2he RHR sequence of laminias LG4 Figure 4). We speculate
LG3-EGF2-LG4-LG5-EGF3-LG6 (séégure 1B). Neurexinb  that this basic “patch” may serve as an additional site for the
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FIGURE 6 | Homology models of agrin LG2 KSRK-containing splice varianModels were obtained using as template{A) human perlecan LG3 (3SH5)(B) chicken
agrin LG3 (1PZ7) and(C) murine lamininal LG4 (2JD4). The potential C4C binding site is relatively well de ned and independent of thetructural template. The
Ca2C jons modeled into the putative CZC binding sites are shown as spheres. The position of the KSRKesjuence (green) that lies in the loop between the J and K
strands (see text) is not well-constrained in the models. T@se models illustrate the variability in structures of moded LG domains obtained when using a range of
different structural templates. Note that the strongest squence homology ( 35% identity) is between human agrin LG2 and perlecan LG3.

)
)A17
o >

68P

R1698C

FIGURE 7 | Homology model of human agrin LG2 showing the structural
context of mutations that cause congenital myasthenic synbme (CMS). The
domain scaffold (strands and loops) is shown in blue with th€a?C atom in
white whilst the missense mutations positions (numberingeferring to human
agrin, NCBI code: O00468) are reported in purple. The model &s constructed
using the perlecan LG3 domain (PDB: 3SH5; se€igure 2) as a template.

2016 provides a possible context for this type of interaction
(seeFigure 3.

The proposed structural basis for binding of slit-2 #eDG
is additionally supported by the observation that the?€a
binding edge of the domain can be modeled to interact with
a disaccharide moiety in a manner similar to that identi ed
in the structure of laminina2 LG4 co-crystallized with a
polysaccharide moietyBfiggs et al., 20)6(i.e., very similar
to the structure of perlecan LG overlaid with the disaccharide
shown in Figure 3). Comparison of the equivalent LG models
of slit-1 and slit-3 Figure 8) indicates (a) that slit-3 is predicted
to have a “weaker’ binding site for € although it has
a KVR sequence in the same location as that of slit-2, and
(b) that slit-1 lacks the KVR sequence and thus may have a
weaker interaction with DG compared to slit-2. In addition,
slit-3 lacks the highly conserved glycine residue (G1222 in
slit-2; G2826 in murine laminina2 LG4; G4276 in perlecan,
seeFigure 3 this Gly residue is underlined ifable 2 that
may be important for maintaining structure near the €a
binding site.

A VISUALIZATION CODE FOR BINDING
AFFINITIES OF LG DOMAINS
TOWARD a-DG

The binding a nities of recombinantly expressed LG domains
from several DG binding partners have classically been
measured or estimated by semi-quantitative solid-phase
binding assays or by more quantitative Surface Plasmon

recognition of another disaccharide unit, thus strengtimgrnthe  Resonance. In some cases, very high apparent anities
interaction betweem-DG and these LG domains including slit- (Kq's within the range 0.1-1nM) have been reported
2 (see below); the stacking interaction between R2803 and tiflor a comprehensive review, se®ciandra et al.,, 20).3
carbohydrate Xyl2 sugar ring in the laminin-a2 LG4 struetur Data from these studies have allowed us to construct a
co-crystallized with a LARGE polysaccharide umitifgs et al., scheme to characterizea-DG binding of LG domains
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FIGURE 8 | Potential C&C sites of the LG domains of the three Slits(A) Slit-1; (B) Slit-2; (C) Slit-3. Models were built on templates of LG domains with knan
structures (see main text) and viewed from the top edge of the-sandwich (where “top” is equivalent to the upper part of thd.G domain structures as represented in
Figure 2). Slit-2 has a similar arrangement of potential G -chelating groups (red), as perlecan (se€igure 2). In isoforms 2 and 3 the KVR sequence (basic residues
in purple) that supportsa-DG binding is adjacent to the CZC site; for comparison, the basic KSRK sequence that hindera-DG binding in the agrin LG2 splice
variant (seeFigure 6 ) would lie to the right of the C&C binding site in this view.

LNA1 07070 39 .4@ AGR
ez .”.“O = .4. PRL
LNA3 Os@s@
LNA4 Q]Qso 66 Os@

OO

LNAS

O Weak or absent binding

@ Tightest binding but only as tandem array Affinity scale: ‘>O>O>©>O

O Binds with medium affinity but only as tandem array

@ Binds as isolated domain

O Binds as LG1-3 or LG4-5 tandem array (weaker binding than LNA1 or LNA2)
O Binds as isolated domain but with weaker affinity than LG4 of LNA1

FIGURE 9 | A color code for LG domain-a-dystroglycan binding af nities. Based on available biochmical information, thea-DG binding partners are classi ed by the
binding af nities of their multiple LG domains, representedising the color code reported in the gure. The af nity scale ha been estimated semi-quantitatively based
on available binding data (seesciandra et al., 2013: tighter af nity refers to the lower nanomolar range (0.1-4M), medium af nity to the higher nanomolar range
(10-100 nM), weak or very weak binding within the micromolarange. The laminin (LN) sub-family (referring to the ve difienta chains, Al to A5) is on the left whilst
agrin (AGR), perlecan (PRL) and other binding partners (PK@kachurin, NRX: neurexin, SLT2: Slit-2) are on the righthe drawings are not to scale. Numbers
between domains indicate the number of amino acids in the lkers separating them.

according to the anity and requirements for multiple LG and red both indicate a reduced but still signi cant a nity.

domains Figure 9). Importantly, the few domains that apparently birrdDG in an
Itis evident that a tandem array of 2 or 3 LG domains in a rowisolated fashion do so with relatively high a nity (see alseltw).

is often required for stron@-DG binding (brown inFigure 9),  However, these are not universal properties: LG3 of lamafn-

and these combinations (a doublet in lamina®; a triplet in  can bind but with a weaker a nity, and tandem combinations of

perlecan) constitute the tightest binding detected to d@nge laminin-a4 (LG1-3 and LG4-5) and laminiab (LG4-5) show a
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weaker binding than the tandem LGs noted above. Amongst theoordination, located at the edge of the LG domain constitute
laminins, laminina3 LG domains stand out as having negligiblefar from ideal set of potential @& -chelators Figure 5B).
a nity for a-DG. ) o
Overall, it appears that the LG assembly that most fagers Linear a-DG-Binding Module(s)
DG binding is one formed by at least two sequential LG domaindt is expected that those LG domains able to biaeDG as
Such an assembly can be found in the LG4-5 of lamirdfts Single domains may display some relevant sequence features
a2, a4, andas, in agrin (LG1-2) and pikachurin (LG2-3); tight that would be necessary f@a-DG binding, and likewise, that
or moderate binding by a three LG-domains array is found inuseful information might be retrieved by comparative aneys
laminin-a2 anda4 as well as in perlecan (LG1-3). Overall, theof those domains which are reported not to biaeDG. For this
tandem arrays found in laminira2 (skeletal muscle isoform) and reason, we performed a series of alignments of selected protei
perlecan (expressed at the neuromuscular junction, NMJ) shogequences, with reference to human sequences. The aligfen
the tightest binding to dystroglycan. This is in accordamath ~ so-called “isolated binders” is reportedfiigure 10 and the LG
the biological importance of the DG adhesion complex for thedomains of laminina3, which does not bind-DG, are examined
stability of adult skeletal muscle and of the post-synapticeint  in Figure 11 An alignment of all the LG sequences under
within the peripheral nervous system (i.e., at the NMJ). Only inconsideration was also madé&igure S). Although perlecan
a limited number of cases (reported in red fiigure 9) does an domains have not been reported to birgtDG in isolation
isolated LG bind strongly. These include LG4 of lamimih;LG4  (Friedrich et al., 1999; Talts et al., 1)%he sequence of human
of laminin-a5, LG2, and LG6 of neurexial LG1 of neurexinh  perlecan LG3 domain has also been included in the alignments
(which has an identical sequence to LG6 of neureajnand in order to compare all the human sequences within a typical
LG1 of slit2. LG-domain secondary structure framework.
Based on the alignment ifrigure 10 no universal short
linear DG-binding motif(s) can be identi ed, and it is likely

ARE THERE UNIVERSAL STRUCTURAL that a combination of sequence and structural features is
FEATURES IN LG DOMAINS THAT required. The laminina2 LG4 LARGE carbohydrate crystal
PREDICT THEIR PROPENSITY TO structure @riggs et al., 20)6shows that hydrogen bond
BIND a-DYSTROGLYCAN? interactions between the LG domain and carbohydrate sugar
) rings involve backbone amide group&igure 3 and these
Ca?C Coordination potentially important interactions may be rather relaxed hwit

As described above, the typical LG module comprises a compa@spect to amino acid sequence requirements and therefare no
sandwich in which 2b-sheets (formed by b-strands each) apparent in searches for sequence homologies. It is notabie tha
pack against each other, and all LG domains of known structurthe J strand is less conserved in the bind&ig(re 10 compared
contain a conserved €& coordination site. Since LG domains to non-binders Figure 11) and, overall, the J strand appears to
function in the relatively high C% concentration of the be the least conserved within the entire LG domakistrand-
extracellular matrix, their C& binding a nity is very weak in ~ sca old. In contrast to other strands, none of the residuethefJ
comparison with intracellular proteins that chelate®€atrongly ~ strand are highlighted in black or gray, indicating a highydze of
such as calmodulin (4 acidic &a-coordinating side chains, with amino acid variability (seBigure SJ. This variability could play
Kg's within the range of 1-0.04iM, Linse et al., 1991 and is afunctional role, for example in modulatireyDG recognition.
likely to be more similar to that of the sarcoplasmic reticulum . . . L .
c&C binder calsequestrin, for example, whose?Gainding R€CUIring Basic Residues Within Speci ¢
sites contain only one or two acidic groups and whosgikin ~ Structural Elements
the millimolar range Ganchez et al., 20)L2 The presence of scattered patches of basic residues in and
In the two examples of LG domains for which structures witharound the C&C cleft of LG domains has been suggested to
and without C&C are known (agrin and perlecan), the €a represent an important requirement farDG binding (Harrison
binding site is essentially pre-formegigure 5A), indicating that et al., 200y. Mutation to alanine of the two basic residues
C&C binding is not required for the overall fold of the LG within the KVR sequence on the B-C loop of slit-2V(ight
domain. This contrasts with very tight &a binders involved et al., 201p and the topologically-equivalent RKR (to AKA)
in CaZ-induced allosteric regulation, such as calmodulin, inin laminin-al LG4 (Harrison et al., 2007 abolishesa-DG
which structure is induced in a disordered €afree binding binding. These observations are consistent with the expectati
site when C& binds. However, NMR studies on perlecan LGthat basic residues facilitate the binding of LG domains te th
domains indicate that C& binding, although not stringently negatively charged carbohydrate groups aDG. Although
required for correct foldingstabilizegshe LG domain structure there were some notable discrepancies between the datetedlle
(Le et al., 2071 Although the C&C site in all LG domains is by Harrison et al. (2007and earlier mutational analysis from
at best a weak binding site and includes only one or two acidiéndac et al. (1999}that might be ascribed to di erences in the
side chain calcium-chelating ligands (sksble 2, LG domains experimental conditions used and/or source aflystroglycan
known to lacka-DG binding activity may be especially poor€a samples (seédarrison et al., 2007 the emerging scenario
binders. Homology models of the laminia3 LG domains, for indicates that the basic residues whose mutation most pesturb
example, indicate that the groups putatively responsible f6FCa a-DG binding fall on the edge of the domain that contains the
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NRX1B LG1 1 —-—-YIFSKGGGQIT}HKWP-—-PNDRPSTRADR IAIGE SINVOKE RV B st SS
LNA2 LG3 1 VYTVSFPKPGAWYETL————— SPVPIDVGTE—!N!SFS KNE LGSGGTPAPPRRKRR
LNAS5 LG4 1 SYQFGGSLSSHFEGVG———-ILARHRNWPS—IHSNH\YLPRSS Al i A RL
SLT2 LGI1 1 VSVNFINKES¢IQIPS——-AKVRPQTN-——TIRQ 'ANDEDSJE B8 (KE————————————
PRL LG3 1 QYGAYFHDDGFLAFPGHVFSRSLPEVPET- QEVEV-—————-— GEA
LNALl LG4 1 AHQFGLTQONSHFILPF---NQSAVRKKLS—-|/EMS YRMER——— i H
NRX1A LG2 1 --IATFKGSEMFC DL———SQNPIQSSSDEET SF EHT ————————————
AAAA BBBBhhhh CC cCccccc DDDDDD

NRX1B LGl 47 SGLGEE EfH T HO@ETGVKEN DDIAIEEINAI N---er $ FTESGGNA QE
E V]

LNA2 LG3 55 QTGQAMYA ILIENRER EVHLSTE@ARTMRK VIRPEP LEHBE ElslS NTRGIF RO
LNAS5 LG4 47 RPGSPS AEF SNi€: FVAQME — LITRLRAQ QRSR———PG KNWYS|V"RWEKNRIL/IEVT
SLTZ2 LGI1 43 —-DKBH 'AVERYRER /RASNHDTEHPASA Y] ———eN B IWE! LALDQSLE I Sl
PRL LG3 54 GQGKBFIS QODEHLVERYQ EARLV— EDP g———DGE TALIEGRRGSIQ.
LNA1l LG4 46 QNOQAIBNMAVIROMHGE™ " HFMaD RTKVS-HPALIES———|blg T TDYVKRKGF T¥
NRX1A LG2 44 -KSAnh¢ KN| SLVIN FEAIL-VEPVNGKFEN|Y D TENLRQV SN
EEEEEE FFFFFFF GGGG HHHHHHHH IIIIII

NRX1B LGl 104
LNA2 LG3 115
LNA5 LG4 103

SLT2_ LG1 98
PRL LG3 110
LNALl LG4 102 i
NRX1A LG2 102 \%
gaaa KKK hhhhhh BHEE T
NRX1B LGl 147 YNG-------- LKVIMAAENDANIRIGNV
LNA2 LG3 164 Eﬁ ————————— VPIUDFARPVSFKNIDIG
LNA5 LG4 157 MHG--——————- RPLG————APTRMEG TP
SLT2 LGl 154 fg-----—----- EMEDFQKVPMQTEIIHPG
PRL LG3 161 LHE-ARPGAPPPQPMDLOHRAQA-GNTRP
LNALl LG4 154 Pife---———-——--—- KOLDKDSPVSAFTHN
NRX1A LG2 153 YKNNDVRLELSRLAKSGDPKMKIHGVVAF
T MM MM NNN

FIGURE 10 | Multiple sequence alignment of selected isolated LG domagthat are binders ofa-DG. The sequences refer to all the strong binders identi ed ad
include also the LG3 module of the laminira2 chain (reported to be a weaker binder). Secondary structerelements, as retrieved from the available 3D structure of
human perlecan (3SH4/3SH5), are rendered as follows-strands, from A to N (red),a-helices (purple), calcium-coordinating amino acid posiins (orange and
indicated by an asterisk). Sequences were aligned in MUSCLES and the alignment presented in Boxshade. Basic residuebelonging to the loops neighboring the
coordinated Ca2 are reported in blue, the ones belonging to the opposite sidef the domain are turquoise. The speci ¢ LG domain sequencesn the alignment are
identi ed as follows: NRX1A/1B: neurexinal/bl, LNA1/2/5: lamininal/a2/a5, SLT2: slit-2, PRL: perlecan.

C&C-binding site Figure 2), as expected for a role in binding segregation of knowra-DG-binding LG domains from non-

to carbohydrate groups oa-DG. This observation, however, is binders igure 12 asterisks indicate knowra-DG-binding

not easily generalized to the whole family of LG domains Whic LG domains). Although this analysis is limited to the subset

whether binders or non-binders, have little overall netigjeaat of experimentally-tested LG domains, the results indicate

physiological pH (se&able S). that there are no clear sequence features that distingaish
The sequence relationships of LG domains were alsDG binding domains from non-binders in this set, pointing

investigated by molecular phylogeny. The phylogenetic dragrato an apparent paradox intrinsic to the very nature of

resulting from the multiple sequence alignment showed thé.G domains.

LN3-LG1 domain to be distinct from the other sequences Thus, the identied features that modulate DG binding

analyzed, forming a separate branch in the tree. Withima nity, namely the presence and “strength” of the &abinding

the other clades and sub-clades, there was no discresée and the presence of KVK-like basic patches, despite being

Frontiers in Molecular Biosciences | www.frontiersin.org 14 March 2019 | Volume 6 | Article 18


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Dempsey et al. a-Dystroglycan/Binding to LG Domains

FIGURE 11 | Multiple sequence alignment of selected isolated LG domasnthat are non-binders ofa-DG. Laminina3 has been reported not to binda-DG. Therefore,
it is assumed that none of its tandem LG domains would be ablea bind a-DG. Secondary structure elements as retrieved from the aviable 3D structure of human
perlecan (3SH4/3SH5):b-strands, from A to N (red),a-helices (purple), calcium-coordinating amino acid posiins (orange and indicated by an asterisk). Basic
residues belonging to the loops neighboring the coordinate Ca2C are reported in blue whereas the one belonging to the opposit side of the domain in turquoise.
Code: LNA3 LG1 to LNA3_LG5 (1st to 5th module from laminira3).

predictive of a possible interaction, cannot alone distishui to recognize a series of disaccharide units DG (termed
unequivocally between strong, weak, or non-bindera-&fG. matriglycan) {Viller et al., 201)? Such a multiple binding
mode could be a mechanism to increase the overall a nity
betweena-DG and LG domainsin vivo (Figure 13. As a
IS AFFINITY REGULATED matter of fact, regulation of a nity through multivalencysi
BY MODULARITY? a widely accepted concept in the lectin-carbohydrate eld
(Raman et al., 2005
Extending the analysis beyond single LG domains, tandem It is interesting to note that two LG domains that can act as
arrays of LG domains might constitute a way to modulateisolated binders, (in red in inset teigure 13, have not been
binding anity toward a-DG through modular binding found next to each other in any of the DG-binding proteins.
to its glycan scaold. Indeed, the glycan polymer af It is tempting to propose that the assembly of repeated tight
DG has been dened as a tunable extracellular matriXDG-binding LG domains would make the binding too strong
protein scaold for which increasing chain length during to be compatible with normal physiology. Instead, the tandem
myogenesis enhances ligand-binding capacit$oddeeris assembly as well as the modularity of LG domains of di erent
et al., 2013; Yoshida-Moriguchi and Campbell, 201Are binding a nities could be a way to tune the interaction betesm
multiple, tandem LG domains required for binding partnersa-DG and its binding partnersKigure 13. This notion could
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be helpful for the design of therapeutic laminin- or agrin- is strictly necessary to achieve a physiologically relevaitya

based molecules.

toward a-DG. This is an important question and further work

Itis also unclear whether the presence of tandem arrays of L@ill be required in order to address it properly.

domains may be important to favor their folding and stabildy

FIGURE 12 | Unrooted phylogenetic diagram of the protein sequence
relationships of the LG domains analyzed in this study. Thelignment of 246
positions was prepared in MAFFT and the Newick output rended in iTOL.
Codenames as inTable 1. Asterisks indicate knowna-DG-binding LG
domains.

The presence of short basic motifs (KVR or similar) in the
loop between the B and C strands of LG domains could be
a factor to strengthen the anity towarda-DG in binding
partners possessing only one LG domain, such as slit-2. Anothe
protein with only one LG domain is neurexibl which, as
a presynaptic protein, might require a relatively tight bingin
a nity to recognize carbohydrate moieties protruding intdé
synaptic cleft from the postsynaptically-locataeDG. In this
regard, it should be noted that the longer neurexadiave
LG domains which are able to bind DG in an isolated fashion
(LG2 and LG6). However, the KVR motif does not appear to
be conserved in neurexin&igure 10, thus other factors could
be involved. The ne regulation of the a nities between DG
and these neuronal proteins may make important contributions
in the central nervous system for the stability of synaptic
elements flunter et al., 201)and/or for neuronal path nding
(Wright et al., 201}

The polysaccharide polymer that protrudes fromDG
represents a sca old with multiple attachment sites for ECM
binding partners. In skeletal muscle, whexréG is extensively
glycosylated, it has been suggested that this glycan sca old
would act to prevent muscular dystrophys6ddeeris et al.,
2013; Yoshida-Moriguchi and Campbell, 2).1Nevertheless, it
is tempting to speculate that too tight an interaction between
a-DG and laminin-a2 could also be potentially dangerous for
skeletal muscle physiology as it could impair some necessary
conformational plasticity (implying a dynamic behavior bdse
on cycles of fast attachment/detachment/re-attachmertt) a
the interface between the sarcolemma of muscle bers and

neighbors. For color code, seeFigure 9.

FIGURE 13 | LG-domains binding modes towarda-DG. Model of how different tandem assembly combinations nght be required for ne modulation ofa-DG binding
af nity. The distance between the two disaccharide units thainteract with two adjacent LG domains has not been determiad, and the cartoon only depicts an
example scenario. Because of their size, tandem LG domainsannot bind to adjacent GlcA-Xyl disaccharide units. A disatharide unit is indicated, with Xyl: Xylose
and GlucA: Glucuronic acid. The grouping on the right illusates that LG domains that are able to binda-DG as isolated units (in red) have not been found as
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the surrounding basement membranes. The presence of therapeutic avenues for the treatment of severe neuromascul
limited amount of LG domains, with a distinctively tight disorders or for triggering regeneration procedures in tloeila
binding a nity for a-DG, could favor such modulation, tuning myocardium could be explored=¢oglu and Chien, 20)7

the anity of laminin for a-DG to an optimal degree for

muscle physiology. DATA AVAILABILITY
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