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ReportStructure of the Nogo Receptor
Ectodomain: A Recognition Module
Implicated in Myelin Inhibition

(Domeniconi et al., 2002; Fournier et al., 2001; Liu et al.,
2002; Wang et al., 2002a; reviewed in Oertle and Schwab,
2003). NgR is a 473-residue, Glycosyl Phosphatidyl Inosi-
tol (GPI)-anchored membrane protein with a majority of
the globular structure comprised of a leucine-rich repeat
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Department of Structural Biology (LRR) domain capped by N-terminal and C-terminal cys-
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Stanford, California 94305 ments, respectively) (Fournier et al., 2001). A 135-residue
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ment sequence on the myelin surface (Fournier et al.,University of California, Berkeley
Berkeley, California 94720 2001). Signal transduction by the NgR has been sug-

gested to depend on its association with the p75 low-3 Division of Neuroscience
Children’s Hospital affinity nerve growth factor (NGF) receptor (Wang et al.,

2002b; Wong et al., 2002; Yamashita et al., 2002), whichHarvard Medical School
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proteins have been suggested to serve as ligands forStanford University
Stanford, California 94305 NgR: Nogo-A, myelin-associated glycoprotein (MAG),

and oligodendrocyte-myelin glycoprotein (OMgp) (re-
viewed in Oertle and Schwab, 2003). Nogo-A is a mem-
ber of the extended “reticulon” transmembrane proteinSummary
family (GrandPré et al., 2000; Watari and Yutsudo, 2003).
Remarkably, a short, extracellular 66-residue segmentFailure of axon regeneration in the adult mammalian

central nervous system (CNS) is at least partly due to of Nogo-A (abbreviated “Nogo-66”) appears to possess
the ability to inhibit neurite growth in vitro and is theinhibitory molecules associated with myelin. Recent

studies suggest that an axon surface protein, the Nogo portion of Nogo that binds NgR (Fournier et al., 2001;
GrandPré et al., 2000, 2002). By contrast, MAG is a type-Ireceptor (NgR), may play a role in this process through

an unprecedented degree of crossreactivity with my- membrane protein with a 494 amino acid extracellular
segment comprised of five immunoglobulin (Ig)-like do-elin-associated inhibitory ligands. Here, we report the

1.5 Å crystal structure and functional characterization mains (Domeniconi et al., 2002; Liu et al., 2002). OMgp
is a 440-residue GPI-anchored protein, with an 8 leucine-of a soluble extracellular domain of the human Nogo

receptor. Nogo receptor adopts a leucine-rich repeat rich repeat (LRR) domain that has been reported to be
responsible for both binding to NgR and neurite growth(LRR) module whose concave exterior surface con-

tains a broad region of evolutionarily conserved inhibition (Wang et al., 2002a). Interestingly, published
reports assert that these structurally diverse and unre-patches of aromatic residues, possibly suggestive of

degenerate ligand binding sites. A deep cleft at the lated myelination inhibitors (Nogo-66, MAG, OMgp) all
bind to NgR with high affinities (Domeniconi et al., 2002;C-terminal base of the LRR may play a role in NgR

association with the p75 coreceptor. These results now Fournier et al., 2001; Wang et al., 2002a). Thus, the struc-
tural challenge is to elucidate how the same NgRprovide a detailed framework for focused structure-

function studies aimed at assessing the physiological evolved the capacity for binding to these unrelated li-
gands.relevance of NgR-mediated protein-protein interac-

tions to axon regeneration inhibition. As a first step in elucidating a structural basis for NgR
ligand recognition and signaling, we report the 1.5 Å
crystal structure of the NgR ligand binding domainIntroduction
solved by multiple-wavelength anomalous diffraction.
The structure reveals a conserved, putative ligand bind-Axon regeneration in the adult mammalian CNS is limited

after injury due at least partially to the presence of inhibi- ing site within the concave groove of the NgR LRR. A
potential for degenerate ligand binding appears possi-tory myelin-associated components. Recently, numer-

ous reports have implicated Nogo and its receptor (NgR) ble due to the extensive, solvent-exposed hydrophobic
and aromatic composition of the binding site.as possibly playing a key role in this process (reviewed

in Schwab, 2002; McGee and Strittmatter, 2003; Tessier-
Lavigne and Goodman, 2000). Several reports have pre- Results and Discussion
sented data suggesting that NgR is a convergent receptor
in the inhibition of axon myelination through interactions Functional and Biochemical Characterization
with at least three known myelin-associated inhibitors of Recombinant NgR

Both full-length human NgR ectodomain (without the
GPI linker) and a truncated NgR (LRR only, NgR310)*Correspondence: kcgarcia@stanford.edu
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Figure 1. Biological Activity and Functional Characterization of Recombinant NgR

(A) Schematics of constructs for full-length soluble NgR (26–446) and truncated NgR ligand binding domain (26–310).
(B) P7–9 rat CGNs were plated on PDL control and spots of AP (not shown), AP-66 alone, and AP-66 mixed with purified NgR. Nogo-66
inhibition is reversed by the addition of both NgR and NgR 310. Scale bar equals 40 !m.
(C) Neurite lengths (mean " SEM) quantified from neurons cultured on immobilized substrates as in (B). Statistical analysis was done by one-
way analysis of variance (ANOVA) (F # 22.68, d.f. # 393, p $ 0.0001) using a post hoc Fisher protected test. All groups are significantly
different from the AP-66 alone (asterisk) group.
(D) Soluble NgR interacts with AP containing Nogo-66 fusion. Soluble His-tagged NgR (300 nM) was mixed with either myc-tagged AP alone
or myc-tagged AP-Nogo-66 fusion protein, followed by capture with anti-myc beads and Western blotting with anti-His mAb.
(E) Full-length soluble NgR ectodomain is required for complexation with a Fc-p75 fusion protein. Recombinant full-length or truncated NgR
(1 !M each) was incubated with protein-A beads immobilized with 1 !g of Fc-p75 or human IgG. The proteins retained by protein-A beads were
detected by Western blotting, showing that full-length NgR binds p75, whereas truncated NgR without CT domain does not bind p75. The
two lanes for each version of NgR represent a high and low concentration (left and right) of soluble NgR in the reaction.

were expressed as soluble, secreted proteins from ba- NgR and NgR310 (Figure 1D), even though the binding
affinity would appear to be weaker than the reportedculovirus-infected insect cells and purified to homoge-

neity (Figure 1A). To confirm that these purified recombi- value (KD !10–20 nM; GrandPré et al., 2002). We did
observe robust complex formation between p75 andnant proteins are functional, we first used these proteins

in a standard neurite outgrowth assay. Neurite out- the full-length NgR ectodomain containing the CT stalk
(Figure 1E). Consistent with previous observations thatgrowth from cerebellar granule neurons (CGNs) was sig-

nificantly inhibited by immobilized AP-Nogo-66, but not the NgR-CT stalk is required for the p75 interaction (Do-
meniconi et al., 2002; Wang et al., 2002b), we did notAP (data not shown). Both NgR and NgR310 reverse

this neurite outgrowth inhibition (Figure 1B). detect the interaction between p75 and NgR310 con-
taining only the LRR (Figure 1E). Similar NgR:p75 com-We also examined their interactions with reported

binding proteins by coimmunoprecipitation (Figures 1D plex results have been also obtained using gel filtration
and native gel shift assay (data not shown). These resultsand 1E). AP-Nogo-66 appears to coprecipitate with both
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Table 1. Crystallographic Statistics

Data Collection

HgAc2

Native Peak Inflection Remote

Wavelength (Å2) 1.0000 1.0064 1.0096 0.9950
Resolution (Å2) 50–1.52 (1.56–1.52) 50–1.9 (1.97–1.90) 50–1.9 (1.97–1.90) 50–1.9 (1.97–1.90)
Completeness (%) 96.6 (96.4) 98.1 (96.7) 98.1 (96.3) 98.2 (97.2)
I/%(I) 34.0 (7.4) 37.0 (11.5) 47.8 (17.1) 34.6 (10.5)
Redundancy 14.4 (13.8) 16.4 (16.2) 16.4 (16.0) 16.4 (16.3)
Rmerge (%) 5.3 (21.4) 7.9 (18.7) 6.5 (15.4) 7.6 (21.1)
Ranom (%) 5.4 (7.6) 2.7 (5.1) 4.8 (7.0)

Phasing Statistics

Dmin (Å) 6.67 4.27 3.35 2.85 2.52 2.29 2.10 1.96
Figure of merit 0.74 0.69 0.67 0.66 0.61 0.50 0.41 0.33
Mean figure of merit 0.54
Number of sites 7

Model Building and Refinement

Resolution range (Å2) 50–1.52 (1.56–1.52)
No. of reflections 32,883
Rcryst 0.167 (0.226)
Rfree 0.198 (0.278)
Average B factor (protein, solvent) (Å2) 17.4, 33.4
Rmsd bond length (Å) 0.009
Rmsd bond angle (&) 1.5
Rmsd bonded B factor (main chain, side chain) (Å2) 1.5, 3.0
Ramachandran (favored, allowed, generous, disallowed) (%) 80.6, 19.0, 0, 0.4

together suggest that both soluble NgR and Ngr310 are cap of the nine NgR LRRs is a cysteine-rich segment
termed an LRRNT module (Figure 2D). The domain isfunctional, assume their physiological conformations,

and recapitulate their behavior on the cell surface. crosslinked by two disulfide bonds. One disulfide bridge
(Cys31-Cys43) serves to form a '-hairpin protruding to
the side of the LRR concave face. Another disulfideThe Structure of the NgR Ligand Binding Domain
bridge (Cys27-Cys33) forms a small knot at the N termi-The crystals of the NgR ligand binding domain (coding
nus. According to N-terminal sequencing of the NgRsequences 26–310) diffract to extremely high resolution
ectodomain, the sequence of the mature NgR protein($1.5 Å). The structure was solved by multiple-wave-
begins at Cys27. This cysteine knot at the N terminuslength anomalous diffraction (MAD) analysis using the
provides an efficient means of covering the hydrophobicanomalous signal of Hg atoms derivatized to the NgR
core of LRRs tightly with a relatively small number ofcrystals. Table 1 summarizes the data collection and
residues. The leucine-rich repeat C-terminal cap (LRR-structure refinement statistics. A representative portion
CT) is also a cysteine-rich module. It contains a 10 resi-of the electron density for the refined 1.52 Å resolution
due ( helix and three short 310 helices. This domain isstructure is shown in Figure 2B.
also a conserved feature among most extracellular LRRThe three-dimensional structure of the human Nogo
proteins.receptor (Figure 2; Table 1) ligand binding domain (NgR-

The closest structural homolog of the NgR-LBD isLBD) has a super-helical topology of prominently re-
the von Willebrand Factor binding domain of plateletpeating ' strands and can be classified as rigid solenoid
glycoprotein Ib( (Figure 2D; Huizinga et al., 2002). Su-structure representative of a leucine-rich repeat (LRR).
perposition of the NgR-LBD with glycoprotein Ib( showsThe architectural framework of NgR-LBD is formed by
that both structures have central LRRs flanked by capnine leucine-rich repeats (LRRs) flanked by two cys-
domains (Figure 2D) (overall LRR rmsd of 1.7 Å for theteine-rich “capping” modules (Figures 2A–2C). The
LRR only). In the C-terminal flanking domain of glycopro-amino acid composition of repeats 2–8 falls into the
tein Ib(, there is a long functional loop, termed a 'motif of “xLxxLxxLxLxxN/CxLxxLPxxFx,” which is clas-
switch, which extends inward from the LRR-CT into thesified as the most common subfamily of the LRR super-
concave space formed by the curvature of the LRR (Fig-family. The NgR LRR differs from other LRRs by having
ure 2D). In the glycoprotein Ib( complex with von Wille-a unique internally buried phenylalanine within the end
brand factor (vWF), the vWF ligand is “pinched” by theof each repeat sequence (Figures 2A–2C). Each Phe is
' finger and the ' switch, as if between the thumb andsurrounded by four leucines, which as a cluster form
index finger of a hand, preventing intimate contact be-the hydrophobic core of the LRR structure. Each Phe
tween vWF and the concave face of glycoprotein Ib(.is reminiscent of vertebrae that together form a “spine”
In NgR, this long loop is replaced with a short turn-likeof the LRR.
segment (Figure 2D, bottom right). The NgR LRRCT hasLRR modules require “capping” structures at both N-

and C-terminal ends (Figure 2D). The N-terminal flanking been suggested to be both required and sufficient to
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Figure 2. The Structure of the Nogo Receptor Ligand Binding Domain

(A) Side view. The N-terminal cap domain (LRRNT) is colored in purple, the leucine-rich repeats (LRR) are in cyan, and the C-terminal cap
(LRRCT) domain is in pink. The high-mannose Asn-linked glycosylation sites are depicted as bonds in yellow. The central Phe residues of
the “spine” are depicted as bonds in orange.
(B) SIGMAA-weighted 2Fo ) Fc electron density contoured at 1.5%, showing the spine of the structure formed by a line of phenylalanine
residues.
(C) Face-on view into the concave belly formed by the leucine-rich repeats.
(D) Structural superposition of NgR with the structure of platelet glycoprotein Ib(, showing a conserved ' finger aside the concave binding
face. To the right are the superpositions showing the similarities and differences between the LRRNT and LRRCT; note NgR does not contain
the ' switch that glycoprotein Ib( uses for ligand capture.

bind Nogo-66 (Fournier et al., 2002; Wang et al., 2002a). Conservation Mapping of the NgR Family Reveals
Putative Ligand Binding Site(s)On the other hand, the absence of the impeding loop

in the NgR-LBD also suggests that other ligands, such The curved ' sheet surfaces of LRR arrays serve as
versatile binding structures for interactions with otheras MAG and OMgp, will gain intimate contact with the

interior surface of the LRR, consistent with our conser- proteins. In particular, the closely NgR-related LRRs of
glycoprotein Ib( and internalin complexed to domainsvation analysis (discussed below).
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of vWF and cadherin, respectively (Huizinga et al., 2002; bic complementarity. These findings indicate that the
Schubert et al., 2002), may be the best indicators of more extensive receptor-ligand binding interfaces are
how and where NgR recognizes ligand molecules. Both well packed, exclude water, and often bear polar resi-
cases are variations of the binding paradigm first defined dues linked in complementary electrostatic (hydrogen
by the LRR complex structure of ribonuclease inhibitor bond and van der Waals contact) interactions. In this
bound to ribonuclease A (Kobe and Deisenhofer, 1995), vein, a second approach to predicting the likely func-
wherein the ligand structure makes specific contacts tional site of NgR involves examining the surface of the
with the concave, parallel ' sheet “belly” of the curved structure for residue constellations that match these
LRR array. Since superfolds (highly populated protein interface characteristics. Intriguingly, the concave sur-
architectures with diverse functions) like the LRR scaf- face of NgR is highly enriched in aromatic residues; of
fold tend to conserve the location of their functional the ten exposed Phe, Trp, or Tyr side chains, nine of
sites, it is inviting to suggest that the ligand binding them map to this area (Figure 4). Six His side chains,
pocket of NgR is coincident with the LRR supersite—the with aromatic character and basic charge, are also lo-
concave ' sheet. However, in the absence of biochemi- cated on this surface (Figure 4). We can globally organize
cal or mutagenic data that directly address this funda- these aromatic residues into two prominent clusters
mental question for NgR, we sought to define the likely centered on Phe63 and Phe184 at the N- and C-terminal
NgR binding epitopes using two parallel methods to flanks, respectively, of the central LRR array (Figure 4).
analyze elements of the new X-ray structure: (1) se- In addition, a negatively charged patch can be located
quence conservation analysis and (2) surface patch (i.e., between these two aromatic residue clusters (posi-
“hotspot”) prediction. tioned to the side of the LRR concave face), where four
Conservation Analysis Asp side chains are closely grouped together (Figure 4).
Conservation of certain types of amino acids (for exam- Three of them, Asp111, Asp114, and Asp138, surround
ple, surface-exposed or pocket-located side chains) the terminal group of Ser113; Asp163 additionally en-
may suggest functionally important residues that play hances the negative charge of this area by balancing
a critical role in binding or catalytic interactions. This the Arg139 residue at the edge of this patch. This acidic
observation has greatly illuminated the task of marking area forms a slight depression compared to the nearby,
likely functional sites on protein structures of uncertain gently curved surface of the LRR ' sheet, presenting
biological profession (Xenarios and Eisenberg, 2001). a suitable site for accommodating a complementary,
This type of evolutionary analysis can also gauge the protruding basic patch from a binding partner. Other
interaction “fitness” of conserved topographic features unsatisfied charges on the concave LRR ' sheet surface
like binding epitopes used in typical receptor-ligand rec- include the residue pairs of Arg61 and Lys38 and of
ognition events. Arg206 and Arg256. These electrostatic signposts are

To perform this conservation analyis of the NgR struc- very typical of charged amino acids that ring the periph-
ture, we first collected all available NgR homolog se- ery of more centrally located hydrophobic binding sites,
quences from GenBank and assorted genomic data- and are engaged in specificity-determining electrostatic
bases, carefully avoiding the inclusion of more distantly interactions (DeLano, 2002).
related LRR sequences. PsiBLAST and TBLASTN
searches of protein and genomic databases (Schaffer A Second Binding Site for Nogo-66 or p75?et al., 2001), seconded by BLAST screens of the human

The convex backside of the LRR array is blanketed byand mouse genomes, respectively, identified two mam-
residues that exhibit a much higher degree of evolution-malian NgR-related genes in addition to that encoding
ary sequence variability and are not enriched in inter-the cloned Nogo receptor; a total of five NgR-related
face-forming side chains (Figure 3C). Interestingly, thegenes in the fish Fugu rubripes genome underscores a
structural seam between the regular loops of repetitivesecond series of duplication events (Figure 3A). All of
LRR segments and the bulkier C-terminal capping mod-these new NgR-related sequences exhibit a close simi-
ule forms a sizable gap between the side and back oflarity with the parent NgR sequence over the extent of
the concave face that is located by CAST (Figure 4E),the LRR array—notably conserving the observed disul-
a cavity-finding algorithm that probes the accessiblefide bridges and Phe spine—while the stalk segment
surface with water molecule-sized spheres (Liang et al.,remains far more divergent in length and sequence. A
1998), as a potential pocket for more discrete bindingstructurally accurate sequence alignment of the greater
interactions. The notably hydrophobic walls of this siteNgR family was constructed (Notredame et al., 2000)
cover 196 Å2 in molecular surface area and encase aand analyzed with Consurf and GRASP to map this evo-
volume of 396 Å3 . This site is specifically used by alutionary information onto the surface of the NgR LRR
crystallographic contact between adjoining NgR mono-structure (Glaser et al., 2003; Nicholls et al., 1991). This
mers, whereby the LRRNT '-hairpin loop of one insertsstudy shows an obvious contrast in the degree of con-
into the LRRCT-adjacent pocket of the other, burying aservation between residues exposed on the concave
total of 817 Å2 of molecular surface area (Figure 4E).face of the LRR array and other regions, presenting
This pocket is not painted by the conservation analysisthe curved, parallel ' sheet as the best candidate NgR
of the greater NgR-related sequence family (Figures 3Bfunctional site (Figure 3B).
and 3C), suggesting that this is a structural feature spe-Surface Binding Patch, or “Hotspot,” Analysis
cific to NgR(1) and its direct orthologs. Since the cellThe dissection of molecular complexes in the Protein
surface interaction between NgR and its accessory p75Data Bank has revealed that surfaces involved in pro-
signaling receptor posits at least a specific contact be-tein-protein associations share common characteris-

tics, notably topographic, electrostatic, and hydropho- tween p75 and the C-terminal end of the LRR array of
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Figure 3. Mapping Conserved NgR Family
Sequence Features onto the NgR Structure

(A) Unrooted phylogenetic tree of the verte-
brate NgR family members by neighbor-join-
ing clustering of LRR segment sequences.
Three distinct branches are defined; the
“leaves” are labeled according to the cognate
human NgR-like genes, NgR(1), NgR2, and
NgR3, respectively. The homologous fugu
genes (labeled 1–5; 2 and 3, and 4 and 5 result
from duplications of mammalian NgR2- and
NgR3-like genes, respectively).
(B) Surface mapping of conserved residues
suggests the interaction site of NgR. Conser-
vation scores were graded by the maximum
likelihood method using Consurf (Glaser et
al., 2003) and projected onto the surface of
NgR with Grasp (Nicholls et al., 1991); green
and purple patches connote regions of high
and low conservation, respectively.

NgR (Wang et al., 2002b), this NgR surface pocket forms crossreactivity. First, the NgR LRR ' sheet exhibits a few
a topographically inviting recognition site for an N-ter- separated clusters of aromatic residues like those com-
minal (or top-mounted) loop of p75 that does not inter- monly found in receptor-ligand interfaces. In the LRRNT
fere with the binding of Nogo-66 or other ligands. The adjacent region, repeats A–C display Tyr34, Phe63, and
stalk or CT segment of NgR is also critical for p75 inter- Trp87 side chains in close proximity, while the central
action (Wang et al., 2002b); as this segment of the NgR repeats D–E bear Tyr158, Tyr160, and Phe184 in near
molecule shows the greatest divergence from analo- parallel configuration (Figure 4). The LRRCT-adjacent
gous parts of other NgR-related proteins, the ability to region (repeats F–G) also presents the grouping of Phe234,
interact with p75 or its functional equivalents may be Tyr232, and Tyr254. These receptor aromatic clusters
an NgR(1)-specific evolutionary adaptation. may—singly or in combination—be capable of matching

with topographically complementary patches of aro-
matic residues on ligand surfaces. In support, the struc-The LRR Array and the Potential for Degenerate
tures most closely analogous to NgR, the LRR arraysLigand Binding
of internalin and glycoprotein Ib(, use their aromaticCrystallographic snapshots of protein complexes that
residues to associate with like amino acids on their re-exhibit some degree of receptor or ligand promiscuity
spective ligands. Hydrophobicity may play a similarlyshow that binding versatility is often accomplished by
degenerate role in ligand binding in that the exclusion ofstructural adaptation of a highly accessible, and often
water in protein-protein interactions represents a ratherhydrophobic surface (DeLano, 2002; Kossiakoff and De
structurally insensitive driving force for binding. TheVos, 1998). Furthermore, convergent binding solutions
presence of large ringed, hydrophobic epitopes on themay overlap a shared and central epitope but branch
concave face of the NgR LRR array may indicate a lessinto distinct, adjoining areas of the surface (DeLano,
stringent binding (or more promiscuous) surface with at2002). In the present case of NgR, three structurally
least two discrete hotspot-like sites.distinct ligands—Nogo-66, OMgp, and MAG—are pro-

The strip of solvent-exposed surface is completelyposed to target an overlapping binding site (McGee and
formed by side chains with well-ordered, close-packedStrittmatter, 2003). From a purely structural standpoint,
configurations, suggesting that if the two concaveseveral features of the concave face of the NgR LRR

array support an interpretation for the potential of high patches of aromatic residues are directly involved in
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Figure 4. Surface Patches within the Con-
cave Face of NgR

(A) Space-filling model of the concave face
showing the two surface clusters enriched in
aromatic side chains that are coincident with
the conservation analysis, and a very promi-
nent acidic cavity situated at the periphery
of the groove that likely mediates specificity
contacts through hydrogen bonding (Trp,
Phe, and Tyr in green; His in purple; acidic
residues in yellow).
(B) Hydrophobic patch #1 on the upper side
of the concave surface, centered at Trp87,
Phe63, and Ile85.
(C) The acidic patch. Three aspartic acid side
chains surround Ser113, forming a depressed
acidic region.
(D) Hydrophobic patch #2 on the lower side
of the concave surface, centered at Phe184
and Leu208.
(E) The hydrophobic cavity located at the
LRRCT domain.
(F) Crystallographic interaction utilizing the
LRRCT hydrophobic cavity.

ligand recognition, then binding may have a significantly residues. In this manner, LRR ligands tend to make a
few, noncontiguous principal contacts with the curvedrigid character. LRR arrays exhibit a great degree of

structural rigidity that translates into relatively minor LRR ' sheet that do not greatly strain the greater LRR
array upon binding. The broad region of exposed aro-changes between bound and unbound forms, as is

clearly observed in the cases of glycoprotein Ib( and matic residues within the NgR concave belly, then,
would certainly expand its ability to form a variety ofinternalin complexes (Huizinga et al., 2002; Schubert et

al., 2002). The lack of flexibility would at first appear unique contacts with different ligands.
In summary, although the NgR LRR reveals favorableto limit crossreactivity. However, rigidity can also favor

crossreactivity through the reduction in the entropic structural properties for crossreactivity, the degree of
its reported ability to interact with high affinity with suchpenalty for ordering flexible segments upon binding, as

seen, for example, in the shared signaling receptor structurally unrelated ligands is nonetheless highly un-
usual. For example, some of the best-characterizedgp130 (Chow et al., 2001). The binding paradigm first

defined for LRR arrays was observed in the ribonuclease crossreactive receptors, such as T cell and shared cyto-
kine signaling receptors, still recognize structural scaf-inhibitor:ribonuclease complex and showed that inter-

action between the uniformly curved LRR scaffold and folds that are highly related between the different li-
gands, unlike the three proposed ligands for NgR.its more irregularly shaped ligand could be reduced to

a series of specific contacts between jutting ligand cor- Hence, a vital next step in the investigation of this impor-
tant receptor system is to probe the molecular basisners and separate, discrete clusters of LRR ' strand
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Multiple-Wavelength Anomalous Diffraction Analysisof its multiple ligand interactions both structurally and
A crystal was soaked in the cryoprotecting solution containing 50biochemically. The 1.5 Å crystal structure of a soluble
mM Mercury Acetate for 3 days, and a MAD data set was collectedNgR LBD reported here provides a detailed structural
to 1.9 Å at 3 wavelengths around the Mercury L3 edge. Heavy atom

framework that will inform and focus such studies. searching and phasing were carried out with SOLVE (Terwilliger
and Berendzen, 1999). Two major sites and five minor sites were

Experimental Procedures detected, which is consistent with the anomalous difference Fourier
map. The SOLVE phases had a mean figure of merit of 0.54 to 1.9 Å.

Cloning and Expression An interpretable map was obtained after density modification with
NgR-LBD was produced using the baculovirus system in insect cells CNS (Brunger et al., 1998). The density-modified phases were then
(Baculogold-Pharmingen). We amplified and subcloned either the extended to the native data set, which gave a figure of merit of 0.92
human NgR full extracellular domains excluding the GPI linkage to 1.52 Å resolution.
(residues 26–446) or the coding sequence for the ligand binding
domain (LRRNT * LRR * LRRCT) of extracellular (residues 26–310) Model Building and Refinement
into the pAcGp67A secretion vector (Pharmingen); 7-histidine tags The electron density map was traced with ARP/wARP using the
were appended to the COOH termini. For large-scale expression of warp-Ntrace option. The main chain of 270 residues in the asymmet-
the protein, 2 l of Hi5 cells grown to a density of 1.5 + 106 cells per ric unit was automatically traced, and the side chain of 240 residues
milliliter in Insect-Xpress (BioWhittaker) in a shaking Fernbach flask could be unambiguously docked automatically. Completion of the
were infected with recombinant virus. Cultures were allowed to model was carried out manually with the program O (Jones et al.,
progress for 72 hr before the cells were pelleted out by centrifuga- 1991). The model was refined using CNS (Brunger et al., 1998).
tion; then, the supernatant was filtered and concentrated to 250 ml Maximum-likelihood simulated annealing using the CNS torsion
and exchanged into a buffer of HBS (HEPES Buffered Saline, 10 angle dynamics protocol was carried out. Throughout refinement,
mM HEPES [pH 7.2], 150 mM NaCl). The protein was captured by all reflection data were used without sigma-cutoff. Water molecules
Ni-NTA resin and then purified with gel filtration chromatography were automatically included with CNS and manually edited with
(Superdex-200). Both NgR-LBD and the full-length extracellular do- electron density maps. Repeated iterations between manual rebuild-
main were expressed as monomers, as suggested by the gel filtra- ing and minimization as well as B factor refinement finally resulted
tion analysis using molecular weight standard calibrated column. a model with converged R factor of 16.7% and Rfree of 19.8%. The

stereochemistry of the model was analyzed with PROCHECK
Neurite Outgrowth Assays (Laskowski et al., 1993). A summary of the refinement statistics is
Neurite outgrowth assays were performed as described previously given in Table 1.
(Wang et al., 2002a, 2002b). Briefly, P7–9 rat CGNs were dissected
and plated on poly-D-lysine (PDL), alkaline phosphatase (AP, 0.4

Structural and Sequence Analysis
!g/well), and Nogo-66 alkaline phosphatase fusion protein (AP-66,

Sequences were harvested from GenBank using PsiBLAST (Schaffer0.4 !g/well) with or without NgR (3 !g/well) substrates at a density
et al., 2001) and aligned using T-coffee (Notredame et al., 2000) andof 1 + 105 cells per well. Cells were cultured for 18 to 24 hr before
Clustal-X (Jeanmougin et al., 1998); phylogenetic trees derived usingbeing fixed with 4% paraformaldehyde and stained with a neuronal-
Neighbor-joining methods were drawn with Treeview (Page, 1996).specific anti-'-tubulin antibody (TuJ-1, Covance). Neurite lengths
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