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SUMMARY

Apolipoprotein E receptor 2 (ApoER2) and very-low-
density lipoprotein receptor, members of the low-
density lipoprotein receptor (LDLR) protein family,
function as neuronal receptors for a secreted glyco-
protein reelin during brain development. In both
receptors, the first LDLR class A (LA1) module is
sufficient to bind reelin. Analysis of a 2.6 Å crystal
structure of the reelin receptor-binding fragment in
complex with the LA1 of ApoER2 revealed that
Lys2467 of reelin is recognized by both a conserved
Trp residue and calcium-coordinating acidic resi-
dues from LA1, which together with Lys2360 plays
a critical role in the interaction. This ‘‘double-Lys’’
recognition mode is, in fact, shared among other
LDLR family proteins in ligand binding. The interface
between reelin and LA1 covers a small surface area
of �350 Å2 on each side, which ensures a stable
complex formation under physiological conditions.
An examination of structure-guided mutagenesis
on interface residues revealed key features of this
interaction.

INTRODUCTION

The low-density lipoprotein receptor (LDLR) family of proteins

comprises a class of cell-surface type I receptors that share

structural features with the endocytotic receptor LDLR. These

receptors play essential roles in the cellular uptake of various

extracellular ligands, as well as in cellular signaling events impli-

cated in the regulation of neuronal development and tissue

morphogenesis (Herz and Bock, 2002). Two closely related

members of this family, apolipoprotein E receptor 2 (ApoER2)

and very-low-density lipoprotein receptor (VLDLR), function as

receptors for a secreted glycoprotein reelin, which plays a critical

role in the formation of the mammalian six-layered neocortex

(Tissir and Goffinet, 2003). Reelin binding to the extracellular

region of ApoER2 or to VLDLR on neurons is believed to initiate

the cellular signaling response, resulting in Src family kinase (Src

and Fyn)-mediated tyrosine phosphorylation of disabled-1

(Dab1) protein, an intracellular adaptor protein associated with

the NPXY sequence in the cytoplasmic tails of ApoER2 and

VLDLR. In fact, mice with genetic deficiencies of reelin (Tissir
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and Goffinet, 2003), ApoER2 plus VLDLR (Trommsdorff et al.,

1999), Dab1 (Howell et al., 1997; Sheldon et al., 1997), or Src

plus Fyn (Kuo et al., 2005) all exhibit indistinguishable pheno-

types including ataxia, cortical layer inversion, and abnormal

neuronal positioning patterns. The extracellular regions of reelin

receptors consist of three types of protein modules that are

commonly present in LDLR family proteins: LDLR class A (LA),

epidermal growth factor (EGF), and YWTD b-propeller modules

(Kim et al., 1996; Sakai et al., 1994). The LA module is a small

protein module (�40 amino acids, usually occurring as a 3–8

concatenation) that has three disulfide bonds and a calcium-

binding site formed by highly conserved acidic amino acid resi-

dues (Blacklow, 2007). It has been reported that reelin receptors

recognize reelin protein through their LA modules (Koch et al.,

2002), whereas the exact roles played by the YWTD b-propeller

domain and EGF modules remain unknown. The reelin-binding

region within ApoER2 was initially mapped to the N-terminal

three modules (LA1–3) by Andersen et al. (2003), and then further

narrowed down to the first LA module (LA1) using deletion frag-

ments (Yasui et al., 2007). The exact location of the reelin-binding

site within the eight LA modules in VLDLR has yet to be reported.

Reelin protein consists of the following components: a signal

sequence, a region similar to F-spondin (F-spondin-like domain),

a unique region, and eight tandem repeats of 350–390 amino

acid residues termed ‘‘reelin repeat’’ (D’Arcangelo et al., 1995;

Ichihara et al., 2001). Each reelin repeat is comprised of a central

EGF module flanked by subrepeats A and B. Crystal structures

of the third repeat (R3) and the tandem R5-6 fragments

revealed that two subrepeats directly contact each other despite

intervention by the EGF motif, thereby resulting in a compact

horseshoe-like structure (Nogi et al., 2006; Yasui et al., 2007).

Each subrepeat assumes a b-jelly-roll fold generally known as

a carbohydrate-binding domain fold, where 11 b strands form

two antiparallel b sheets (Nogi et al., 2006).

Under physiological conditions, reelin is specifically cleaved at

two sites located between R2 and R3 and between R6 and R7 by

certain metalloprotease activity (Kohno et al., 2009; Lambert de

Rouvroit et al., 1999). The resultant central fragment of reelin

(R3–6) can bind to receptors and retains its biological activity

(Jossin et al., 2003, 2004). The physiological importance of the

R3–6 fragment was further highlighted by experiments using

cultured brain slices (Jossin et al., 2007).

Previously, we narrowed down the receptor-binding region to

the last half of R3–6 (i.e., R5-6) (Yasui et al., 2007). This fragment

showed direct binding to the LA module segment of receptors

and was capable of inducing the phosphorylation of Dab1 in

cultured neurons. Furthermore, a 2.0 Å resolution crystal
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Figure 1. Surface Plasmon Resonance Analysis of the Binding of LA

Module Fragments of ApoER2 to Reelin R5-6

Serially diluted LA module fragments (A, LA1; B, LA12; C, LA123) were made to

flow over a sensor chip immobilized with reelin R5-6 through Cys2101 to

obtain overlaid sensorgrams (inset). Equilibrium response values (generally

obtained within 2 min) were plotted against protein concentrations and fitted

to the equation described in the Experimental Procedures to calculate the

KD value. The concentration ranges were chosen so that they covered

�0.2 3 KD to 10 3 KD.
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structure of R5-6 enabled us to perform structure-guided muta-

tional analyses, leading to identification of the critical residues

(Lys2360 and Lys2467 located in R6) used for receptor binding

(Yasui et al., 2007).

In many cases, LDLR family proteins recognize their ligand

through their LA module region, which generally contains

multiple concatenated modules. To date, several crystal struc-

tures of the LA module fragments from LDLR family proteins in

complex with their ligand proteins have been reported (Fisher

et al., 2004; Rudenko et al., 2002; Verdaguer et al., 2004). In all

cases, specific Lys residues of ligand are recognized by LA

modules through a common mechanism whereby they are sur-

rounded by conserved aromatic residues and calcium-coordi-

nating acidic residues of LA modules (Fisher et al., 2004).

Thus, involvement of reelin lysine residues in receptor binding

strongly suggests that the reelin recognition carried out by the

receptors is accomplished via a mechanism similar to that

used by other LDLR family proteins (Yasui et al., 2007). In order

to understand the specific recognition mechanisms used by

reelin receptors at an atomic level, we determined the crystal

structure of a complex between reelin R5-6 and LA1 of ApoER2.

RESULTS

Recognition of Reelin by a Single LA Module Segment
within the Receptors
Previously, we reported that the LA1 module of ApoER2 is both

necessary and sufficient for binding to the R5-6 fragment of

reelin. It is possible, however, that neighboring modules (i.e.,

LA2 and/or LA3) also contribute favorably to the binding process,

as suggested by Andersen et al. (2003). We therefore prepared

recombinant ApoER2 LA1 module fragments with one or more

module extensions and compared their binding affinities toward

reelin R5-6 using surface plasmon resonance (SPR). As shown in

Figure 1, steady-state analysis of the binding isotherms reveals

that the two-module receptor fragment (LA12) has a 5-fold higher

affinity than LA1 (14 nM versus 73 nM). However, the affinity of

the three-module fragment (LA123) was 2-fold lower than

LA12, suggesting that the effect of the LA2/LA3 addition on the

affinity is of an indirect nature. We also performed isothermal

titration calorimetry analysis on the interaction of LA1 or LA12

with R5-6 (see Figure S1 available online). The affinity values

were roughly in the same range as that obtained with SPR, albeit

with a less pronounced difference between LA1 and LA12 (98 nM

for LA1 and 57 nM for LA12), thus running counter to the idea that

LA2 binds directly to R5-6. We next tried to determine the reelin-

binding region within the second reelin receptor VLDLR. In our

previous study, we showed that VLDLR shares the same binding

specificity with the primary receptor ApoER2 in that it requires

the R5-6 region of reelin, especially the Lys2467. Various

numbers of LA modules from human VLDLR (which contains

eight LA modules) were fused to human growth hormone

(hGH) and the resultant fusion proteins were evaluated for

binding to reelin R5-6 in pull-down assays using anti-hGH anti-

body beads. As shown in Figure 2A, any fragment containing

the first LA module, including that comprised of LA1 alone, could

bind R5-6, whereas those fragments lacking LA1 did not show

detectable binding. This result not only establishes that VLDLR

also uses the LA1 module located at the most N-terminal reach
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of their extracellular domain for reelin binding but also confirms

that no other LA modules are required for this interaction. We

evaluated the binding affinity of VLDLR LA1 to reelin R5-6 using
20–331, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 321



Figure 2. Determination of the Reelin-Binding Unit within VLDLR

(A) hGH fusion proteins containing various numbers of LA modules from

VLDLR were captured on anti-hGH antibody-immobilized beads and incu-

bated with culture supernatant containing a reelin R5-6-Myc fragment. Bound

R5-6 fragments were detected with anti-Myc antibody (top). The same

membrane was reprobed with anti-hGH antisera to confirm that similar

amounts of VLDLR fragments were immobilized (bottom). A hGH-ApoER2

LA237 fragment lacking critical LA1 was used as a negative control (lane 1).

(B) SPR analysis of the binding of VLDLR LA1 to reelin R5-6. Because of the

lower affinity of VLDLR, the concentration range used was higher than that

described in the legend to Figure 1.

Figure 3. Binding of RAP to LA Module Fragments of Reelin

Receptors

Interaction of GST-RAP fusion protein with various LA module fragments of

ApoER2 and VLDLR was analyzed by a pull-down binding assay using anti-

hGH beads. Each fragment was designated based on the presence of a partic-

ular LA module set. The total number of modules contained in the construct is

shown in parenthesis. Note that the ApoER2 does not contain LA4–6 because

it is the major variant found in the brain (Brandes et al., 2001). The arrowhead

indicates the position for the GST-RAP protein.
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SPR (Figure 2B) and isothermal titration calorimetry (Figure S1C)

and obtained KD values of 430 and 880 nM, respectively. There-

fore, there is an �6- to 9-fold difference in the reelin-binding

affinity of the core reelin-binding site (i.e., LA1) between ApoER2

and VLDLR. This is consistent with the affinity difference

between the two receptor classes reported by Andersen et al.

(2003) (see also Discussion section).

The requirement of only a single LA module for stable reelin

binding by LDLR family receptors has not been previously re-

ported and is in sharp contrast to other LA module-containing

receptors, where at least two consecutive LA modules are
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needed for high-affinity ligand binding (Andersen et al., 2000a,

2000b; Fisher et al., 2004). In order to confirm this difference,

we evaluated the ability of various LA module fragments from

two reelin receptors to bind the pan-LA module-binding protein,

receptor-associated protein (RAP), using the same pull-down

assay format. As shown in Figure 3, GST-RAP binding required

the presence of at least two LA modules on the receptor side,

and no binding was observed for receptor fragments with only

one LA module, including LA1. Finally, we checked whether

reelin R5-6 and the ApoER2 LA1 fragment form a stable complex

in solution by gel filtration. An excess amount of receptor frag-

ment was incubated with the ligand and subjected to gel filtration

chromatography in the presence of 2 mM CaCl2. As shown in

Figure 4, �5 kDa LA1 fragment was coeluted with 80 kDa R5-

6, suggesting that the ligand-receptor association was strong

enough to withstand spontaneous dissociation during the chro-

matographic run (�30 min). Taken together, reelin is very unique

among those protein ligands recognized by the LA module in that

it requires only a single module of select receptors.
Overall Structure of the Reelin R5-6/LA1 Complex
In order to unravel the structural basis underlying the unique

reelin-receptor interaction, we determined the crystal structure

of reelin R5-6 in complex with LA1 from ApoER2, using the

R5-6/LA1 complex purified on a gel filtration column described

above. Crystals of the complex were obtained in space group

P21 with one reelin:ApoER2 complex in the asymmetric unit.

The crystal structure was determined at 2.6 Å resolution by the

molecular replacement method using a receptor-unbound form

of the reelin R5-6 structure [Protein Data Bank (PDB) code

2E26] as a search model (Figure 5 and Table 1). In the complex,

ApoER2 LA1 is bound at the ‘‘bottom’’ of the subrepeat A of R6

near the interface with the R5, but makes no contacts with R5 or

subrepeat B of R6 (Figure 5A). The Lys2467 of reelin, determined

as the receptor-binding residue by site-directed mutagenesis

(Yasui et al., 2007), is indeed located at the interface (discussed

later).
hts reserved



Figure 4. Purification of the Reelin R5-6:ApoER2 LA1 Complex on

Gel Filtration Chromatography

(A) Reelin R5-6 C2101A fragment was mixed with an excess molar concentra-

tion of ApoER2 LA1 and applied to a Superdex 200 10/300 column equilibrated

with 20 mM Tris, 150 mM NaCl, and 2 mM CaCl2 (pH 7.5) at a flow rate of

0.5 ml/min. Positions for molecular weight standard proteins are indicated at

the top.

(B) SDS-PAGE analysis of the fractions of a gel filtration chromatography.

SDS-PAGE was performed on a 5%–20% gradient gel under non-reducing

condition. The proteins were visualized by Coomassie brilliant blue staining.
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ApoER2 LA1 in the complex assumed a typical LA module

structure with a disulfide-bonding pattern of 1-3, 2-5, 4-6

(Cys47-Cys59, Cys54-Cys72, Cys66-Cys81) and a calcium-

binding site. The calcium ion is coordinated by side chains

from four conserved acidic residues (Asp67, Asp71, Asp77,

and Glu78) and two backbone carbonyl groups (Trp64 and

Asp69) in octahedral geometry (Figure 6A). The structure of

R5-6 in the complex was essentially identical to that of free

R5-6 determined earlier, except for a few loop regions involved

in the crystal packing, showing 0.95 Å rmsd for Ca atoms (666

residues) after structural superposition (Figure 5B). This indi-

cates that no major conformational changes occur upon LA1

binding and that R5-6 behaves as a rigid unit during the interac-

tion despite the large size and the modular nature of the frag-

ment. Two zinc ions were previously found on the surface of

free R5-6 (Yasui et al., 2007). We have confirmed one of them

(bound to the surface of R6) to be present in the current complex.

Apparently, the occupancy of the zinc ion is very low, since it
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shows a very high temperature factor compared with other

components of the crystal (Table 1). Nevertheless, an electron

density peak was clearly observed in the anomalous difference

Fourier map calculated with data taken at zinc absorption peak

wavelength (data not shown). This zinc ion, however, was not

involved in the contact with LA1 in the crystal structure. Another

zinc ion found at a crystal-packing interface involving R5 was not

identified in the current complex structure, probably due to the

differences in crystal packing.

The Binding Interface: Reelin Side
The total amount of solvent-accessible surface area (ASA) of the

interface between R5-6 and LA1 in the complex is 696 Å2, which

is very small when compared to standard-sized physiological

protein-protein interfaces (1600 ± 400 Å2) (Lo Conte et al.,

1999). In fact, it is as small as the interfaces between the indi-

vidual LA module of LDLR and domain 3 of RAP (the interfaces

of RAP-LA3 and RAP-LA4 are 731 Å2 and 696 Å2, respectively)

(Figure 7). As described earlier, RAP-LDLR interaction requires

both interfaces (total of 1427 Å2), highlighting the unusual

stability of the reelin-LA1 interaction as mediated by such a small

interface. This strong association seems to stem from the pres-

ence of several hydrogen bonds and electrostatic interactions

across the interface, as well as the van der Waals (vdW) contacts

between hydrophobic residues from both sides. Significantly,

the reelin interface is particularly rich in hydrophobic residues,

compared to either of the RAP D3-LA interfaces (Figure 7). This

high proportion of hydrophobic surface area may be the basis

for the unusually stable association that exists here despite the

use of a very small interface.

From the reelin side, 12 residues are buried upon receptor

binding, with the top 6 contributing �90% of the interface

(Table S1). Strikingly, four loops harboring these residues

assume main-chain conformation nearly identical to that of free

reelin (Figure 5C). This suggests that the entropic cost incurred

upon complex formation is relatively low, possibly contributing

to the high affinity. We previously reported that reelin Lys2360

and Lys2467 constituted the receptor-binding site and were

essential for the induction of Dab1 phosphorylation when tested

in the primary culture of neurons (Yasui et al., 2007). The current

structure is in complete agreement with this observation.

Lys2467 is the most important residue in the interaction

(accounting for more than a quarter of the interface), using its

3-amino group to form salt bridges with carboxylates of two

calcium ion-coordinating acidic residues (Asp67 and Asp71)

and Asp69 in LA1. In addition, its aliphatic portion packs against

Trp64, making numerous vdW contacts. This Lys-recognition

mode is, in fact, identical to the ‘‘canonical’’ mode of interaction

proposed for other LA modules in ligand binding (Blacklow,

2007; Fisher et al., 2006). Lys2360 makes the second largest

contribution to the interface (Table S1), mainly through vdW

contacts (Figure 6A) and weak electrostatic interaction with

Asp 69 of LA1. It is remarkable that about half of the interface

is made up of just two Lys residues, with Lys2467 serving as

a ‘‘core’’ and Lys2360 as an ‘‘auxiliary’’ residue. A double-Lys/

Arg recognition mode, similar to that described above, was

noted in RAP-LDLR and hypothesized in apoE4-LDLR (Fisher

et al., 2006). In some of the LA module-ligand pair structures,

Arg, rather than Lys, functioned as the core basic residue from
20–331, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 323



Figure 5. Crystal Structure of the Reelin R5-6:ApoER2 LA1 Complex

(A) Overall structure of the reelin R5-6:ApoER2 LA1 complex. Reelin R5-6 and ApoER2 LA1 polypeptide chains are illustrated by a ribbon model (reelin R5 is

colored in green, reelin R6 in blue, and ApoER2 LA1 in red) with a translucent molecular surface. Disulfide bonds (yellow) and N-linked sugar chains (gray)

are shown as stick models. Ca2+ ions are shown as gold spheres. All structure images were prepared using PyMOL (http://www.pymol.org).

(B) Superposition of the reelin R5-6:ApoER2 LA1 complex and the unbound reelin R5-6. The reelin R5-6:ApoER2 LA1 complex is shown with reelin R5-6 in green

and ApoER2 LA1 in cyan. The receptor-free reelin R5-6 is shown in magenta.

(C) Close-up view of the region surrounding the binding interface. Lys2360 and Lys2467 are shown as stick models and labeled. Key interacting residues on the

LA1 of ApoER2 are also shown as stick models.
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the ligands (Blacklow, 2007; Royer et al., 2006). When Lys2467

of reelin was mutated to Arg, however, the mutant R5-6 fragment

could no longer bind to full-length ApoER2 (Figure 8A, lane 4).

This was probably caused by the clash of longer Arg residue at

the interface, since Lys2467 was inserted into the LA1 pocket

in a ‘‘head-on’’ fashion. In contrast, the Lys to Arg mutation

was tolerated at residue 2360, although the Ala mutation nearly

abolished the binding (Figure 8A, lanes 1 and 2). In this case,

longer Arg could be accommodated because the side chain

was pointing sideways (Figure 6A). Since the N3 atom of

Lys2360 was not in a hydrogen-bonding distance from any of the

carboxylate oxygens in the complex, the positive charge of the

auxiliary residue may be important in long-range electrostatic

attractions to the highly electronegative surface of LA1.

The Binding Interface: ApoER2 Side
At the receptor side of the interface, ten residues contribute to

the binding (Table S1). Two of them contribute less than 1%
324 Structure 18, 320–331, March 10, 2010 ª2010 Elsevier Ltd All rig
and are thus omitted from the following discussion. The most

prominent contribution to the ASA was from Trp64, which buried

a surprisingly large surface area (109 Å2), which is more than half

of the total surface area of a Trp residue (Miller et al., 1987). Apart

from the tripartite salt bridge described in the previous section,

we noted a hydrogen bond between N3 of Trp64 (LA1) and the

backbone carbonyl of Ile2356 (reelin), as well as a water-medi-

ated hydrogen bond network involving Asp67(Od1), Val63(O),

and Lys2360(N) (Figure 6B). In order to determine the contribu-

tion, residue-wise, to reelin recognition, interface residues (i.e.,

Asp50, Pro61, Val63, Trp64, Glu68, and Asp69) were substituted

with Ala or conservative amino acids and tested for binding to

R5-6. Asp67 and Asp71 could not be mutated as they were crit-

ically involved in calcium coordination, which is necessary for the

correct folding of the LA module (Blacklow and Kim, 1996). An

Ala substitution of Glu48, which lies far from the binding inter-

face, was also conducted to serve as a control. As expected,

the E48A mutant exhibited reelin-binding activity comparable
hts reserved
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Table 1. Data Collection and Refinement Statistics

Data Collection and Reduction

Space group P21

Unit cell dimensions a = 56.98 (Å)

b = 93.84 (Å)

c = 73.46 (Å)

b = 107.4 (�)

Resolution range (Å) 46.9–2.6 (2.74–2.60)

Observed reflections 81,857 (11,311)

Unique reflections 21,990 (3,213)

Completeness (%) 96.5 (99.5)

Redundancy 3.7 (3.5)

Rmerge (%) 7.4 (37.4)

<I/s(I) > 7.5 (1.8)

Refinement

Rwork (%) 22.3

Rfree (%)a 29.6

Non-H atoms 5,806

Protein 5,711

Water 19

Oligosaccharide 70

Ca2+ 5

Zn2+ 1

Rmsd from ideal values

Bond lengths (Å) 0.009

Bond angles (�) 1.23

Average B factors (Å2)

Reelin

R5A 58.17

R5E 57.13

R5B 58.39

R6A 57.63

R6E 57.38

R6B 57.80

ApoER2

LA1 56.98

Modifications

Oligosaccharide 53.67

Ions and Solvents

Ca2+ 54.61

Zn2+ 118.94

Water 49.59
a Rfree is the R factor for 5% of the reflections excluded from the

refinement.
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with that of wild-type LA1 (Figure 8B, lane 1). In contrast, the

mutation of Trp64 was not tolerated even with the mildly conser-

vative substitution with His (Figure 8B, lane 5), confirming its

central role in the recognition process. An Ala substitution of

Val63, which provided the second largest ASA to the interface,

yielded a somewhat unexpected result. The binding was signifi-

cantly reduced but still present (Figure 8B, lane 4), despite the
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elimination of two methyl groups making direct contact with

the reelin residues. In contrast, the mutation of Pro61, which

contributed only moderately to the interface, abolished the

binding (lane 3), indicating its critical requirement vis-à-vis reelin

recognition.

We predicted that the contribution of Asp50 to reelin binding

was limited for the following reasons: it is located outside the

main interface (comprised of other seven residues); it has no

partners for strong electrostatic interaction; and it does not

make direct contact with reelin. Despite our prediction, the

D50A mutant exhibited decreased reelin-binding activity

(Figure 8B, lane 2), similar to the level of the V63A mutant.

Conversely, the negative charge of Glu68, which had seemed

important due to its relatively close proximity to Lys2360

(Figure 6A), turned out to be dispensable, since the charge-

neutralizing E68Q mutant exhibited normal binding to reelin

(Figure 8B, lane 6). The mutation of Asp69 to Asn has already

been shown to abolish reelin binding in full-length ApoER2 (An-

dersen et al., 2003). We confirmed this in our own binding assay

using LA1 and R5-6 fragments (Figure 8B, lane 7). Furthermore,

we found that the Glu substitution of the same residue did not

affect binding activity (Figure 8B, lane 8), suggesting that the

negative charge at this position was critical for ensuing the

activity. The presence of acidic amino acid at the corresponding

position had been suggested as a ‘‘fingerprint’’ for the ligand-

binding activity of LA modules (Andersen et al., 2003). As the

side chain of this residue was sandwiched between the ‘‘double

Lys’’ both in our structure (Figure 6B) and in the RAP-LA complex

structure, this negative charge may play a key role in stabilizing

the ligand-LA complex by bridging these two basic residues.

Comparison between Reelin-Binding and Nonbinding
LA Modules
The mutational analyses of ApoER2 LA1 described above indi-

cate that seven out of eight interface residues are required for

reelin recognition, with two (Asp67 and Asp71) remaining invari-

able as Ca2+-coordinating residues, three [Pro61, Trp64, and

Asp (or Glu) 69] proving indispensable, and two (Asp50 and

Val63) being dispensable but strongly favored to warrant high

affinity. We can easily explain why LDLR, which is highly homol-

ogous to ApoER2, does not bind reelin since its LA1 lacks the

critical acidic residue corresponding to Asp69 (Figure 6C).

However, LA1 of VLDLR, the only module that has a reelin-

binding capacity other than ApoER2 LA1, shows some disparity

from the above pattern (Asp50/Ser, Pro61/Thr, Val63/Leu).

Furthermore, a sequence alignment of different LA modules

readily identifies several LA modules that partially fulfill the

requirement (Figure 6C), yet exhibit no reelin-binding capacity

of their own. When one such LA module (LA4 of LDLR) was en-

gineered to emulate the ‘‘complete reelin interface’’ by grafting

the interface residues found in ApoER2, it failed to exhibit any

reeling-binding activity (Figure S2). We have therefore concluded

that reelin-binding specificity cannot be conferred simply by

emulating the interface of the final complex.

DISCUSSION

The LDL receptor protein family, which now includes nine

members, binds many ligands including protease-protease
20–331, March 10, 2010 ª2010 Elsevier Ltd All rights reserved 325



Figure 6. The Reelin-ApoER2 Interface

(A and B) Two different views of the reelin-receptor interface. Reelin R5-6 and ApoER2 LA1 are shown in cyan and magenta, respectively, and Ca2+ ion bound to

ApoER2 LA1 as a gold sphere. Key interacting residues are shown as stick models and labeled. Hydrogen bonds and the Ca2+ coordination are indicated by black

and red dashed lines, respectively. Water molecule is shown as green sphere.

(C) Sequence alignment of LA modules from human ApoER2, human VLDLR, and human LDLR. Acidic residues, basic residues, and conserved six Cys residues

that formed disulfide bonds are highlighted in red, blue, and gray, respectively. Positions for the eight interface residues in ApoER2 LA1 described in the text are

denoted by asterisks above the alignment. LA4 through LA6 of ApoER2 are missing in the major variant expressed in the brain and were thus excluded from the

alignment (Brandes et al., 2001).
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inhibitor complexes, viruses, signaling molecules, and lipopro-

tein particles (Nykjaer and Willnow, 2002; Strickland et al.,

2002; Willnow et al., 2007). Most of the ligands associated with

the LDLR family proteins are recognized by a small structural
326 Structure 18, 320–331, March 10, 2010 ª2010 Elsevier Ltd All rig
unit called the LA module that appears as a cluster within the

receptor ectodomain. Previous studies have suggested that LA

modules generally have the potential to recognize a Lys residue

by using a set of conserved residues (Fisher et al., 2006;
Figure 7. Surface Chemical Properties of LA

Module Ligands

Molecular surfaces for reelin R6 (A) and RAP-D3 (B and C)

are shaded according to the residue type (red, acidic;

blue, basic; yellow, hydrophobic; white, neutral). Interface

areas buried upon receptor binding are indicated by

broken lines. Primary and auxiliary Lys residues in each

interface are labeled by bold and regular type, respec-

tively.
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Figure 8. Mutational Analyses of the Interaction between Reelin and

ApoER2

(A) The binding of R5-6 mutants with C-terminal Myc+His tag to full-length

ApoER2/hGH fusion protein was analyzed with a solid-phase binding assay

followed by western blotting using an anti-Myc antibody (top). The same

culture supernatants containing R5-6/Myc-His were precipitated with Ni-NTA

agarose to compare the expression level among the mutants (bottom). The

arrowheads indicate the position for reelin R5-6 protein.

(B) The binding of the R5-6/MycHis fragment to various hGH-ApoER2 LA1

mutants was analyzed by a solid-phase binding assay. Bound reelin R5-6-

Myc fragments were detected by western blotting using an anti-Myc antibody

(top). The same membrane was reprobed with anti-hGH antisera to compare

the expression level of hGH-ApoER2 LA1 mutants (bottom).
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Rudenko et al., 2002; Verdaguer et al., 2004). This is in perfect

accordance with the promiscuous nature of LA module-contain-

ing receptors and explains why multiple LA modules need to be

present, since such recognition would not bear meaningful spec-

ificity and affinity unless presented in multiple fashion to achieve

avidity. Among�40 residues that make up an LA module, 10 are

invariant because they are involved in Ca2+ coordination and

disulfide bonds, while many other positions are also highly

conserved due to the structural requirements of a small domain

(Figure 6C), making variations in this module very limited. In other

words, the LA module is not an ideal structural scaffold to create

a highly specific binding domain.
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For those receptors whose primary function is to bind a group

of substances for cellular uptake, such promiscuous ligand-

binding specificity is not only acceptable but even desirable.

For signaling receptors, however, the ability to recognize ligands

in a very strict fashion is critical in order to ensure that cells

receive signals at the right timing and at the right place. There-

fore, reelin receptors must have acquired additional features to

ensure this specific recognition of their biological ligand, for

example, by increasing the size of the interaction interface.

Yet contrary to such an expectation, the data presented here

reveals that reelin receptors use unusually small surface areas

for recognition. Through mutational analysis we confirmed that

most residues at the interface are indeed critically involved in

the binding process. However, reelin recognition specificity

could not be translated into a simple consensus amino acid

motif. Indeed, even the complete ‘‘grafting’’ of the reelin-binding

interface onto a non-binding LA module failed to confer any

reelin-binding ability (Figure S2B, lane 2). It is likely that non-

interface residues of LA1 contribute to the binding event, which

underscores the difficulties involved in predicting the physiolog-

ical protein-protein binding interface even from a three-dimen-

sional structure, particularly when these interactions use small

interface areas.

Previous mutational analyses have demonstrated that

Lys2360 and Lys2467 within the sixth reelin repeat are critical

for receptor binding and cellular signaling (Yasui et al., 2007).

Analysis of the crystal structure revealed that they indeed consti-

tute a major part of the binding interface and that Asp69 of

ApoER2 plays a critical role in bridging the two Lys residues

through its negatively charged side chain (Figure 6A). It is

noteworthy that Asp69 within ApoER2 LA1 corresponds to

the fingerprint acidic residue described by Andersen et al.

(2000a, 2000b, 2001a, 2001b, 2003) as being critical for ligand

binding. This double-Lys recognition mode has also been found

in other ligand-LA module complexes. In the complex between

LDLR and RAP-D3, Lys253 and Lys256 of RAP-D3 are recog-

nized by LA4, while Lys270 and Lys289 are recognized by LA3

(Fisher et al., 2006) (Figure 7). It was also pointed out by Fisher

et al. (2006) that Lys143 and Lys 146 of the ApoE4 receptor-

binding domain may be involved in the recognition carried out

by LA modules of LDLR (Fisher et al., 2006). Two Lys residues

in a receptor-binding domain of a2-macroglobulin have also

been implicated in the binding to LA modules of LRP (Nielsen

et al., 1996). These observations strongly suggest that the recog-

nition of a primary residue and an auxiliary Lys residue, via an

aromatic residue and a bridging fingerprint acidic residue, is

the general mode of binding shared among members of the

LDLR protein family. In general, Lys-mediated binding is not ex-

pected to bear high-affinity outcomes since immobilization of

a highly flexible Lys side chain entails a high entropy cost (Dere-

wenda and Vekilov, 2006). Consequently, the ligand-binding

ability of a single LA module is generally low, as exemplified

by the LA-RAP interaction (Figure 3). In contrast, reelin-LA1

complex has reasonably high affinity. This uniquely strong inter-

action can be reconciled by the predominantly hydrophobic

nature of the reelin-LA1 interface, in contrast to the mainly hydro-

philic/electrostatic nature of RAP-LA interfaces (Figure 7).

Another unique feature of the reelin-LA1 interface is the periph-

eral location of the primary Lys residue, in sharp contrast to
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the RAP-LA interfaces where the primary Lys occupies the

‘‘bull’s-eye’’ position (Figure 7). This peripheral location may

minimize the high immobilization entropy cost of the Lys upon

the onset of complex formation.

We show that there is an�6- to 9-fold difference in the binding

affinity between ApoER2 LA1 and VLDLR LA1 (Figures 1A and

2B; Figures S1A and S1C). This difference is consistent with

what Andersen et al. (2003) have reported using full-length

receptor ectodomain fragments (0.2 nM for ApoER2 and

1.2 nM for VLDLR), except that the affinity values were

�400-fold lower. This discrepancy can at least partly be ex-

plained by the fact that Andersen et al. (2003) used partially puri-

fied full-length reelin protein that exists as multimers, in sharp

contrast to the monomeric R5-6 fragment used in this study. It

is also possible that domains other than the R5-6 segment of

reelin [such as R3-4, which is also present in the R3–6 fragment

found in tissues (Jossin et al., 2007)] have some weak affinity

for ApoER2, thereby enhancing the overall affinity. Another

important possibility is that EGF modules and/or the YWTD b-

propeller domains of reelin receptors may have a weak affinity

for reelin. Interestingly, we found that the dissociation rate of

full-length ApoER2 ectodomain (ApoER2 ECD4–6) from the

monomeric R5-6 fragment was slower than the LA123 (Fig-

ure S3), even though none of the domains outside LA1

possessed detectable binding affinity (Yasui et al., 2007). We

have concluded that the LA1 module is used by both receptors

as the primary reelin-docking machinery, although the observed

subnanomolar physiological affinity may stem from the multi-

meric nature of reelin and the indirect contribution of auxiliary

modules outside LA1/R5-6.

Another unique feature of reelin/LA1 interaction is the lack of

His residues near the interface. As RAP functions as an escort

protein for LA module-containing receptors during the biosyn-

thesis (Bu et al., 1995), it must be dissociated to allow maturation

and the correct transport of the receptors. It has been postulated

that the presence of multiple partially buried His residues in the

RAP-D3 act as the pH sensor and facilitate dissociation of the

RAP-receptor complex at the Golgi’s acidic pH (i.e., <6.5) by de-

stabilizing the D3 (Lee et al., 2006). In reelin R6, the closest His

residue is more than 15 Å away from the interface and

completely solvent exposed, making it difficult to affect the asso-

ciation/dissociation kinetics either directly or indirectly. In fact,

interaction between reelin R5-6 and ApoER2 was unchanged

at pH 7.5 and 6.0 (data not shown).

It is noteworthy that both ApoER2 and VLDLR recognize reelin

using their extreme N-terminal LA module. Reelin is a gigantic

glycoprotein with 3461 amino acids and is known to exist as di-

sulfide-linked oligomers in the brain (Kubo et al., 2002; Utsuno-

miya-Tate et al., 2000). Recognition of such a bulky ligand using

the extracellular ‘‘tip’’ of the receptors seems appropriate

considering the steric impedance involved. In addition, the loca-

tion of a reelin-binding site at this N terminus may also affect the

intracellular fate of the reelin/receptor complex for the following

reason. Examination of the crystal structure of the full-length

LDLR ectodomain at pH 5.3 revealed intramolecular docking of

the LA4-5 segment, mediated by protonated His residues, onto

the b-propeller domain (Rudenko et al., 2002), leading to the

hypothesis that the internal ligand (i.e., b-propeller) replaces

the bound ligand, facilitating ligand release at an endosomal
328 Structure 18, 320–331, March 10, 2010 ª2010 Elsevier Ltd All rig
pH (Beglova et al., 2004). This same pH-dependent internal

docking mechanism is likely to operate in the reelin receptors

ApoER2 and VLDLR since they share the same domain arrange-

ment with LDLR. In this scenario, however, the N-terminal LA

module (i.e., LA1) would not compete with the b-propeller

domain, resulting in sustained reelin binding at a moderately

acidic endosomal pH. Together with the absence of the His-

switch mechanism described above, this may lead to the more

distant transport of reelin along the endocytic pathway

compared to the typical lipoprotein ligands following cellular

internalization. It is tempting to speculate that the intracellular

events involving reelin that occur long after the ligand binding

and internalization may constitute the important part of the

reelin-signaling pathway that ultimately changes the migration

behavior of the neurons.
EXPERIMENTAL PROCEDURES

Construction of Expression Vectors

The expression construct for the reelin R5-6 fragment containing the signal

sequence of mouse nidogen-1 at the N terminus, as well as a tobacco etch

virus (TEV) protease cleavage site, followed by a Myc tag and octahistidines

at the C terminus, was carried out as previously described (Nogi et al.,

2006). Cys2101 was mutated to Ala using QuickChange strategy (Stratagene).

LA module segments of VLDLR and LDLR were amplified from the respective

cDNAs (gifts from T. Yamamoto, Tohoku University) (Sakai et al., 1994; Yama-

moto et al., 1984) and fused to the C terminus of hGH minigene using

a pSGHV0 vector (Leahy et al., 2000). The residue numbers for each of the

VLDLR fragments were as follows: LA1–8, 28–358; LA1234, 28–190; LA12.

28–110; LA1, 28–69; LA2, 70–110 (amino acid numbering is from the precursor

polypeptide sequence). The LDLR LA4 fragment encoded Pro143-Cys182.

hGH fusion constructs containing various length of ApoER2 (e.g.,

hGH-ApoER2 LA1) were generated as described previously (Yasui et al.,

2007). The amino acid substitution mutations were introduced into the expres-

sion vectors by using QuickChange strategy (Stratagene). To construct

expression plasmids for the glutathione-S-transferase (GST)-fused LA module

fragments (pGEX-HT-ApoER2 LA1, pGEX-HT-ApoER2 LA12, pGEX-HT-

ApoER2 LA123, and pGEX-HT-VLDLR LA1), DNA fragments corresponding

to the reelin receptors were cloned into pGEX-HT, a modified version of

pGEX-3T (GE Healthcare) that contains an octahistidine and a TEV protease

cleavage site upstream of the cloning site. For GST-RAP, a DNA fragment

spanning amino acid residue Tyr35-Leu357 of the mouse RAP sequence

flanked by BamHI and EcoRI was amplified by PCR from mouse RAP cDNA

(a gift from G. Bu, Washington University School of Medicine) (Bu et al.,

1995) using the following primer set: 50-CGGGATCCTACTCGCGGGAGAAG

AAC-30 (forward) and 50-CGGAATTCTCAGAGTTCGTTGTGCCG-30 (reverse).

The amplified DNA fragment was cloned into the BamHI-EcoRI site of

pGEX-HT. All constructs were verified by DNA sequencing.

Protein Expression and Purification

For stable expression of reelin R5-6 C2101A, Chinese hamster ovary

lec.3.2.8.1 cells (Stanley, 1989) were transfected with expression plasmid as

described previously (Nogi et al., 2006). Briefly, transfected cells were plated

in 96-well plates and selected for resistance against 1.5 mg/ml G418 (Nakalai

Tesuque). The clone with the highest secreted levels of the reelin R5-6 C2101A

fragment was cultured in roller bottle (CORNING). The reelin R5-6 C2101A

fragment was purified from culture supernatants by ammonium sulfate precip-

itation and Ni-NTA agarose chromatography. Further purification was carried

out by gel filtration chromatography and anion-exchange chromatography on

MonoQ 5/50GL (GE Healthcare).

LA module fragments of ApoER2 (LA1, LA12, and LA123) and VLDLR (LA1)

were expressed as GST fusion proteins in E. coli BL21 (DE3). Protein expres-

sion was induced by the addition of 0.5 mM isopropyl-b-D-thiogalactopyrano-

side. Cells were cultured for 4 hr at 37�C, harvested by centrifugation, resus-

pended in 10 mM Tris (pH 8.0), 300 mM NaCl, and 10 mM imidazole, and lysed
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by sonication. After removing the cell debris by centrifugation, the supernatant

containing the fusion proteins were collected and then applied on a Ni-NTA

agarose column (QIAGEN). After washing the column with 20 mM imidazole,

300 mM NaCl, and 20 mM Tris (pH 8.0), proteins were eluted with 250 mM

imidazole, 300 mM NaCl, and 20 mM Tris (pH 8.0). The fusion proteins were

treated with His-tagged TEV protease to release the GST plus the octahistidine

tag. TEV protease and GST-octahistidine were then removed by the second

Ni-NTA agarose chromatography and flow through fraction was collected.

LA module fragments were refolded by dialysis at 4�C against 50 mM Tris

(pH 8.0), 10 mM CaCl2, 2 mM L-cysteine, and 0.5 mM L-cystine according to

the protocol described by Fisher et al. (2004). Refolded LA module fragments

were further purified on a MonoQ 5/50GL anion-exchange column. The

column was equilibrated with 20 mM Tris (pH 8.0) and 2 mM CaCl2 and elution

was performed by a linear gradient from 0 to 1 M NaCl over a 20-column

volume at a flow rate of 2 ml/min. The fractions containing refolded proteins

were pooled and concentrated using an ultrafiltration. Refolded LA module

fragments were analyzed by SDS-PAGE under non-reducing and reducing

conditions as a validation of native folding and disulfide bond formation (Bajari

et al., 2005). Protein concentration of LA modules were determined using

extinction coefficients (3280, M�1cm�1) estimated according to the method of

Gill and von Hippel (1989).

To purify the reelin R5-6 C2101A in a complex with ApoER2 LA1, R5-6 frag-

ments were mixed with LA1 (5-fold molar excess) and applied to gel filtration

chromatography using a Superdex200 10/300 GL column. The fractions con-

taining reelin R5-6 and ApoER2 LA1 were pooled and then concentrated to

11 mg/ml in a buffer containing 150 mM NaCl, 2 mM CaCl2, and 20 mM Tris

(pH 7.5) using Ultrafree (MWCO 3,000) (Millipore).

Crystallization, Data Collection, and Structural Determination

Initial crystallization conditions were found by screening using the Precipitant

Synergy67 Kit (Emerald BioSystems) (Majeed et al., 2003) and the hanging

drop vapor-diffusion method. Crystals with different morphologies appeared

under various conditions. Finally, diffraction-quality plate-like crystals were

obtained through vapor diffusion at 20�C in hanging drops containing equal

volume of protein and the well solution containing 21%–25% PEG1000,

12.5%–15% 2 MPD, and 100 mM HEPES (pH 7.5) after 5 days.

Before data collection, crystals were cryoprotected with 36%–38% MPD,

21%–25% PEG1000, and 100 mM HEPES (pH 7.5) and flash-frozen in liquid

nitrogen. Diffraction data were collected at beamline BL44-XU of SPring-8.

Data sets were processed with HKL2000 (Otwinowski and Minor, 1997). The

structure of the reelin R5-6:ApoER2 LA1 complex was determined at 2.6 Å

by the molecular replacement method using the atomic coordinates of reelin

R5-6 (PDB code 2E26) as a search model. The program MOLREP (Vagin

and Teplyakov, 1997) located one R5-6 molecule in the asymmetric unit.

The ApoER2 LA1 model was manually built against a weighted Fo–Fc electron

density map following molecular replacement. Manual model fitting was per-

formed using Coot (Emsley and Cowtan, 2004), followed by refinement with

REFMAC5 (Murshudov et al., 1997). In the final stage of model building, trans-

lation/libration/screw parameters were included in the refinement. Several

rounds of model fitting and refinement resulted in an R factor of 22.3% and

a free R factor of 29.6%. The quality of the final model was validated using

MolProbity (Lovell et al., 2003). 93.80% of the residues were in the favored

regions of the Ramachandran plot, while 0.56% (Asn-2272, Gly-2320, Ala-

2385, and Pro-2417) were assigned as outliers. Data collection and refinement

statistics are summarized in Table 1. The binding of the zinc ion on the R6

surface was confirmed by calculating the anomalous difference Fourier map

with the diffraction data set collected near the absorption edge of zinc. Data

collection for zinc identification was performed at Photon Factory BL-17A.

Solid-Phase Binding Assay

A solid-phase binding assay to evaluate the binding of reelin to the hGH fusion

proteins of its receptors was carried out as previously described (Nogi et al.,

2006). To analyze the RAP-receptor interactions, E. coli lysate containing the

GST-RAP fusion protein (100 ml) was mixed with 400 ml of TBS and incubated

with 10 ml of receptor-captured beads, followed by incubation at 4�C for 1 hr.

After washing, proteins retained on the beads were eluted by adding

23 SDS-PAGE sample buffer, separated by SDS-PAGE, and then stained

with Coomassie brilliant blue.
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Surface Plasmon Resonance Analysis

SPR analysis was carried out with a Biacore2000 instrument (GE Healthcare)

as previously described with slight modifications (Yasui et al., 2007). Wild-

type reelin R5-6 fragment, which retained intact Cys2101, was biotinylated

with PEO-Maleimide-activated biotin (Thermo Scientific) as previously

described (Yasui et al., 2007). Biotinylated R5-6 was allowed to flow onto

a streptavidin-coated sensor chip at a concentration of 30 mg/ml, resulting in

the immobilization of �1500 RU of ligand. Sensorgrams were collected after

infusing various concentrations of LA module fragments analyte in 20 mM

Tris (pH 7.5), 150 mM NaCl, 2 mM CaCl2, and 0.005% Tween20 at a flow

rate of 10 ml/min. The surface was regenerated by a pulse infusion of 20 mM

Tris (pH 7.5), 20 mM EDTA, and 1 M NaCl after each run, which did not dete-

riorate the binding capacity of the immobilized ligand. Values for the apparent

dissociation constants (KD) were calculated from equilibrium binding data at

six protein concentrations differing by 2-fold in the range of 4.88 nM to

625 nM for ApoER2 LA1, 2.44 nM to 312.5 nM for ApoER2 LA12 and LA123,

and 39 nM to 5 mM for VLDLR LA1, respectively. Data were directly fitted

using the following equation by least square method: Req = KA 3 C 3 Rmax/

(1 + KA 3 C), where Req is the response at equilibrium corrected for bulk

refractive index errors using a mock-coupled flow cell blocked with ethanol-

amine, C is the analyte (i.e., LA module fragment) concentration, and KA is

the association constant.
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