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Structural basis for ligand capture and release by
the endocytic receptor ApoER2
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Abstract

Apolipoprotein E receptor 2 (ApoER2) is a close homologue of low-
density lipoprotein receptor (LDLR) that mediates the endocytosis
of ligands, including LDL particles. LDLR family members have been
presumed to explore a large conformational space to capture
ligands in the extended conformation at the cell surface. Ligands
are subsequently released through a pH-titrated structural transi-
tion to a self-docked, contracted-closed conformation. In addition
to lipoprotein uptake, ApoER2 is implicated in signal transduction
during brain development through capture of the extracellular
protein reelin. From crystallographic analysis, we determine that
the full-length ApoER2 ectodomain adopts an intermediate
contracted-open conformation when complexed with the signal-
ing-competent reelin fragment, and we identify a previously unap-
preciated auxiliary low-affinity binding interface. Based on
mutational analyses, we propose that the pH shift during endo-
cytosis weakens the affinity of the auxiliary interface and destabi-
lizes the ligand–receptor complex. Furthermore, this study
elucidates that the contracted-open conformation of ligand-bound
ApoER2 at neutral pH resembles the contracted-closed conforma-
tion of ligand-unbound LDLR at acidic pH in a manner suggestive
of being primed for ligand release even prior to internalization.
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Introduction

Low-density lipoprotein receptor (LDLR) binds LDL particles at the

cell surface, and the complex internalizes through endocytosis [1].

After internalization, the LDL particles dissociate from LDLR in the

early endosome and are delivered to the lysosome where they are

degraded. Meanwhile, LDLR is recycled back to the cell surface for

further uptake of LDL. Since LDLR plays a pivotal role in the clear-

ance of LDL from blood plasma, deletion or defects of LDLR increase

LDL levels, causing familial hypercholesterolemia (FH) [2,3]. LDLR

is a type I membrane protein, and its ectodomain contains an N-

terminal tandem repeat of seven LDLR type-A (LA1–7) modules

followed by an epidermal growth factor precursor homology

(EGFPH) domain [4,5]. The EGFPH domain consists of two EGF-like

modules (EGF-A and EGF-B), a YWTD b-propeller [6,7], and an

additional EGF-like module (EGF-C). Each ~40 amino acid residue

LA module generally assumes a compact disulfide-knotted structure

containing a Ca2+-coordinated acidic residue cluster and an

aromatic residue, constituting a putative ligand-binding site [8–14].

Although the LA modules always occur as a set of multiple repeats

in LDLR and its homologues, ligand recognition is often mediated

by particular subset of the module repeat segment [15]. Several

crystal structures of the LA module from LDLR family members have

been determined in complex with non-LDL ligands, such as receptor-

associated protein (RAP) and virus coat protein [16,17], conforming

to a canonical ligand recognition mode: LA modules commonly

accommodate a Lys side chain of the ligand into a pocket surrounded

by the conserved acidic cluster and the aromatic residue. LA modules

presumably recognize LDL and other lipoproteins through a similar

mechanism given that the major components of lipoproteins, apoB

and apoE, have an abundance of basic residues [16,18].

Dissection of this potential mechanism requires a structure-

based understanding of the interaction between LDLR and its

ligands at the cell surface. A moderate-resolution structure of the

full-length LDLR ectodomain has been previously determined by

X-ray crystallography [19]. The structure showed a hairpin-like

self-docked conformation, in which linearly arranged LA1–7

modules are contracted by EGF modules and cover the top face

of the YWTD b-propeller domain. Since the ectodomain was crys-

tallized under slightly acidic conditions at pH 5.3, this conforma-

tion was thought to reflect the binding-inactive state of the

receptor (hereafter defined as a contracted-closed conformation)

in the endosomal compartment. The structure of the same LDLR

ectodomain has also been determined in complex with protein
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convertase subtilisin/kexin type 9 (PCSK9) under neutral condi-

tions of pH 7.0 [20]. PCSK9 is known to serve as a regulatory

protein of LDLR to promote its degradation [21,22]. In contrast to

the contracted-closed LDLR structure under acidic conditions, the

LDLR ectodomain bound by PCSK9 exhibited an extended confor-

mation. Because the LA modules are liberated from the YWTD

domain due to a swing motion of EGF modules at neutral pH in

this extended, or extended-open, conformation, it has been

presumed that the ectodomain becomes more flexible to explore a

large conformational space and capture its binding partners. The

structural analysis raised the possibility that PCSK9, unlike other

LDLR ligands, binds with the EGF-A module of LDLR to prevent

EGF modules from arranging as observed in the contracted-closed

conformation [20]. The detailed molecular mechanism of the

ligand release, however, still remains elusive, as no physiological

ligand-complex structures are available for the entire ectodomain

of LDLR or for its closely related homologues. Unfortunately,

crystallization of the LDLR:LDL complex for structural analysis is

expected to be extremely difficult due to the fact that the chemi-

cal composition of the LDL particle is inhomogeneous. Structural

analysis of LDL bound to LDLR by cryo-electron microscopy has

suggested that the YWTD domain interacts with LDL, but the

conformation of the entire ectodomain remains unresolved [23].

Invoked by the dilemma described above, we hypothesized

that an informative model of LDLR function could be developed

by determining a functionally relevant structure of an LDLR

family member in a ligand-bound complex that is more amenable

to crystallographic analyses. Among the variety of LDLR family

members, apolipoprotein E receptor 2 (ApoER2) shows significant

similarities to LDLR in both domain organization and function

[24,25]. The ectodomain of ApoER2 consists of the same set of

structural modules in the same order as LDLR although splicing

variants containing different numbers of the LA repeats in the

ligand-binding domain are identified for ApoER2 [26,27]. More-

over, ApoER2 mediates the uptake of apoE-containing lipoproteins

via endocytosis [27]. In addition to lipoprotein uptake, ApoER2

binds the extracellular protein reelin to mediate the signal trans-

duction that regulates cortical layer formation during brain devel-

opment [28]. Reelin is a gigantic glycoprotein that contains a

characteristic concatenation of eight repeats termed “reelin

repeats” [29]. It has been established that the fifth and sixth

reelin repeats (R56) comprise the signaling-competent fragment

and interact with ApoER2 primarily using the first LA module

(LA1) [30]. X-ray crystallographic analysis demonstrated that LA1

of ApoER2 captures a Lys residue on reelin with a conserved

acidic–aromatic pocket [31], indicating that reelin is recognized

by ApoER2 via the canonical ligand-binding mechanism of the

LDLR family. Hence, we chose the ApoER2–reelin pair as a model

to explore the structural mechanism of ligand recognition by the

LDLR family members.

In this study, we determined the crystal structure of the ApoER2

ectodomain in complex with the reelin R56 fragment and found that

the receptor assumes a contracted-open conformation by engaging

the ligand through multiple binding interfaces. The resulting struc-

ture, combined with surface plasmon resonance analysis under

neutral and acidic pH, provides important clues for understanding

the mechanism by which LDLR family members release ligands in

the endosomal compartment.

Results

Quantitative binding analysis between ApoER2 ectodomain and
reelin R56

To quantify the affinity of the ApoER2 and reelin R56 binding

interaction, we first performed surface plasmon resonance (SPR)

analysis using the entire ectodomain fragment of the human

ApoER2 splicing variant lacking LA4-6. It is known that this

ApoER2 variant is expressed in human brain tissue [32] and that

the same variant serves as the receptor for reelin in mouse

[33,34]. The ApoER2 ectodomain (ApoER2 ECD) fragment was

immobilized on the sensor chip, and the reelin R56 fragment was

injected over the sensor chip surface. The dissociation constant

between ApoER2 ECD and reelin R56 was estimated to be

1.2 × 10�8 M at pH 7.5 by steady-state analysis (Fig 1A, Table 1).

In addition, SPR measurements performed at pH 5.5 resulted in a

drastic increase in the dissociation constant (Fig 1B, Table 1).

Our results indicate that the binding affinity of the reelin R56

fragment for ApoER2 decreases after endocytosis, similarly to that

of the LDL particle for LDLR. In our previous work, we

performed an analogous experiment using only the LA1 module

of ApoER2. There we found the dissociation constant between

LA1 and reelin R56 at neutral pH to be 7.3 × 10�8 M, a fivefold

in comparison with the full-length ApoER2 ECD in this work. It

was also observed that R56 dissociates from the full-length

ApoER2 ECD relatively slowly compared with the partial frag-

ments, as was consistent with our preliminary analysis [30]. As

shown in Fig 1A, the response curve of the ApoER2 ECD–R56

interaction in the present analysis drops gradually after the end

of injection. In contrast, it has been observed in our previous

work that the curve drops almost directly to baseline in case of

the partial fragments including the LA1 fragment [31]. We there-

fore expected that the ApoER2 ECD possesses auxiliary low-affi-

nity binding interfaces except for LA1, which would contribute to

the stabilization of the ligand complex.

Figure 1. Steady-state analysis of SPR data #1: Estimation of dissociation constants and exploration of binding interfaces.

A, B Estimation of dissociation constants at (A) pH 7.5 and (B) pH 5.5. A representative result from triplicate SPR measurements is plotted for each condition. To obtain
overlaid sensorgrams, serially diluted reelin R56 fragments were injected over a sensor chip surface with ApoER2 ECD fragments immobilized through biotin–
streptavidin interactions (inset). Equilibrium response (Req) values were plotted against the concentration of injected R56 to calculate the dissociation constants
(KD). The KD value for each condition is listed as the mean of triplicates with the standard deviation in Table 1.

C–F Introduction of salt bridge-disrupting mutations to LA modules: (C) D68N in LA1, (D) E107Q in LA2, (E) E150Q in LA3, and (F) E191Q in LA7.

Source data are available online for this figure.
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Identification of a low-affinity binding interface within the
ApoER2 LA modules

To explore the binding sites in regions other than the LA1 module,

we next designed a series of ApoER2 ECD derivatives to perturb

the affinity of candidate interfaces. For each mutation, a specific

acidic residue was mutated to disrupt potential salt bridges in the

putative ligand-binding interface of the respective LA module (LA1:

D68N, LA2: E107Q, LA3: E150Q, and LA7: E191Q, respectively;

Fig EV1). The mutated acidic residues are not involved in the coor-

dination of calcium ions unlike other acidic residues in the cluster.

Therefore, the introduced mutations are thought to partially

weaken the binding affinity for basic residues, while maintaining

the structural integrity of the respective LA modules. Consistent

with previous binding and structural analyses, the mutation in LA1

drastically reduced the binding affinity for R56 (KD > 2.8 × 10�6 M;

Fig 1C, Table 1). In addition, the LA2 mutant also showed a three-

fold reduction in affinity (KD = 3.8 × 10�8 M; Fig 1D, Table 1),

whereas the affinities of the LA3 and LA7 mutants were in the

same range as that of the wild type (Fig 1E and F, Table 1). These

results strongly indicate that the LA2 module is involved in the

complex formation.

Structure determination of the entire ApoER2 ectodomain in
complex with reelin R56

To elucidate the details of the complex formation, we then deter-

mined the X-ray crystal structure of the entire ApoER2 ECD in

complex with the reelin R56 fragment (Fig 2). Co-crystals were

obtained under neutral conditions of pH 7.5 using constructs of

the two proteins expressed in mammalian cells. The R56 fragment

was selenomethionylated for single-wavelength anomalous diffrac-

tion (SAD) phasing. The initial model for the complex was built

against an electron density map at 3.2 Å resolution. The crystal

contains two nearly identical complexes in the asymmetric unit.

The electron density for R56 is relatively clear, producing a model

consistent with a crystal structure determined for unbound reelin

R56 [30]. R5 and R6 are composed of two homologous subrepeats

(subrepeats A and B) and an intervening EGF-like module, respec-

tively, and are arranged side by side. Interestingly, the overall

structure of ApoER2 ECD seems similar to the contracted-closed

conformation of LDLR crystallized under the acidic conditions

[19]. The interface between R56 and LA1 (referred to as Interface-

1) is also almost identical to that observed in the crystallographic

analysis of the R56:LA1 complex (Fig 3A) [31]. In the present

structure, the N-terminal LA modules are folded back toward the

YWTD propeller domain, but they form no direct contacts between

them.

The model of ApoER2 contains some ambiguity in the region

between LA2 and EGF-A due to disorder (Fig 2A and B). We could

not observe significant electron densities for LA3 and LA7, whereas

density for EGF-A was weak but still clear enough to build a reliable

model using the NMR structure of LDLR EGF-AB unit as a reference

(PDB code: 1HJ7) [35]. Although we expect the LA2 module to

interact with R56 based on the SPR analysis, LA2 appears to be

highly mobile. The electron density corresponding to LA2 was

undoubtedly present in the region following the C-terminus of LA1,

but it was impossible to confidently trace the backbone of LA2 in

the electron density map.

Assignment of the LA2 model by constrained real space
fragment search

To assign a reliable model of LA2 against the weak electron density,

we separately determined a high-resolution structure of a partial

fragment containing LA2 and fitted it into the electron density of the

complex crystal as a rigid body. For this purpose, the LA12 fragment

was produced in E. coli and crystallized after refolding in redox

buffer. The resulting LA12 structure determined at 1.9 Å resolution

showed an extended arrangement where the respective ligand-

binding surfaces of the two LA modules were pointed in opposite

directions (Fig 2C). In fact, the LA2 model did not overlap with the

observed weak electron densities when we aligned the LA12 struc-

ture onto the LA1 module in the complex. The relative orientation

of LA1 and LA2 seems to be restricted by the hydrogen-bonding

network in the inter-module linker and by the intimate interactions

with symmetry neighbors in the crystal. In general, the inter-LA

arrangement is presumed to be flexible among the LDLR family

members. In LDLR, for instance, the LA3-LA4 arrangement in the

contracted-closed ectodomain structure under the acidic conditions

[19] is significantly different from that in the LA34 fragment in

complex with RAP [16]. We therefore postulated that LA12 in the

Table 1. Summary of SPR analysis #1: Estimation of dissociation constants and exploration of binding interfaces.

Analyte (reelin R56) Ligand (ApoER2 ECD) pH Ca2+ conc. KD (M)a P-value

Wild type Wild type 7.5 2 mM (1.2 � 0.1) × 10�8

5.5 2 mM (4.1 � 0.3) × 10�7

Wild type D68N/LA1 7.5 2 mM (2.8 � 0.1) × 10�6 b 0.00061c

Wild type E107Q/LA2 7.5 2 mM (3.8 � 0.2) × 10�8 0.00002c

Wild type E150Q/LA3 7.5 2 mM (1.0 � 0.0) × 10�8

Wild type E191Q/LA4 7.5 2 mM (1.1 � 0.0) × 10�8

aEach KD value represents the mean of triplicate SPR measurements with standard deviation. Processing of the sensorgram and curve fitting of affinity analysis
were performed separately in the triplicate experiments, and the three obtained KD values were used to calculate the mean, standard deviation, and P-value.
bThe actual KD value should be higher than the reported value since the highest concentration of the analyte in the SPR measurement was lower than the
estimated KD value.
cThe difference of the KD value compared with that calculated for the interaction between reelin R56 wild type versus ApoER2 ECD wild type at pH 7.5 is
statistically significant with the indicated P-value, which is calculated by the unpaired two-tailed t-test.
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ApoER2 complex also rearranges by a hinge motion at the

inter-module linker, thereby suitably placing LA2 for interaction

with R56. We fitted the LA2 model by a constrained real space frag-

ment search (Fig 2D). This procedure searched the position and

orientation of the LA2 model, which maximized electron density

values at atomic positions, while constraining the distance between

LA1 and LA2. As a result, similar solutions were obtained for both

of the two complexes in the asymmetric unit of the crystal, where

LA2 is located close to the bottom face of reelin R5B. (Hereafter, the

interface between LA2 and reelin R5B is referred to as Interface-2.)

This interaction mode is consistent with the canonical ligand-

binding mode as observed in other LA–ligand pairs including Inter-

face-1 of the ApoER2 ECD:reelin R56 complex. Importantly, the

acidic residue cluster on the ligand-binding surface of LA2 is

oriented to the side chain of K2194 on reelin R5B despite the lack of

imposed distance restraints between them during the constrained

real space search. Although several other solutions showed

high scores in the search, most of them placed the LA2 model in

similar positions and orientations to those in the top solution

(Fig EV2A and B).

A

C D

B

Figure 2. Structure of the ApoER2 ECD:reelin R56 complex.

A Domain organization of the reelin R56 and ApoER2 ECD fragments used for structure determination. Both of the two reelin repeats, R5 and R6, are composed of a
subrepeat A (green), an EGF-like module (yellow), and a subrepeat B (cyan). ApoER2 contains four LA modules, LA1, 2, 3, and 7 (magenta), three EGF-like modules, EGF-
A, EGF-B, and EGF-C (blue), and a YWTD repeat (orange). The complex is maintained through three binding interfaces (red dotted arrows). The modules with
disordered electron density (LA3 and 7) are indicated with a dotted line.

B Crystal structure of the complex. The reelin R56 and ApoER2 ECD fragments are displayed as surface and ribbon models, respectively. Four calcium ions (orange
spheres) were included in the final model of ApoER2 ECD. It is probable that the LA3 and 7 modules connect the C-terminus of LA2 and the N-terminus of EGF-A in a
hairpin-like configuration, although they are not assigned in the final model, as indicated with dotted circles in magenta.

C Inter-module arrangement of the LA12 fragment. The crystal structures of the unbound LA12 fragment (dark) and in complex with reelin R56 (light) are superposed
on LA1. The residues constituting the respective binding interfaces of the two modules are depicted as stick models, and the calcium ions are shown as orange
spheres.

D Procedure of real space fragment search. The coordinates of LA2 (dark magenta) were extracted from the crystal structure of unbound LA12 and manually located at
the center of the electron density blob of the 2mFo-DFc map (mesh). The LA1 model (light magenta) was fixed at the position assigned based on the electron density.
The orientation and position of LA2 was searched and scored by electron density values with inter-module distance constraints (red dotted line). After the LA2 model
with the highest score was chosen, the model of the inter-module linker was manually built and refined.
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Figure 3. Three binding interfaces between ApoER2 ECD and reelin R56.

A Close-up view of Interface-1. The R6A subrepeat of reelin R56 and ApoER2 LA1 are shown in green and magenta, respectively. The side chains of the residues
constituting the binding interface are shown as stick models while the calcium ion is indicated as an orange sphere. Crystal structure of reelin R56 in complex with
LA1 (white: PDB code: 3A7Q) superposed onto R6A. Relative arrangement of R6A and LA1 is essentially consistent between the ApoER2 ECD:R56 and LA1:R56
complexes.

B Close-up view of Interface-2. In addition to K2194, R2193 on reelin R5B (cyan) seems to be involved in the interaction with ApoER2 LA2 (magenta). LA2 possesses two
histidine residues, H96 and H99, close to the acidic cluster coordinating a calcium ion (orange sphere).

C Close-up view of Interface-3. The ribbon models of EGF-A (dark blue), EGF-B (light blue) and reelin R5A (green) are shown with transparent surface. The appendage-
like loop of R5A is highlighted in red. Interface-3 is maintained through shape complementarity between the appendage-like loop and the concaved surface of
EGF-AB. As highlighted with the stick model, both of EGF-A and EGF-B provide for the residues coordinating a calcium ion (orange sphere).

D Comparison of conformation in the appendage-like loop region. The conformation of the loop is significantly different between the three available crystal structures,
unbound R56 (cyan), in complex with ApoER2 LA1 (magenta), and in complex with ApoER2 ECD (green), whereas the base of the loop is fixed by a disulfide bond (stick
model) and a calcium ion (orange sphere). The loop region between S1986 and D1994 is highlighted in dark color while the rest part of R5A is shown in light color in
each reelin R5A model. The structure of ApoER2 EGF-AB is shown as a blue surface model.

E Sequence alignment of mouse reelin repeats around the appendage-like loop of reelin R5A. The loop between the b3 and b4 strands in R5A is obviously longer in
comparison with the seven other reelin repeats. The region highlighted in red was substituted to a GS3 linker, and the mutant was subjected to SPR analysis (see
Fig 4). The conserved cysteine pair that forms a disulfide bond is indicated in orange. The secondary structure of R5A was displayed below the alignment.
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Examination of the interaction between reelin R5B and
ApoER2 LA2

To examine the reliability of the model assignment and the contri-

bution of Interface-2 to the complex stabilization, we introduced

mutations to the binding site identified on reelin R5B. Based on

the structural model, it seems that R2193, in addition to K2194,

contributes to the specific interaction with the acidic residue clus-

ter (Fig 3B). Supporting this conclusion, involvement of an analo-

gous secondary basic residue has been frequently observed in the

interaction of other LA–ligand pairs as well [16]. To abolish the

putative interaction with LA2, the reelin R56 double-mutant

R2193A/K2194A was constructed and subjected to SPR analysis.

Consequently, this mutant showed a 10-fold drop in the binding

affinity for the ApoER2 ECD wild type (KD = 1.6 × 10�7 M; Fig 4A,

Table 2). Obviously, the response curve dropped rapidly after the

end of injection, indicating a faster dissociation of the R56 mutant

compared with the wild type. This mutational effect is more likely

explained by a change in interface affinity than by a change in

tertiary conformation as the R2193A/K2194A R56 fragment and

wild type R56 have similar hydrodynamic properties and thermal

stabilities in analytical gel filtration and a thermal shift assay,

respectively (Fig EV3).

Unique among the four LA modules in this ApoER2 splicing

variant, LA2 contains two histidine residues (His-96 and His-99)

on the binding surface (Figs 3B and EV1B). Protonation of histi-

dine side chains under acidic conditions would be expected to

disrupt the interaction with R2193 and K2194 on R5B due to

electrostatic repulsion. We therefore constructed two ApoER2

ECD mutants, H96K/H99K and H96A/H99A, to test whether these

two histidine residues act as a pH sensor. The H96K/H99K

mutant mimics the protonated state of the histidine residues

under acidic conditions while H96A/H99A abolishes electrostatic

repulsion due to protonation. In fact, the dissociation constant

between ApoER2 ECD and reelin R56 increased to 4.5 × 10�8 M

by the mutation H96K/H99K under neutral pH conditions

(Fig 4B, Table 2) while the reduction in the dissociation constant

was observed for H96A/H99A under the same condition

(8.0 × 10�9 M; Fig 4D, Table 2). Furthermore, the H96A/H99A

mutation stabilized the interaction even under acidic pH condi-

tions (KD = 1.2 × 10�7 M; Fig 4E, Table 2) whereas the dissocia-

tion constant for H96K/H99K (KD = 4.9 × 10�7 M; Fig 4C,

Table 2) was comparable to that for the ApoER2 ECD wild type

under neutral pH conditions as described above (KD = 4.1 ×

10�7 M; Table 1).

Dissecting the contribution to affinity from structural elements
in the interface between reelin R5A and ApoER2 EGF-AB

Further inspection of the complex structure revealed an intimate

intermolecular interaction between R5A and EGF-AB (referred to as

Interface-3). A prominent feature of the interface on R5A is an

appendage-like loop region (Cys-1983 to Asp-1994) formed between

the b3 and b4 strands (Fig 3C). The loop fits into the concaved

surface formed between EGF-A and EGF-B. A characteristic pair of

cysteines is present to form a disulfide bond in all of the reelin

repeats (Fig 3E), and Cys-1983 forms a disulfide bond with Cys-

2030 in R5. Asp-1994 is located just upstream of the calcium-

binding site, which is also a characteristic structural element of the

subrepeats. Interestingly, the insertion between the b3 and b4
strands in R5A is exceptionally long compared to those in the other

subrepeats A (Fig 3E). In addition, the conformation of this b3–b4
loop differs between the three crystal structures of R56 that we have

determined so far [30,31] (Fig 3D). In the structure of R56 alone,

the loop region compactly packs against the surface of R5A. In the

R56:LA1 complex, the loop appears to protrude out from R5A in an

extended conformation. This conformation is consistent with the

electron density in the present complex structure, although the

model was not unambiguously assigned in this region due to disor-

der. While binding to EGF-AB may stabilize an alternate conforma-

tion of the loop, we were surprised to learn that it does not greatly

contribute to affinity of the interface. In fact, the binding affinity did

not change significantly when the appendage loop (Pro-1984 to Glu-

1993) was replaced with a flexible linker composed of three repeats

of glycine and serine (KD = 1.3 × 10�8 M; Fig 4F, Table 2). It is

possible that this negligible contribution is the result of an

enthalpy–entropy tradeoff in the ordering of the loop in the wild-

type interface.

Another minimal perturbation considering the central position

of calcium ions in Interface-3, we hypothesized that this interface

should also be sensitive to calcium depletion during endocytosis.

EGF-A and EGF-B are classified as the calcium-binding EGF, and

the calcium ion bound to EGF-B is located at the center of

concaved surface. Although the influence of calcium depletion has

not been studied for ApoER2, we hypothesized that eliminating

calcium from our binding experiments would have a particularly

strong effect on Interface-3. It has been reported for LDLR that the

corresponding calcium ion dissociates from EGF-B under low

calcium conditions even at neutral pH [36], while calcium ions

seem to be more tightly bound to the LA modules under the same

condition [37,38]. Therefore, we presumed from considerations of

▸Figure 4. Steady-state analysis of SPR data #2: Binding analysis targeted to Interface-2 and -3.
A representative result from triplicate SPR measurements is plotted for each condition.

A Binding analysis between wild type ApoER2 and the reelin R56 R2193A/K2194A mutant. SPR analysis indicated that the mutations lead to a significant drop in the
binding affinity for ApoER2 ECD at pH 7.5.

B–E Mutations to H96/H99 of LA2. Binding analysis between ApoER2 ECD H96K/H99K and wild type reelin R56 at pH 7.5 (B) and 5.5 (C). H96K/H99K mimics the
protonated state of ApoER2 ECD. Binding analysis between ApoER2 ECD H96A/H99A and wild type reelin R56 at pH 7.5 (D) and 5.5 (E). H96A/H99A abolishes
protonation-dependent electrostatic repulsion.

F Replacement of the appendage-like loop to three repeats of a glycine and serine (GS3) linker. The binding affinity of the GS3 linker mutant is consistent with that of
the reelin R56 wild type.

G SPR measurement between wild type ApoER2 ECD and wild type reelin R56 under low calcium conditions (Ca2+: 3 lM). The overlaid sensorgrams and the result of
curve fitting from steady-state affinity analysis are shown as in Fig 1.

Source data are available online for this figure.
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conserved sequence and function that the ApoER2 EGF-B domain

is also likely to release the calcium ion under low calcium condi-

tions, resulting in a considerable conformational change of the

concaved surface. Nevertheless, the dissociation constant slightly

increased from 1.2 × 10�8 M to 3.3 × 10�8 M (Fig 4G, Table 2)

when the calcium concentration was lowered from 2 mM to 3 lM
in the SPR analysis. Although the influence of calcium depletion

would not be limited to a structural change of the concaved

surface, the above result is consistent with our conclusion from

mutation of the appendage loop that the contribution of Interface-3

to complex stabilization is marginal.

Discussion

In the present study, we have discovered that the LA2 module of

ApoER2 provides an auxiliary binding interface for the reelin R56

fragment, supplementing the known high-affinity interface in LA1.

In the crystallographic analysis, we located the LA2 module near the

bottom face of reelin R5B, where the putative ligand-binding surface

of LA2 recognizes two basic residues on R5B (R2193 and K2194) by

the ligand-binding mechanism canonical to the LA module. In accor-

dance with this, we observed through SPR analysis that the intro-

duction of a salt bridge-disrupting mutation (E107Q) to LA2 slightly

destabilized the complex by a roughly threefold change in KD.

Furthermore, the more severe R2193A/K2194A double mutation in

R56 exhibited a significant 10-fold further increase in the dissocia-

tion constant of the complex as compared with the R56 wild type

interaction.

Based on additional mutational analyses, we presume Interface-2

also plays a pivotal role in the ligand release process during endocy-

tosis due to pH-sensitive histidines that are unique to Interface-2

among the interfaces between R56 and ApoER2. Our SPR analysis

has shown that the binding affinity of the entire ApoER2 ECD:reelin

R56 complex affinity is adversely affected by an acidic pH shift.

Substitution of the two histidines to lysines destabilized the complex

even under the neutral pH conditions whereas the substitution to

alanines reduced the sensitivity to pH shift and stabilized the

complex at acidic pH. The side chains of these two histidines are

likely deprotonated in the crystal structure of ApoER2 ECD:reelin

R56 complex that was obtained at pH 7.5, enabling LA2 to interact

with the positively charged surface of R5B.

Another important finding from the present structure determina-

tion is that the ectodomain of ApoER2 does not assume the

extended conformation when it binds with reelin R56 under neutral

pH conditions (Fig 5). This contradicts the general expectation that

the extended conformation is necessarily the binding-active confor-

mation in LDLR homologues. With respect to the position of the

EGF-AB, the conformation of reelin R56 complexed ApoER2 is

rather similar to the contracted-closed conformation of unbound

LDLR under acidic conditions (Fig 5A and D). In our structure, the

EGF-AB unit protrudes from the side of blades 5 and 6 of the YWTD

b-propeller (Fig 5B and E), whereas EGF-AB of the LDLR:PCSK9

complex is located on the side of blades 1 and 2 in the extended

conformation under neutral pH conditions (Fig 5C and F). These

observations conform to the notion that the receptor in the open

conformation where the LA modules are liberated from the YWTD

domain is flexible due to the mobility of the EGF-AB unit, and indi-

cate the presence of metastable conformation that is neither

extended nor contracted-closed. We therefore defined the structure

of the ApoER2 ectodomain with reelin R56 as a contracted-open

conformation where the LA modules are open to the ligand but are

positioned close to the top face of the YWTD domain. It seems that

the formation of the contracted-open conformation is permitted by

the presence of Interface-3 between EGF-AB and R6A. Without this

interaction, the LA1 and LA2 modules, which, respectively, interact

with basic residues of reelin R56 in a specific manner, cannot be

located in proximity to the top face of YWTD. It was presumed that

the receptor on the cell surface can explore a large conformational

space, without interactions between the LA modules and YWTD

domain, to capture the ligand. Our results, however, raised the

possibility that ApoER2 has a preference for the contracted-open

conformation after it binds with the ligand although the structure of

ApoER2 ectodomain will be influenced to some degree by crystal

lattice forces. The structural unit containing a YWTD flanked by two

EGF modules (EGF-YWTD-EGF) occurs widely in the LDLR family

members other than the LDLR close homologues. Interestingly, the

N-terminal (incoming) EGF is located either between the blades 1

and 2, or between the blades 5 and 6 in all of the known

crystal structures containing the EGF-YWTD-EGF unit, whereas the

Table 2. Summary of SPR analysis #2: Binding analysis targeted to Interface-2 and -3.

Analyte (reelin R56) Ligand (ApoER2 ECD) pH Ca2+ conc. KD (M)a P-value

R2193A/K2194A Wild type 7.5 2 mM (1.6 � 0.2) × 10�7 0.00460b

Wild type H96K/H99K/LA2 7.5 2 mM (4.5 � 0.2) × 10�8 0.00001b

5.5 2 mM (4.9 � 0.5) × 10�7

Wild type H96A/H99A/LA2 7.5 2 mM (8.0 � 0.2) × 10�9 0.00034b

5.5 2 mM (1.2 � 0.1) × 10�7 0.00006c

GS3 linker Wild type 7.5 2 mM (1.3 � 0.0) × 10�8

Wild type Wild type 7.5 3 lM (3.3 � 0.6) × 10�8 0.00430b

aEach KD value represents the mean of triplicate SPR measurements with standard deviation. Processing of the sensorgram and curve fitting of affinity analysis
were performed separately in the triplicate experiments, and the three obtained KD values were used to calculate the mean, standard deviation, and P-value.
bThe difference of the KD value compared with that calculated for the interaction between reelin R56 wild type versus ApoER2 ECD wild type at pH 7.5 (see
Table 1) is statistically significant with the indicated P-value, which is calculated by the unpaired two-tailed t-test.
cThe difference of the KD value compared with that calculated for the interaction between reelin R56 wild type versus ApoER2 ECD wild type at pH 5.5 (see
Table 1) is statistically significant with the indicated P-value, which is calculated by the unpaired two-tailed t-test.
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C-terminal (exiting) EGF is always located between the blades 3 and

4 (Fig EV4). We therefore presume that the arrangement of EGF-B

unit against YWTD in the present ApoER2 structure is not a

randomly chosen state out of numerous conformations, but reflects

one of the two distinct metastable conformations of this receptor.

The structural features of the ApoER2 ECD:reelin R56 complex

are also consistent with a common mechanism between ApoER2

and LDLR for the final process of ligand release. It has been reported

in the crystallographic analysis of the full-length LDLR ectodomain

that the contracted-closed conformation is mediated by the

intramolecular interactions between the top face of the YWTD

domain and the LA repeats, where the interaction via the LA4

module is dominant (Fig 6A and B). In LDLR, LA4 interacts with the

side chain of K560 in the YWTD domain in a similar manner to the

canonical ligand-binding mode of the LA modules. The YWTD

domain contains two histidines (H562 and H586) close to K560, and

the protonation of these residues is thought to enhance the affinity

between LA4 and YWTD under acidic conditions. In the above-

discussed Interface-2 of the ApoER2 ECD:reelin R56 complex, the

protonation of histidine residues in LA2 was expected to destabilize

the interactions with the basic residues of R5B. In contrast, the

protonated histidine residues of YWTD should stabilize the interac-

tions with the LA4 module as they can form salt bridges with the

acidic residues of LA4. In fact, it is also known that histidine muta-

tions, such as H562Y, cause FH, likely because it reduces the release

activity of LDL [39,40], suggesting the importance of the contracted-

closed conformation for ligand release through a competitive inhibi-

tion mechanism. The corresponding lysine and two histidine

residues are conserved on the top face of the ApoER2 YWTD

domain and can constitute a putative intramolecular binding

A B C

D E F

Figure 5. Conformation of the ectodomains of LDLR and ApoER2.

A–C Surface models viewed from the top face of the YWTD b-propeller.
D–F Diagram of the domain arrangement. For clarity, the six blades of the YWTD b-propeller are colored differently. The relative orientation of the EGF-AB unit against

the YWTD b-propeller is completely different between unbound LDLR under acidic pH and that in complex with PCSK9 at the neutral pH, which causes the
contracted-closed and extended conformations of the ectodomain, respectively. ApoER2 in complex with reelin R56 at the neutral pH assumes a contracted-open
conformation similar to that of unbound LDLR but with a binding-active LA repeat conformation.
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interface (Fig 6C and D). Among the four LA modules in ApoER2,

LA1 is the most proximal to this putative interface in the ApoER2

ECD:reelin R56 complex. Hence, there is a possibility that LA1 forms

an intramolecular interaction with the putative interface on YWTD

when the entire ApoER2:reelin complex is destabilized and LA1

dissociates from the bottom face of R6A after endocytosis. Such a

partner exchange for the LA1 module should be the final step in the

ligand release process. We postulate here that the reduction in the

binding affinity of ApoER2 for reelin R56 under acidic pH is mainly

derived from the electrostatic repulsion at Interface-2. Nevertheless,

the increase in the dissociation constant under low pH was much

larger than that arising from the H96K/H99K mutation on LA2,

which mimics the pH-titrated disruption of Interface-2. The

intramolecular interaction between LA1 and YWTD under acidic

conditions, if it occurs, would sequester LA1 from interaction with

reelin R56, decreasing the apparent association constant and the

observed affinity. Further studies are required to address the issues

of whether or not the contracted-closed conformation is formed

through LA1, or any other LA modules, and whether or not it

promotes ligand release through a competitive inhibition mecha-

nism in this splicing variant of ApoER2.

The present study again raises the importance of structural

change from the extended to the contracted-closed conformation in

receptor recycling. It has been hypothesized that the extended

conformation observed in the LDLR:PCSK9 complex reflects a “recy-

cling-inhibited” state, in which PCSK9 prevents the receptor from

changing to the contracted-closed conformation [20]. The LDLR:

PCSK9 complex is maintained by multiple interfaces where the

YWTD domain as well as the EGF-A module serves as the binding

sites for PCSK9. In fact, it has been shown that disruption of the

extended conformation by mutation leads to a reduction in binding

affinity for PCSK9, indicating the importance of proper positioning of

the respective binding interfaces in the complex. In contrast, our

present study revealed that ApoER2 can bind with its ligand, reelin

R56, in the contracted-open conformation. Although disordered

regions in the electron density demonstrate that the ApoER2 ectodo-

main remains flexible to a significant degree even after binding with

reelin, it is suggested that the ligand binding guides the receptor to

A

B

C

D

Figure 6. Putative intramolecular binding interface on the YWTD b-propeller.

A The contracted-closed conformation of unbound LDLR is maintained through the interaction between the LA modules (magenta) and the YWTD domain (light
orange). Calcium ions are shown as orange spheres.

B Close-up view of the region indicated with dotted box in (A). Consistent with the canonical ligand-binding mode, K560 of YWTD is accommodated in the putative
ligand-binding site of LA4. Protonated H562 and H586 seem to contribute to stabilization through electrostatic interactions with the acidic residues of LA4.

C ApoER2 in complex with reelin R56 (surface model) assumes the contracted-open conformation where none of the LA modules make direct contact with YWTD.
D Close-up view of the region indicated with dotted box in (C). ApoER2 YWTD (orange) also possesses the residues constituting the putative interface for the LA

modules (magenta), that is, K474, H476, and H500 (stick). Based on the structure, LA1, which tightly interacts with the bottom face of reelin R6A (transparent surface),
is closest to the putative interface on YWTD and seems to be ready for the partner exchange after dissociation from reelin R56.
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adopt the conformation that can readily change to the contracted-

closed conformation after the pH-titrated ligand dissociation. These

observations raised the possibility that the ectodomain conformation

correlates with the receptor fate in LDLR and its homologues. In

other words, a contracted-open conformation leads to receptor recy-

cling and an extended conformation leads to receptor degradation.

In conclusion, we first discovered, based on mutagenesis, the

presence of an auxiliary low-affinity binding interface between

ApoER2 and the signaling-competent R56 fragment of reelin. Subse-

quently, we succeeded in determining the crystal structure of the

full-length ectodomain of ApoER2 in complex with reelin R56. Our

present structure demonstrates that ApoER2 assumes a contracted-

open conformation when it binds with its ligand, in contrast to the

previously reported extended conformation of LDLR in complex with

PCSK9. The contracted-open conformation is maintained by multiple

binding interfaces between the receptor and ligand, and the binding

affinity of the auxiliary interface seems to be weakened mainly by

the pH shift during internalization. Although the structure of

unbound ApoER2 has not yet been determined, the conservation

of the basic patch on the YWTD domain indicates that ApoER2

Figure 7. Mechanistic model for receptor recycling and degradation in ApoER2.
The present structural analysis suggests that ApoER2 in complex with its ligands, such as reelin R56, has a preference for adopting the contracted-open conformation although
it should exist in equilibrium between the contracted-open and extended conformations at the cell surface. After the receptor:ligand complex is internalized through
endocytosis, the binding affinity decreases due to the pH shift in the endosomal compartment. In such an environment, ApoER2 is also expected to assume a contracted-
closed conformation to release the ligand, as LDLR does. Subsequently, the receptor is transported back to the cell surface and recycled. In contrast, the previous
crystallographic and mutational analyses have indicated that LDLR in complex with PCSK9 has a preference for the extended conformation. It is also known that the binding
affinity for PCSK9 is enhanced under acidic conditions. The LDLR:PCSK9 complex is therefore stabilized after internalization and is transported to the lysosome for degradation.
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could be capable of adopting the contracted-closed conformation

through intramolecular contacts between the LA modules and

YWTD domain after endocytosis. Based on the structural data from

the present study, we propose a mechanistic model for the ligand

uptake and receptor recycling in ApoER2 (Fig 7). Although the

number of LA repeats is different between LDLR and the splicing

variant of ApoER2 studied in the current work, our ApoER2 struc-

ture in complex with reelin R56 is expected to serve as a structural

basis for analyzing the pH-dependent ligand uptake mechanism

conserved among the LDLR family members. Profound under-

standing of the mechanism should also contribute to development

of a strategy for regulating LDL uptake and receptor recycling,

which would further lead to the development of future therapeutic

strategies for FH.

Materials and Methods

Expression of biotinylated ApoER2 ECD for surface plasmon
resonance analysis

For immobilization on the sensor chip surface, human ApoER2 ECD

was fused to a biotin acceptor sequence (ApoER2 ECD-BAS), and

then biotinylated by co-expression with biotin ligase from E. coli

(BirA) as described previously [41]. More precisely, the gene for

ApoER2 ECD-BAS was cloned into the pSGHV0 vector [42] to

produce it with N-terminally fused human growth hormone (hGH)

plus an octahistidine (His8) tag and the tobacco etch virus (TEV)

protease consensus sequence. The modified BirA construct (sBirA-

KDEL) contains the N-terminal signal peptide of bovine prolactin for

translocation and a C-terminal ER retention signal for localization.

The mutations to disrupt interface salt bridges were introduced to

the LA modules of ApoER2 ECD-BAS according to the QuikChange

protocol (Agilent Technologies). The constructed plasmids encoding

ApoER2 ECD-BAS and sBirA-KDEL were co-transfected into HEK-

293T cells using polyethylene imine (PEI), then cultured for 3–

4 days in complete DMEM containing 10% fetal bovine serum and

100 lM D-biotin. The harvested cell culture supernatant was clari-

fied by centrifugation and filtration, neutralized by adding 1.0 M

Tris-Cl (pH 8.0) to a final concentration of 10 mM, and then incu-

bated with Ni-NTA agarose beads. After washing beads with 20 mM

HEPES-Na (pH 7.5), 300 mM NaCl, the proteins were eluted with

20 mM HEPES-Na (pH 7.5), 300 mM NaCl, and 250 mM imidazole.

N-terminally hexahistidine-tagged TEV protease (His6-TEV) was

added to the elution fraction to cleave off the N-terminal hGH-His8
portion, and then the fraction was dialyzed against 20 mM HEPES-

Na (pH 7.5), and 300 mM NaCl overnight at 4°C. The hGH-His8
portion and His6-TEV were removed by passing the fraction through

Ni-NTA agarose. Finally, the flow-through fraction containing

ApoER2 ECD-BAS was collected and concentrated by ultrafiltration

using a Spin-X� UF Concentrator with a molecular weight cutoff of

30 kDa (Corning).

Expression and purification of reelin R56 for surface plasmon
resonance analysis

Recombinant mouse reelin R56 protein fused to a TEV protease

recognition site and a PA tag at the C-terminus was transiently

expressed in HEK293S GnTI-cells [43]. PA-tagged reelin R56 was

purified from culture supernatant using NZ-1-immobilized

Sepharose as described previously [44]. The C-terminal PA tag was

removed by TEV protease treatment, and the reelin R56 fragment

was further purified by gel filtration on HiLoad 16/60 Superdex 200

prep grade (GE Healthcare) equilibrated with 20 mM HEPES-Na (pH

7.5) and 150 mM NaCl. The fractions containing reelin R56 were

pooled and concentrated by ultrafiltration. In addition, the double

mutation R2193A/K2194A was introduced into the reelin R56

construct using the QuikChange protocol while the appendage loop-

replaced mutant was constructed by an inverse PCR strategy. These

mutants were also expressed and purified according to the same

protocol as that for the wild type.

Surface plasmon resonance analysis

Surface plasmon resonance was performed with a Biacore 2000

instrument (GE Healthcare) at 25°C in 20 mM HEPES-Na (pH 7.5),

150 mM NaCl, 2 mM CaCl2, and 0.005% (wt./vol.) Surfactant P20.

Biotinylated ApoER2 ECD-BAS fragments were diluted in running

buffer, and then immobilized as the ligand on a Sensor Chip SA up

to an average of 550 resonance units (RU), according to the manu-

facturer’s protocol. Sensorgrams were collected by injecting various

concentrations of wild type or mutant reelin R56 fragments as the

analytes. For regeneration, the sensor chip was washed with 20 mM

HEPES-Na (pH7.5), 1 M NaCl, and 20 mM EDTA after each run.

The sensorgrams were corrected for bulk refractive index errors

using a mock flow cell containing only pre-coupled SA. Dissociation

constants (KD) were calculated using BIAevaluation with affinity

analysis. The binding response after 120 sec injection at a flow rate

of 30 ll/min was recorded as the response at equilibrium (Req). The

Req value was plotted against the concentration of analyte (C) and

subjected to least-square fitting to the following equation:

Req = KA × C × Rmax / (1 + KA × C) where KA = 1 / KD and Rmax is

the theoretical maximum binding response. Under low pH condi-

tions, measurement was performed using 20 mM MES-Na (pH5.5),

150 mM NaCl, 2 mM CaCl2, and 0.005% (wt./vol.) Surfactant P20.

The KD value in each condition was estimated as the mean of tripli-

cate measurements with the standard deviation. The results of SPR

analysis were summarized in Tables 1 and 2.

Expression and purification of ApoER2 ECD for crystallization

To produce the ApoER2 ECD fragment, CHO lec 3.2.8.1 cells [45]

were transfected with plasmid encoding ApoER2 ECD fused with

hGH plus His8 and a TEV recognition site at the N-terminus (hGH-

ApoER2 ECD) [30] and selected for resistance against 1.5 mg/ml

G418. The clone with the highest secretion levels was cultured in

a roller bottle (Corning). The culture supernatant was collected in

a dialysis tube and concentrated with Aquacide II (Merck Milli-

pore). The hGH-ApoER2 ECD was purified from the concentrated

culture supernatant with Ni-NTA agarose. After washing the beads

with 20 mM Tris-Cl (pH 8.0), 300 mM NaCl, and 20 mM imida-

zole, the proteins were eluted with 20 mM Tris-Cl (pH 8.0),

300 mM NaCl, and 250 mM imidazole. The fusion proteins were

treated with His6-TEV protease to release the hGH plus His8 tag.

TEV protease and hGH-His8 were removed by a second round of

Ni-NTA agarose chromatography. The ApoER2 ECD fragment was
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further purified by loading onto anion-exchange chromatography

on a MonoQ 5/50GL column (GE Healthcare) equilibrated with

20 mM Tris-Cl (pH 8.0), and 1 mM CaCl2 and eluting over a linear

gradient from 0 to 400 mM NaCl over a 20-column volume at a

flow rate of 1 ml/min.

Preparation of SeMet-substituted reelin R56

Previous work has described the stable transfectant of CHO lec

3.2.8.1 cells that expresses the reelin R56 fragment fused to an

N-terminal signal sequence from mouse nidgen-1 and to a C-term-

inal TEV protease recognition site [30]. To prepare the selenome-

thionyl-substituted reelin R56, cells in culture flasks were washed

with phosphate-buffered saline and incubated with methionine-free

alpha-MEM (Cell Science & Technology Institute, Sendai, Japan),

supplemented with 5% dialyzed fetal bovine serum (Invitrogen),

50 mg/l L-selenomethionine (SeMet) (Wako Chemical Co.). The

media from the first 12–14 h of culture were discarded, and cells

were incubated in fresh media supplemented with SeMet for 2–

3 days. The SeMet-substituted reelin R56 was purified from the

culture supernatants by ammonium sulfate precipitation and Ni-

NTA agarose chromatography (QIAGEN). After washing the Ni-NTA

agarose column with 20 mM Tris-Cl (pH 8.0), 300 mM NaCl, and

50 mM imidazole, the proteins were eluted with 20 mM Tris-Cl (pH

8.0), 300 mM NaCl, and 250 mM imidazole. The fractions contain-

ing the reelin R56 fragment were pooled, treated with His6-TEV

protease at room temperature, and passed through a Ni-NTA

agarose column to remove the cleaved tag and enzyme. Further

purification was carried out by gel filtration chromatography on a

Superdex 200 10/300 GL column (GE Healthcare) equilibrated with

20 mM Tris-Cl (pH 7.5), 150 mM NaCl, and 1 mM CaCl2, at a flow

rate of 0.5 ml/min.

Preparation of the ApoER2 ECD:reelin R56 complex

Prior to crystallization of the ApoER2 ECD:SeMet-labeled reelin

R56 complex, the optimal ratio of each component to form the

complex was estimated by gel filtration chromatography. ApoER2

ECD and reelin R56 fragments purified as described above were

mixed at various ratios and subjected to a Superdex 200 10/300

GL column equilibrated with 20 mM Tris-Cl (pH 7.5), 150 mM

NaCl, and 2 mM CaCl2. A mixture of reelin R56 and ApoER2 ECD

at the ratio providing a single peak corresponding to their complex

on the elution profile was used for crystallization. The protein

concentration of the complex was estimated to be ~10 mg/ml

using the molar extinction coefficients at 280 nm for ApoER2 ECD

and reelin R56 [46].

Preparation of the ApoER2 LA12 fragment

The LA12 fragment was overexpressed as a glutathione S-trans-

ferase (GST) fusion protein in E. coli BL21 (DE3) where a His8 tag

and a TEV protease recognition site were incorporated between the

GST and LA12 portions. E. coli cells were cultured at 37°C for 4 h

after induction of protein expression with 1 mM isopropyl-b-D-thio-
galactopyranoside and harvested as a pellet by centrifugation.

Subsequently, the cells were resuspended and lysed by sonication in

a buffer containing 10 mM Tris-Cl (pH 8.0), 300 mM NaCl, and

10 mM imidazole supplemented with 1 mM dithiothreitol. After

removing the cell debris, the supernatant of the cell lysate was

applied on a Ni-NTA agarose column (GE Healthcare). The bound

fusion protein was washed with 10 mM Tris-Cl (pH 8.0), 300 mM

NaCl, and 20 mM imidazole, and eluted with 10 mM Tris-Cl (pH

8.0), 300 mM NaCl, and 250 mM imidazole. Elution fractions

containing the fusion protein were dialyzed against 20 mM Tris-Cl

(pH 8.0) and 300 mM NaCl, and treated with His6-TEV to cleave off

the GST-His8 portion. The TEV-treated fractions were passed

through a Ni-NTA column again, and the LA12 fragment was

collected as flow-through. Subsequently, the LA12 fragment was

refolded by dialysis at 4°C against 50 mM Tris-Cl (pH 8.0), 10 mM

CaCl2, 2 mM L-cysteine, and 0.5 mM L-cystine according to the

protocol reported previously [47]. The refolded LA12 fragment was

applied to a MonoQ 5/50GL anion-exchange column (GE Health-

care) equilibrated with 20 mM Tris-Cl (pH 8.0) and 1 mM CaCl2,

and eluted on a linear gradient from 0 to 500 mM NaCl over a 20-

column volume at a flow rate of 1.0 ml/min. The fractions contain-

ing the properly folded fragment were further purified on a

Superdex 200 10/300GL gel filtration chromatography column (GE

Healthcare) by an isocratic elution with 20 mM Tris-Cl (pH 8.0),

150 mM NaCl, and 2 mM CaCl2 at a flow rate of 0.5 ml/min. The

purified LA12 fragment was concentrated by ultrafiltration, and the

protein concentration was estimated to be ~5.9 mg/ml according to

the same method as described above.

Crystallization and data collection

Initial crystallization conditions were searched by random screening

where 0.1 ll of the protein solution was mixed with the same

volume of precipitant solution using a mosquito� (TTPLabtech),

and equilibrated against 100 ll of the precipitant solution in the

reservoir. For the ApoER2 ECD:reelin R56 complex, diffraction qual-

ity crystals were reproducibly obtained from a solution containing

11–12.5% (wt./vol.) PEG3350, 200–250 mM sodium thiocyanate,

and 20 mM HEPES-Na (pH 7.5) after optimization. For the LA12

fragment, a single crystal obtained from the commercial screening

kit, WizardTM I (Emerald BioStructures), was used for data collec-

tion. The composition of the reservoir is as follows: 20% (wt./vol.)

PEG monomethylether 2000 and 100 mM Tris-Cl (pH 7.0). Prior to

data collection, the crystals were soaked in cryoprotectant prepared

by mixing the reservoir and ethylene glycol at a volume ratio of 4:1,

and flash frozen in liquid nitrogen. For the complex, X-ray diffrac-

tion data were collected at Photon Factory (PF) BL-5A with an ADSC

Quantum 315r CCD detector using the inverse beam mode to ensure

the quality of anomalous signal. For the LA12 fragment, data collec-

tion was performed at PF BL-17A using an ADSC Quantum 315r

CCD detector. The diffraction images were processed with XDS [48].

The diffraction intensities were then scaled and converted to struc-

ture factors with AIMLESS [49] and TRUNCATE [50] in the CCP4

program suite [51,52]. The data collection statistics are summarized

in Table 3.

Structure determination of the ApoER2 LA12 fragment

The crystal structure of the LA12 fragment was solved by molecular

replacement method using the program MOLREP [53]. Both of the

LA1 and LA2 modules were successfully assigned by using the
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ApoER2 LA1 structure (PDB code: 3A7Q) as the search model.

Manual model fitting and refinement were performed using the

programs COOT [54] and REFMAC5 [55], respectively. After several

rounds of refinement, the crystallographic R-factor and free R-factor

were reduced to 20.96 and 23.96%, respectively, at 1.9 Å resolution.

The quality of the final model was validated using the program

MolProbity [56]. 97.5% of the 79 amino acid residues in the model

were located in the favored region, and no residues were assigned

as the outliers.

Structure determination of the ApoER2 ECD:reelin R56 complex

The crystal structure of the ApoER2 ECD:reelin R56 complex was

solved by the Se-SAD method. We identified the positions of Se

atoms with the program HKL2MAP [57] coupled with SHELXC/D

[58], and the phases were calculated and improved with SHARP/

autoSHARP [59,60]. Initial models for the respective modules

were built by using the known structures. For the reelin R56 and

ApoER2 LA1 pair, the crystal structure of their complex (PDB

code: 3A7Q) was used as the initial model and fitted into the

electron density. For the ApoER2 EGFPH domain, the structure of

the full-length LDLR ectodomain (PDB code: 1N7D) and the

partial models (PDB codes: 1IJQ and 1HJ7) were used as the

reference. Among the remaining three LA modules of ApoER2,

LA3 and 7 were not modeled at all due to disorder. Although

electron density for putative LA2 modules was weak, we were

able to assign a plausible model using a procedure termed as

constrained local real space search, as described in the next

section. Manual model fitting and refinement were performed

essentially as described above. The crystallographic R-factor and

free R-factor were finally reduced to 18.46 and 25.60%, respec-

tively, at 3.2 Å resolution. Among the 2,377 residues in the

model, 89.6% were located in the favored region and only 0.3%

were assigned as outliers.

Model assignment of the LA2 fragment by the constrained local
real space search

In contrast to LA3 and LA7, electron density of putative LA2 module

was definitely observed in the vicinity of LA1 module. However,

due to weak density, any attempt to model LA2 module was failed

including manual chain tracing and real space fragment search.

Then, we performed the constrained local real space fragment

search. The starting coordinates of LA2 were manually determined

by locating high-resolution LA2 model at the center of the electron

density blob of 2mFo-DFc map (Fig 2D). As LA2 is covalently linked

to LA1 with a loop consisting of four residues, any candidates with

the distance between the terminal residues larger than 3.7 × 5 Å

were rejected. The candidates were evaluated by a scoring function

S which evaluates electron density values at atomic coordinates;

S Dx;Dy;Dz; a; b; cð Þ ¼ P
j q R a;b; cð Þrj þ t Dx;Dy;Dzð Þ� �

, where q(r)
is the linearly interpolated electron density value at r, R is the

rotation matrix, and t(Dx Dy Dz) is the translation vector. The

sampling intervals for rotation and translation were 15° and 1 Å,

respectively. The translation search was limited within � 5 Å for

each direction. This procedure was implemented as a C++ program

using the Clipper library [61]. After rejecting any candidates that

clashed with atoms of other domains, the candidate with the high-

est score S was selected as the solution (Fig EV2A and B). This

procedure was independently applied to two copies of LA2 in the

asymmetric unit, and consistent solutions were obtained. The

linker between LA1 and LA2 was manually built using COOT. The

whole model was subjected to restrained refinement using

REFMAC5 with external structural restraints using high-resolution

LA2 structure and a jelly-body refinement scheme [62]. The exter-

nal structural restraints were prepared using ProSMART [63]. The

real space correlation coefficient (RSCC) was evaluated for LA2

with 2mFo–DFc map using phenix.get_cc_mtz_pdb [64]. The local

Table 3. Data collection and refinement statistics in X-ray
crystallographic analysis.

Molecular entities
Reelin R56:
ApoER2 ECD ApoER2 LA12

Data collection

Space group P65 P212121

Cell dimensions

a, b, c (Å) 205.95, 205.95, 169.84 31.16, 41.78, 55.06

a, b, c (°) 90, 90, 120 90, 90, 90

No. of monomers or
complexes/ a.s.u.

2 1

X-ray source PF/BL-5A PF/BL-17A

Wavelength (Å) 0.97904 1.00000

Resolution limits (Å) 49.5–3.20 (3.28–3.20) 41.8–1.90 (1.94–1.90)

No. of unique reflections 67,441 (4,551) 6,043 (372)

Completeness (%) 100 (100) 99.9 (100)

Redundancy 14.8 (14.6) 5.2 (5.3)

<I /r(I)> 16.4 (2.6) 9.5 (1.9)

Rmerge
a 0.139 (1.051) 0.086 (0.855)

CC1/2 0.997 (0.873) 0.995 (0.711)

Refinement

Resolution limits (Å) 49.5–3.20 (3.28–3.20) 33.3–1.90 (1.95–1.90)

Rwork
b 0.200 (0.260) 0.210 (0.315)

Rfree
c 0.255 (0.310) 0.247 (0.282)

No. of non-H atoms 18,892 668

Protein/sugar/solvent 18,822 / 70 / 0 633 / 0 / 35

Averaged
temperature factors (Å2)

99.77 37.36

Protein/sugar/solvent 99.80 / 92.74 / – 37.05 / – / 43.00

RMSD from ideality

Bond length (Å)/
bond angle (°)

0.006 / 1.18 0.012 / 1.67

Ramachandran
plot (MolProbity)

Favored/Outlier (%) 89.8 / 0.30 98.7 / 0

Values in parentheses are for highest resolution shell.
aRmerge = ΣhΣi|Ii(h)�<I(h)>|/ΣhΣiI(h), where Ii(h) is the ith measurement.
bRwork is the crystallographic R-factor (Rcryst) for the working set used for the
refinement. Rcryst = Σh||Fobs(h)|�|Fcalc(h)||/Σh|Fobs(h)|, where Fobs(h) and Fcalc(h)
are the observed and calculated structure factors.
cRfree is Rcryst calculated for the test set consisting of 5% of reflections
excluded from the refinement.
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RSCC after the refinement for two copies of LA2 was 0.677 and

0.649, respectively.

Analytical gel filtration

Analytical gel filtration was performed with an AKTApurifier

instrument (GE Healthcare). 10 lg of purified wild type or

mutant reelin R56 was applied to a Superdex 200 Increase 10/

300 GL column (GE Healthcare) equilibrated with 20 mM

HEPES-Na (pH7.5), 150 mM NaCl, and 2 mM CaCl2. The theoret-

ical molecular weight (Mw) was calculated using ExPasy Prot-

Param tool [65], and the estimated Mw was calculated using Gel

Filtration Standard (Bio-Rad) supplemented with ferritin protein

as a standard.

Thermal shift assay

Thermal shift assay was performed with a CFX96 Touch Real-Time

PCR Detection System (Bio-Rad). For each wild type and mutant

sample, 4 ll of 100 ng/ll reelin R56 was dispensed in 0.2-ml tubes

and diluted with 15 ll of 20 mM HEPES-Na (pH7.5), 150 mM NaCl,

and 2 mM CaCl2. Subsequently, the measurement was started

immediately after adding 1 ll of 150-fold diluted SYPRO Orange

(Invitrogen) to the diluted protein solution. During the experiment,

the temperature was increased from 25 to 85°C in 60 steps with a

ramp rate of 0.1°C/s at each step.

Accession numbers

The atomic coordinates and structure factors of the ApoER2 ECD:

reelin R56 complex and the ApoER2 LA12 fragment have been

deposited in the Protein Data Bank with accession numbers of 5B4X

and 5B4Y, respectively.

Expanded View for this article is available online.
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