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Abstract

The Lutheran blood group glycoprotein, first discovered on erythocytes, is
widely expressed in human tissues. It is a ligand for th@5 subunit of Laminin
511/521, an extracellular matrix protein. This interaction may contribue to
vasocclusive events that are an important cause of morbidity inickle cell
disease. Using X-ray crystallography, small angle X-ray scattering andite
directed mutagenesis we show that the extracellular regioof Lutheran forms an
extended structure with a distinctive bend between thesecond and third
immunoglobulin-like domains. The linker between domains 2 an® appears to
be flexible and is a critical determinant in maintaining anoverall conformation
for Lutheran that is capable of binding to Laminin. Mutageness studies indicate
that Asp312 of Lutheran and the surrounding cluster of negativig charged
residues in this linker region form the Laminin binding site. Unusually, receptor
binding is therefore not a function of the domains expectetb be furthermost
from the plasma membrane. These studies imply that structal flexibility of
Lutheran may be essential for its interaction with Lamininand present a novel
opportunity for the development of therapeutics for sickle cell diszse.

Introduction

The Lutheran glycoprotein (Lu gp) cellular adhesion moleculedglwexpressed in
human tissuésand is known for carrying antigens of the Lutheran blood group
system. On erythrocytes Lu gp is expressed as two isofofm8 and 85kDa Both
share a common extracellular portion which has previously been ckdiot
comprise 5 immunoglobulin superfamily (IgSF) domairkhe 78kDa isoform (also
known as BCAM or Lu[v13]) results from alternative splicing and lacks 40 C-
terminal amino-acids within the cytoplasmic domain which contai®td8 binding
motif, a dileucine motif responsible for basolateral targdtiagd five potential
phosphorylation sités

Lu gp binds specifically and with high affinity to the extdadar matrix (ECM)
protein Laminin (Ln) containing the5 subunit® (Laminin 511 and Laminin 521
(Ln511/521) (numbering as ). This interaction plays a direct role in the
pathophysiology of sickle cell disease by mediating adhesiorckie scells, via Lu
gp, to exposed Ln511/521 of inflamed or damaged vascular endothélitinRecent
studies have shown that higher than normal intracellular levels gfPc/ sickle
erythrocytes influence a protein kinase A mediated or Rapl-teddsignalling
pathway resulting in increased adhesion of sickle cells to themeag membrane
glycoproteins Ln511/52% Furthermore, phosphorylation of the 85kDa Lu gp at
S621 in epinephrine stimulated K562 cells alters adhesion to Ln511/521

The Ln binding activity of Lu gp is a property of the amino teriniagion of Lu gp,

and has been localised to a region predicted to form the first ke domains
(D1D2D3f*® The complementary binding site on Ln is located within a large
carboxyl-terminal globular domain of the5 subunit, known to comprise five
Laminin-type G (LG) modules, LG1 to L&5® These modules, present at the
carboxy termini of all Lno. chains, have also been shown to regulate binding to at
least 6 integrin$?® in addition toa-dystroglycan and hepafih”® Binding to the
latter two ligands results from positively charged residues on Lnragidns of
negative charge (acidic sugar residues) on hepario-atystroglycaf™*



Here we use a multidisciplinary approach to explore the moledssis of the
interaction between Lu gp and Ln511/521. We describe the elucidatiostrofcture
for the Ln binding portion of the Lu gp molecule. This structure congsaigh
resolution crystal structure for domains 1 and 2 (D1D2) to whichbbas added a
predicted model for domain 3 (D3) by fitting to a molecular envelapsutated from
small-angle X-ray scattering (SAXS) data. The location odd¢h#omains within the
overall extracellular form of Lu is also demonstrated by SA%8condly, site-
directed mutagenesis has been used to examine residues suspéetadvblved in
the interaction with Ln. This led to the identification of aminadacesidues
comprising the Ln511/521 binding site on Lu gp. An unexpected finding is that,
unlike most cell-cell interactions that characteristicaflgult from the formation of
cell adhesion pairs between the membrane-distal domains oflbelian molecules
(e.g. CD2:CD5& and CD2:CD48), Lu gp uses a more membrane-proximal inter-
domain junction region to form a critical part of its Ln binding site.

Materials and Methods
Synthesis, purification and crystallisation of Lu gp

The extracellular domains of human Lu gp were expressed as ibn fusteins in
NSO cells using the procedures as descffb@esidues 1-330 (D1D2D3), residues 1-
515 (Lu gp), were included in the expressed proteins, immediatetyviadl at the C-
terminus by the Tobacco Etch Virus protease (TEV) cleaviteg® BENLYFQG and
human IgG Fc immunoglobulin fragment. Secreted fusion proteins wefeegdrom
cell supernatant using Protein A Sepharose and the Fc fragmeribemated by
digestion with recombinant TEV (Invitrogen, Paisley, UK) and removeRBrotein A
Sepharose.

The D1D2 fragment was liberated by chymotrypsin digestion of ghefied
D1D2D3, using a 1:100 enzyme:Lu ratio at pH7.4 for 18 hours at 18°C.
Chymotrypsin was removed with a benzamidine column (Amersham Bnrss)
prior to a final gel filtration purification step (HiLoad 16/60, Sup&rdd prep grade,
Amersham Biosciences).

For crystallisation trials proteins were concentrated to 8migyrfd0mM HEPES pH 7
buffer. Diffraction quality hexagonal crystals were grown frammother liquor
containing 18% (w/v) PEG4000, 0.1M sodium citrate (pH5.6), 0.2M ammonium
acetate. A second monoclinic crystal form was obtained from ¥2% PEG20000,
0.1M MES (pH 6.4), 6% (w/v) hexane-1,2-diol. Heavy atom derivativesystals
were prepared by soaking in well solutions supplemented with eltBerM
potassium tetrachloro platinate (1) for 24h or 100mM potassium dicyaatea(l) for
72h. Diffraction data were collected at the Daresbury SRS syimchron beamlines
14.1 and 10.1 (see Table 1). Crystals of the monoclinic form (one molpeule
asymmetric unit) generally produced higher quality diffractiata and were used for
the experimental phase determination. Heavy atom siteslogated withSHELXD?®

and refined withMLPHARE>. Density modification was performed usiB/*® and
ARP/WARP®!, The model was refined against the native amplitudes and exp&lme
phases usiniREFMAC5®. The hexagonal crystal form was solved by molecular
replacement usin@HASER®? using separate domains from the monoclinic structure



as search models. The structure was initially refined ®XI$*®, using a simulated
annealing protocol, then fully refined WiREFMACS. The validity of the structures
was assessed WiMOLPROBITY**. Refinement statistics are summarised in Table 1.

Lu gp D3 homology model

Sequence comparisons indicated that D3 was most similar to thdolgain of
perlecan (PDB ID 1gl4, chain®B, a known I-set IgSF domain, and this was used as
the structural template for the model of D3. Sequences wgneedliwith ClustalW
and adjusted manually; secondary structure was predicted withptae®3’ and
SAMTO02*%servers. The sequence alignment and secondary structure prediaens w
used as input for Modell&rto generate the three-dimensional model.

Small-Angle X-ray scattering analysis

Full SAXs methods can be found as Supplementary Data 1. Briefly SSdeXxa of
D1D2D3 were collected on beamline X33 at the European Molecular Biolog
Laboratory (EMBL) of the Deutsches Elektronen Synchrotron (DES%ing a
wavelength of=0.15nm, covering a scattering range of 0.181gx4.85nm", where

g=4r sind/x; 20 is the scattering vector. Sample concentrations were 4.375 mg/ml,
8.75mg/ml and 17.5mg/ml; samples were supplemented with 1mM dithiothaad
exposed for 60s, scattering data from the buffer solution wascalkerted. The
scattering images were integrated to one-dimensional lineateproking in-house
software at station X33. Scattering data were processedhgitATSAS2.1 software
suite as previously describ&d

SAXS data for the entire extracellular portion of Lu (D1-D5)eveollected using the
modified version of a NanoSTAR (Bruker AXS, Karlsruhe) at the Usitse of
Aarhus, se# for details. The sample concentration was 15mg/ml and theigogtt
range was 0.085<q<3.5AMThe two-dimensional data were azimuthally averaged to
one-dimensional linear profiles using Bruker SAXS software. Dats processed as
above, except that buffer scattering subtraction and transformatiabsblute units
using the scattering of water as a standard was performbadnaliouse software at
the University of Aarhus.

Preparation of mutant and native Lu gp Fc fusion proteins (Lu gpFc)

Point mutations were inserted into human Lu gp cDNA cfnescoding the five
extracellular domains in plg vector by PCR amplificationdascribed’. Mutant
clones were confirmed by DNA sequence analysis. Native and muiagpFc and
Muc-18 Fc (a gift from Dr Simmons (Glaxo SmithKline, Harlow, JUkvere
expressed in COS-7 cells, purified using protein A-Sepharose and figaarats
described’

Lu gp binding Ln511/521 ELISA

Washes and protein dilutions were performed in phosphate-bufferedsahng 2%
bovine serum albumin (assay buffer). All protein dilutions were addéihand
incubations were at 8C with shaking for one hour unless stated otherwise. Immulon-
4 96 well plates (Dynes Technologies, West Sussex, UK) wergcdcoaith



0.25ug/well goat-anti-human-Fc (Jackson ImmunoResearch, CambridgedK) in

0.1M bicarbonate buffer, pH 9.6 for 24 hours % 4After three washes 5, 0.5, 0.05
and 0.005nM native or mutated Lu gpFc was added and the plate inculfteedna
wash the plate was blocked for 30 minutes at room temperaturesay asffer
containing 5% human AB serum followed by one wash. Ln511/521 (Chemicon,
Hampshire, UK) at 5nM was added and the plate incubated. Aftervilasiees a 1 in

100 dilution of rabbit anti-laminin (Sigma, Dorset, UK) was addduk plate
incubated and after three washes a 1 in 1000 dilution of horse radishdpseoxi
linked swine anti-rabbit (DAKO, Cambridgeshire, UK) was addedybated and
washed a further three times. The plate was developed using 3,3'5,5'-
Tetramethylbenzidine and 3%,®; in 0.1M acetate/citrate buffer pH6, stopped with
2M H,SO, and read at 450nm. The ELISA was controlled by coating wells 3miM
Ln511/521 and by addition of 5nM Ln511/521 to captured Mucl18 Fc.

Surface Plasmon Resonance Assays

All assays were performed at°®5using a Biacore X, a CM5 chip with protein A
immobilised on its surface and a flow rate ofuBPer minute. Running buffer was
phosphate buffered saline pH 7.4 containing 0.05% Tween 20 and regenerdgon buf
was 0.1M glycine pH 2. Native or mutant Lu gpFc was captured ontchtpeauntil a
change of 40 response units was observed (0.25pm). Ln511/521 was addé@uh a
injection of 10nM (1pm).

Results
Crystal structure of Lu gp D1D2

Extensive attempts to crystallise fragments of Lu gp conmgrisither all three N-
terminal domains (residues 1-330) or the entire extracellulaiorregvere
unsuccessful, consistent with innate molecular flexibility in Lulgptead, a stable
fragment of Lu gp consisting of domains 1 and 2 (D1D2) was produged b
chymotryptic digestion of the three-domain construct. This fragmastpurified and
crystallised in two crystal forms (Table 1). In the refinegstal structures the
asymmetric unit of the monoclinic form contains one molecule, whéhnegs are two
molecules in the hexagonal asymmetric unit. Together these pribvele separate
views of Lu gp D1D2. Coordinates and structure factors for th®2Dtrystal
structures are available from the Protein Data Base (aooes®des 2PET
(monoclinic form) and 2PF6 (hexagonal form)).

The crystal structures show the amino terminal portion of Laogysists of two IgSF
domains (Figure 1) which together form a monomeric straightpptbaimately 85A
long and 25A wide. There is limited flexibility between thetdomains, the relative
positions of which are seen to vary by up to 12° when the threedeateal
molecules from the two crystal forms are compared (Figuye Ddmain 1 (D1) is
formed from residues 1-111 and is, as predicted, a member of thet dFs
immunoglobulin domains (Supplementary Data 2). It contains the conserved
disulphide bond between strands B and F, each of the B/C, C'/C” anld¢{&— the
equivalent of complementarity determining loops in the antibody V-dwma are
relatively short. The C/C’ loop projects away from the body of dbenain and
appears to be primarily held in this orientation by a salgeridrmed between Arg44



and Glul05. The base of the domain is intimately associated with mi@xB2). The
domains are linked by a short run of hydrophobic amino-acids (112VaihiRhé&4)
which are buried within the interface. Unexpectedly D2 (residd&s229) lacks A’,
C” and C” strands ruling out its original sequence-basedifidagen as a V-set
domain (Supplementary Data 2). Despite the increased length of the polypéptide ¢
in this domain it is most like a Cl-set domain, unusual outside wiume system
proteins. The additional residues are incorporated primarily wittended A/B, C/D
and E/F loops, all of which are at the base of the domain. One exd¢aiblire is the
presence of a short helical segment within the E/F loop. All cktlieatures lead to
an extended surface at the C-terminal end of the domain, whicadjaesent to the
interface with D3.

The 18 identified antigens of the Lutheran blood group system are preddmina
associated with single-nucleotide polymorphisms resulting in siaghkno-acid
changes within Lu df5. A study of 11 of these antigens revealed that in 7 cases these
changes could be located to residues in D1 d¥¥,0Be sites of which may now be
visualised (Figure 1c). The prevalence of these changes inwtharhino-terminal
domains is consistent with their ready exposure at the celcgyrimplying that they
may lie furthermost from the membrane. These allelic obsngppear to be
distributed across all of the available faces of D1D2 and allraaicsurface exposed
regions including both loop and sheet locations. In all cases the obseneatacid
changes are not expected to be deleterious for the overall Lu gp structure.

Construction of an homology model for D3

Chymotryptic digestion of D1D2D3 consistently resulted in proteolydisD3,
preventing an experimental determination of its structureth&eefore constructed a
molecular model of D3 (residues 236-324), based on its sequence homothgy wi
known I1-set domains. Note that this differs from the originasifewation of D3 as a
C2-set domaih The two single-point mutations (S244 and T271) associated with D3
inherited blood group antigens (LU6/LU9 and LU20) were both found to be dbcate
on the surface of the final model, an assumption not made throughoubdtiedimg
process.

SAXS analysis of Lu gp

In order to delineate the placement of D3 with respect to D1D2eviormed a
SAXS analysis of the D1D2D3 construct. Two methods were used to mutkpby
derive an overall conformation of D1D2D3. Firstly, the scattedata (Figure 2a)
were fitted withab initio bead models using two separate programs, DAMM#xd
GASBOR®. In each case chi values ofl.9 were obtained, and both methods
generated very similar hockey-stick shapes (Figure 2b)chihealue is a measure of
the discrepancy between the experimental data and the theoreticairsgafenerated
by the model, a good fit should return a value <3 (with absolute equieatel)c
Secondly, the crystal structures of Lu gpD1D2 and the model of &8 fitted as
separate rigid bodies to the scattering data using the seft’ASREF’. The
resulting chi values ranged from 1.7-1.9. All three crystal strestof D1D2 gave
similar results. When superimposed the individual fits show verylaingross
conformations with a significant bend angle between domains 2 andy®gFc),
although the exact orientation of D3 with respect to D2 is irgeffily defined to



assign a single unique conformation. Similarly, the conformatiagheoD2—-D3 linker
peptide is not distinguished in this analysis.

A similar SAXS analysis was also performed on the overalyjhyD1-D5) construct.
It is evident from the calculated envelopes and shapes that Lurgp &r extended
structure with a distinctive bend to one side of the mid-regiogu(Ei 2d). The
derived D1D2 and D1D2D3 structures overlay well at one end othiape (Figure
2e). Domains 4 and 5 are also expected to adopt IgSF fold, however, lduieid

experimental evidence we feel it would be too speculative to inchela in our

model. Nonetheless, their approximate placement relative to D1D2D3 is evident.

Mutagenesis of acidic residues on D2 and D3 diminishes Ln511/521 binding

Using full-length Lu gp in an ELISA we found that the Lu gp-Ln511/52&rawtion

is pH dependent, occurring only in the range between pH5 and 1ds@eoafirmed
the interaction is inhibited in the presence of high salt (1M Na@ata not shown).
The dependence on pH and salt concentration is consistent with chargethror
interactions regulating the binding of the two molecules. There are kaoyas of
positively charged amino-acids on LG domains so we hypothetisedegatively
charged residues on Lu gp would be responsible for Ln binding. This is teoihsis
with the observations that interactions between positively edamgsidues on Ln and
negative charges on both heparin andystroglycan provide the basis for these
molecular interactiorf§®° Analysis of an homology model of Lu gp initially allowed
us to target surface-exposed clusters of aspartic and glutardcresidues for
mutation; the precise locations of acidic residues on D2 were cpidsey
demonstrated by the crystal structures. The majority ofduesi selected are
conserved or identical in the mouse Lu gp homologue. Each mutant Lu gp wa
detected by Western blotting with monoclonal anti-Lu (BRIC 2&1 BRIC 224) and
an anti Fc antibody (Supplementary Data 3). Since the epitopB&fGr221 and 224
are conformationally dependent and are destroyed in reducing condith@s®,
results show none of the mutations markedly altered the structure of Lu gpFc.

The Ln511/521 binding properties of the thirteen mutant Lu proteins examined

by an ELISA using four Lu gp coating concentrations. Over the camphnge of Lu
gpFc concentrations the D312A mutation caused a severe reductiorb1i/821
binding, E309A and D310A showed a marked reduction, whereas E132A/D133A,
D198A/D199A, E269A, D280A and D316A caused only a slight decrease in binding
(Figure 3a (Supplementary Data 4). At 0.05nM the native Lu gp wpssed to
saturating amounts of Ln511/521 so this concentration was used to deténmine
different levels of adhesion to Ln511/521 of the various Lu gp mutantar@Rg&p
(Supplementary Data 4). All other mutant proteins had the sanmimitairdevels of
binding to Ln511/521 as that obtained with native Lu gpFc (Figure 3b).

The mutant proteins were also assayed for Ln511/521 binding usingcard3ix
(Figures 3c and d) and sensorgrams showed the effect causedhbm@ation is
similar to that observed by ELISA (Figures 3a and b). The Beaassays indicate
that mutations affecting Ln511/521 binding slow the rate at which Ln511/521 binds to
Lu gpFc whereas the rate at which Ln511/521 dissociates is naedfigégure 3c).
Compared to our earlier stutfihe rate of dissociation of Lu gpFc and Ln511/521 is
somewhat slower. In the previous published stuaty lasys optical biosensor and a



different source of Ln511/521 was used making direct comparisongdretive two
studies difficult. Association and dissociation of Lu gp and the Ln511/52 liusieid
study was measured on the BiacoreX using Ln511/521 injections at, SfmWi,
10nM, 5nM and 2nM and the calculated, Kvas 7.2nM which is comparable to
previously reported values (7.9AMnd 10.8nNf). It was not possible to obtain a set
of binding curves to calculate pKfor the mutant forms of Lu gp that showed a
reduction in Ln binding because of the constraints of the limited adnvigty and
solubility of Ln511/521.

The results show E132A/D133A, D198A/D199A, E269A, D316A and to a much
greater extent E309A, D310A and D312A, inhibit Ln511/521 binding to Lu gp. These
residues cluster within the A/B and E/F loops at the base of DBANhdNd F/G
loops at the top of D3. The location and importance of each aminosadapicted in
Figure 4.

Mutagenesis of the D2-D3 linker affects Ln511/521 binding

The results of site-directed mutagenesis described above arst@onith previous
studies which used domain-deletion mutants of Lu gp to show thatth@dpisite for
Ln511/521 is within the first three domail& Despite containing key residues
involved in binding Ln511/521 Lu gp proteins containing D2 without D3, and more
significantly, D3 without D2 were unable to support binding of Ln5119521The
observation that both D2 and D3 are required for Ln511/521 binding raises the
guestion of the importance of the linker or hinge sequence between DR23aimd
defining the structure of Lu gp. We constructed two Lu gpFc mutantwhich
residues in the hinge were replaced with a proline (T233P and H235R) thirdl
mutant that had three residues removed from the hing83¢235) (Figure 5a).
Western blotting with BRIC 221 and 224 confirmed these molecules fotdted
correctly (Supplementary Data 3). Ln511/521 binding by mutant T233P was
markedly reduced and that of H235P a#83-235 was abolished (Figures 4b and c).
Interestingly, even at high Lu gpFc concentrations in theSELthe A233-235
mutation did not bind Ln511/521 (Figure 5b). These data are consistent rwith a
essential role for the linker region in allowing D2 and D3, anddkeof the Lu gp
molecule, to adopt a conformation capable of binding Ln511/521.

Taken in their entirety these mutagenesis data suggestith@ry binding site for the

Ln o5 chain is defined by negatively charged residues at the top ah®® a lesser
extent at the base of D2. An appropriate presentation of both D2 andrD3 f
Ln511/521 binding is essential and appears to be dictated by the linkeehehese
domains.

Discussion

Ln has previously been shown to bind to its other ligands (hepadgstroglycan)

via positively charged basic residues on the LG domains adheringa® @ negative
charge on its ligand5?® The results presented here are consistent with a similar
mechanism for the La5 chain-Lu gp interaction. Inspection of the crystallographic
structures of D1D2 and the model of D3 of Lu gp revealed dominars afegative
electrostatic potential that we hypothesised form the Ln bindieg Many of the

acidic residues in this region are conserved in the murine homologue that also binds to



human Ln511/521 When negatively charged residues in the patch were mutated to
alanine and the mutant proteins assessed for Ln511/521 binding bylbi&th &d
Biacore assay, residue D312 and, to a lesser extent, E309 and D28lidemtified as
critical residues. Other negatively charged residues initieity of these three also

had small effects on binding. When the positions of all the mutati@ue nm this
study are mapped to the crystallographic structure of D2 and theldgymmodel of

D3 those that affect the binding to Ln511/521 form a cluster at the dantarface
(Figure 4), with the single exception of E180, the mutation of wtéelsed an effect
only in the surface plasmon resonance assay and not the ELIS#& dmi¢ntation of

the D1D2D3 structure, along with the D1-D5 structure, shown in Figtines cluster
corresponds to a protrusion formed by the bend between D2 and D3, akin tama spur
the heel of a boot. We speculate that the negative charge on D3EHetmieith a
positively charged amino-acid on the &b chain and that this charged interaction is
the primary determinant of adhesion between the two moleculesothke acidic
amino-acids identified here could potentially produce a localisedtinegcharge on

Lu gp around D312 and facilitate docking by interaction with otherigestharges

on the Lna5 chain. The close homology between the sequence of human and murine
Lu gp° suggests that murine Lu gp has a similar structure to its hoowemerpart and
binds Ln511/521 in an identical manner.

Our results demonstrate not only that the binding site for theS_ohain is defined

by negatively charged residues on D2 and D3 but also that the fledien between
these domains is critical for binding. The approximately emmino-acids that
comprise the link between D2 and D3 are likely to have an open conimnmnaet
evidenced by the susceptibility of this region to proteolysis and by SAXS enidlss
shows that the Lu gp structure is non-linear in this region. Urdikéhe D1D2
junction, these residues are not predominantly hydrophobic (HYPTEHV@ptirdj

the linker is unlikely to be buried within a tight interdomain ifee. We have also
shown that by placing a proline in this linker region (H235P) or éayoving 3
amino-acids 4233-235) and shortening the linker, Lu gp binding to Ln511/521 is
totally abolished. These data could be interpreted as indicatinyessi 233, E234
and H235 are directly involved in binding to Ln511/521. However, this seems
unlikely since mutation of E234A has only a minor effect on binding (Eigar and

b). It is more plausible that in order to adhere to thetbrchain Lu gp D1D2 needs
to be in a suitable spatial orientation relative to D3 and possittythe stem formed
by D4 and D5.

One interpretation of an extended conformation at the D2/D3 inteidatieat this
region is likely to exhibit inter-domain flexibility. Although tleeystal structures also
show a degree of flexibility at the D1/D2 interface, the demainwtréhat domains 2
and 3 can readily fold when up to three amino-acids are removedtt®ninker
region implies a more open association between these domainss Ténsimiscent of
the 4 domain tandem structure of CHwhere domains 1 and 2 are tightly associated,
as are domains 3 and 4, whereas an extended linker at the domain &/@mai
interface leads to molecular flexibility at this junction. $amy, CD2, which has a 4
amino-acid linker between IgSF domains 1 and 2, is also believedl&mganhinge
bending shifts affecting domain orientatfdand exposing a buried antibody epitope
during T-cell activatioff. In Lu gp, it is unclear whether the potential flexibility this
extended linker may generate is essential for Ln binding. Ndesthethe
demonstration that the binding site straddles the adjacent ends ofd23amplies



that only a discrete arrangement of the domains would form a col®neling site;
variations from this position would be expected to be deleteriousfbinding. The
assumption that the D2/D3 boundary is a source of flexibility thexefuggests an
association between these movements and effective Ln binding. A @nédedthis
proposed mechanism is provided by the killer cell inhibitory receptorghich a
linker region between two IgSF domains forms the MHC binding irdesfavith
binding modulated by differences in the relative domain orientationke potential
for domain-domain movement within Lu gp provides a possible explani@atiche
increase in adhesion to Ln511/521 observed in cells expressing Lu gponseso
‘inside-out’ signalling eventd™.

A common feature of cell-cell adhesion pairs for which structaresavailable is the
exploitation of the broad faces presented by amino-terminal thffdfains (usually
formed by the C"C’CFG sheet) to generate extensive contafsces’. These are
typified in the CD2:CD58 paif where some 1200 %of surface area are buried in a
relatively flat interface within the complex. A recent excapis the SIRB. receptor
which instead uses the complementarity-determining loop regionseaadhesion
site, although these are at the amino terminal end of the reeet@ssumed to be
furthermost from the cell membrafie Nonetheless, these and similar electrostatic
interactions frequently generate only low-affinity binding. The dmLn511/521
interaction differs substantially. The data presented here shiewo be a high-
affinity (Kp ~ 10 nM) interaction arising from a cluster of residues cont&tfitom
adjacent loop regions of two domains. It is feasible that enclosutbeofigand
through domain movements may contribute to the slow off-rate of theleem
Indeed the Lu gp point mutations constructed in this study seemedoohfvé an
effect on the on-rate of Ln binding and not the off rate (Figure 3d)ké&Jmany cell
adhesion molecules, the binding surfaces in Lu gp are not located @amthe-
terminal domain which would be most distal from the cell surfacéhe tandem
arrangement implied by the overall shape of Lu gp (D1-D5). Acimetise binding
site would therefore either require interdigitation of extendedurish Lu gp proteins
when cells are located on the ECM or, alternatively, considefixing of Lu gp at
the D2/D3 boundary in order to present the binding surface to the ligded. T
extended structure observed for D1-D5 suggests that Lu gp does noaauioppact
structure akin to the horseshoe arrangement observed in both 2 amdrhemolir’
which could place the D2/D3 boundary furthermost from the cell surfébe
predominance of sites for Lutheran blood group antigens on all fade@$ ahd D2
(Figure 1c) also implies that these domains are fully expotdtieaerythrocyte
surface, again inconsistent with a compact structure. The anueated by the D2-
D3 junction as described in this study may promote interactionsebatihe D1D2
fragment and other ECM components. This angle is similar tobsgrved between
the IgSF domains 2 and 3 of the neural cell adhesion molecule NCAMhioh a
heparin binding site has also been located to dom#nThere is currently no
evidence, however, that Lu gp can undergo the zipper-like formation of hdmophi
interactions described for NCAM to build multi-molecular adhesion complexes.

Our findings provide clear evidence that Lu gp interaction with thexi.rchain is

mediated by a negatively charged patch on the tip of Lu gp eltriac D3 and base
of D2 in a manner analogous to that occurring for the otherdgyaf Ln, heparin and
a-dystroglycan. In this case, the negatively charged patcbngosed of glutamic
and aspartic acid residues rather than sulphated sugars. Our results fgglest ghat
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the Ln511/521 binding site on Lu gp is located at a potentially flexiitddgdomain
linker region and it is possible that the amino-terminal D1 and By lme required to
fold back to expose the binding site for Ln511/521. Confirmation of this mirha
awaits further structural analysis of Lu gp and identificatiothefLu gp binding site

in the LG1-3 region of the La5 chain. Nevertheless these findings pave the way for
development of inhibitors of the Lu gp:Ln511/521 interaction and thereby f@btent
novel therapies ameliorating vasocclusion in sickle cell disease.
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Table 1

Hexagonal | Monoclinic | Au Au Pt Pt
Native Native derivative, | derivative, | derivative, | derivative,

high low energy| high low energy
energy remote energy remote
remote remote

Wavelength (A) 1.488 1.285 1.01 1.042 1.071 1.08

Spacegroup P321 P2 P2 P2 P2 P2

Resolution range| 44.6-2.2 |353-1.7 |357-18 |357-18 |36.1-25 |335-25

(A (228-2.2)|(1.76 —-1.7) | (1.86-1.8) | (1.86 —1.8) | (2.59 -2.5) | (2.59 — 2.5)

Redundancy 5.6 (1.8) 6.4 (2.0) 8.6 (2.7) 8.9 (3.3) 6.8 (3.0) 5.9 (1.8)

Completeness 90.1 (41.3) 89.1 (48.3) 89.5 (50.3) 90.5 (49.6) 93.6 (70.3) 85.4 (32.6)

Rmerge 10.2 (48.2) 5.9 (26.4) 9.8 (23.3) 6.9 (20.0) 11.8 (26.3)) |8.9(32.6

I/sig| 14.1 (1.2) 26.5 (2.5) 19.7 (2.8) 29.2 (3.7) 16.5 (1.1) 15.9 (2.6)

Isomorphous

Rcullis

(acentrics/centrics) 0.51/0.65 0.52/0.67 0.85/0.91 0.87/0.92

Anomalous Rcullis 0.83 0.88 0.95 0.97

Initial Phase

Figure-of-Merit 0.73

Unigue reflections 18741 23563

Rwork 0.205 0.168

Rfree 0.251 0.21

Non-H atoms 3643 2096

Bond Length

RMSD (A) 0.018 0.015

Bond Angle RMSD

§) 1.498 1.678

Table 1: Diffraction data processing and refinement statistics fiddPcrystal forms.
Values in parentheses refer to the highest resolution shell.
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Figure Legends

Figure 1. Structure of Lu gp D1D2.(a) Cartoon representation in stereo showing the
Lu gp structure. D1 is shown at the top and D2 at the bottom. Tdredstin each
domain are labelled, as are the amino (N) and carboxy terminfl)Cpverlay of @
traces from the three independent copies of D1D2 in the two crsfstadtures.
Orientation is as in (a). (c) Location of residues that aeeealtin the known inherited
forms of Lu gp that can be attributed to D1D2. Mutated residuesharensin stick
form, and are coloured as follows: Lu a/b — red, Lu4 — purple, Lu5 — ydllo®¥]14 —
blue, Lul2 — pink, Lul6 —grey and Lul7 — orange.

Figure 2. SAXS analysis of Lu gp D1D2D3a) Experimental scattering data for Lu

gp D1D2D3 plotted in black as a function of g and compared with aeteadrfit
generated with SASREF (b) Shapes obtained using a bead model using the program
GASBOR® from 20 independent simulations, each differently coloured. The average
shape is shown as orange wire-frame density in: (c) Reatise rigid-body fit of

the D1D2 crystal structure and D3 model to the scattering de¢alaid on average
density obtained as in (b). D1 is shown in blue, D2 in green and D3.i(d)e8hapes
obtained from the scattering curve for Lu gp (D1-D5) as destiibé). The average
shape is shown as orange wire-frame density in: (e) Overlay of the D1D2D3anodel
the envelope derived for Lu gp (D1-D5). D4 and D5 are expected to ot¢hapy
additional density at the base of the figure, proximal to the cell membrane.

Figure 3. Mutation of acidic residues of Lu gp reduces Ln51%21 binding. (a)
Representative ELISA titrations of 5, 0.5, 0.05 and 0.005nM Lu gp binding to 5nM
Ln511/521 for the E309A, D310A, D312A and D315A (solid line) mutations in
comparison to native Lu gp (dashed line). Standard deviation for eachipamder
0.1. ELISA results of all other mutations can be seen in Supplemedéda 4. (b)
The level of binding to Ln511/521 of mutant Lu gp compared with thgenptotein

at 0.05nM measured in an ELISA. Proteins were assayed in duplichtberesults
shown are the mean of two separate ELISA plates and are egeessthe percentage
of the absorption seen from wells containing native Lu gpFc£80.95). (c)
Ln511/521 binding assessed by surface plasmon resonance using a)8i&tmen

is the mean change in response units (RU) over the course ofuhid@@tion of
10nM Ln511/521 for two assays per protein. In both (b) and (c) Ln511/521 biading
Mucl8 acted as a negative control. (d) Overlaid sensorgrams feprasentative
sample of the different proteins showing the association and i@igeaccurves of
Ln511/521 binding to Lu gpFc. Vertical arrows indicate the beginamtyend points

of the Ln511/521 injection.

Figure 4. Location of charged amino-acid residues involved in faractions with
Ln511/521 on the surface of Lu gp. (al.u gp domains D1D2 (dark grey) and D3
(light grey) are shown in an orientation consistent with the SAX@lepe. Indicated
are the positions of acidic residues that have been mutated teeal@he residues are
colour coded according to their effect on Ln511/521 binding; Blue - Nateffe
Yellow - slight effect, Orange - marked effect and Redevese effect. (b) Lu
D1D2D3 in the same orientation, shown as an electrostatic surface.

Figure 5. Ln511/521 binding to D2-D3 linker mutants.
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(a) Three proteins, T233P, H235P ax#B3-235 (darker shade), containing mutations
within the domain 2 to 3 hinge were made. (b) Representative Etil#fion's of
hinge region mutants to Ln511/521 in comparison to binding to the native protein.
Standard deviations were less than 0.1 OD units for any point. (§eRsergrams of
representative Biacore assays with these mutants are shown.
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Supplementary Data 1
Small-Angle X-ray scattering analysis — Full method

SAXS data of D1D2D3 were collected on beamline X33 at the Europetecivar
Biology Laboratory (EMBL) of the Deutsches Elektronen SynchrottdeSY) using

a wavelength ok = 0.15 nm. The sample to detector distance was 2.4 m, covering a
scattering range of 0.16 Ak g < 4.85 nrit. The modulus of the scattering vector is
defined as g =#sind/A, where 2 is the scattering vector. SAXS data were collected
from D1D2D3 at concentrations of 4.375 mg/ml, 8.75 mg/ml and 17.5 mg/ml;
samples were exposed for 60s. 1mM dithiothreitol was added to eacéntration of
D1D2D3 solution before data collection to minimise aggregation. Theéesngt
images were integrated to one-dimensional linear profiles usihguse software at
station X33. Scattering data from the corresponding buffer werectamleand
subtracted from the sample data in order to remove backgroundisgaftdns was
achieved using PRIMUSThe corrected data at each concentration were then merged
together using PRIMUS. GNOM, the indirect Fourier transformgnaf was then
applied to evaluate the particle distance distribution function, p{(d)tl@e radius of
gyration, Rg. The shape of the protein was evaluated from thersgatiata using

the programs DAMMIN and GASBOR, which are applications that usb initio
procedures to build models of proteins using simulated annealing. Tvirnigisons
were performed with each program, and the structures gengratedaveraged using
DAMAVER®. Rigid-body modelling used the three unique crystallographically
determined structures of D1D2, the D3 homology model and carbohydhgieents
extracted from PDB 1L6X. These were fitted to the saagedata with the program
SASREE, theoretical scattering curves for each rigid body beingpcoed with
CRYSOL.

SAXS measurements of the entire extracellular portion of Li+[PB) were obtained
on a modified version of the commercially available NanoSTAR (BrukssS,
Karlsruhe) X-ray facility at the University of Aarhus. Fumhaetails about the
modified NanoSTAR are given 8nData were collected at a concentration of 15
mg/ml, and were exposed for 1 hour. Data collection was conducted ah 4° G-
usable thermostated quartz capillary, which is mounted in an in-housedniilary
holder with good thermal contact to the thermostated surrounding blockaphiary
holder was then positioned in the vacuum chamber. The sample to deistaoce
was 65 cm, covering a scattering range of 0.085 < q < 34 fiime scattering data
were corrected for variations in detector efficiency and dpdiéortions. The two-
dimensional data were azimuthally averaged to one-dimensional pnefdes using
Bruker SAXS software for Windows™ NT. Using in-house softwatbeatJniversity

of Aarhus, the scattering data from the corresponding buffer sudrteacted from the
sample data, and the scattering intensities were transformed to absoluteingitseus
scattering of water as a standafdh initio shape reconstruction was performed as
described above for the D1D2D3 construct.
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Supplementary Data 2Sequence of Lu gp D1D2. TRestrands observed in the
crystal structure are indicated by shaded boxes and labeled with bold Mtitated
residues that affect binding are indicated with boxes and labeled with asterisks.
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Supplementary Data 3Western blots using Bric 224 (a) followed by a rabbit anti-
mouse HRP secondary Ab was performed on non-reduced samplegs{®8ad using

a anti human Fc HRP conjugate. Lanes are i-E132A/D133A, ii-E180A, iii-
D198A/D199A, iv E234A, v-D269A, vi-D280A, vii-D281A, viii- E309A, ix- E310A,

x- D312A, xi- D315A, xii- D316A and xiii- Native Lu. Non- reduced Waast blots

using Bric 224 (b) o0A233-235 (i), T233P (ii) H235P (iii), linker mutations and native
Lu (iv) are shown.
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Representative ELISA titration's of 5, 0.5, 0.05 and 0.005nM Lu gp bindibg¥

Ln511/521 for the Mutated Lu gpFc (Blue) mutations in comparison to niativgp

(Magenta). Standard deviation for each point is under 0.1.
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