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The crystal structure of DR6
in complex with the amyloid
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insight into death receptor
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The amyloid precursor protein (APP) has garnered consid-
erable attention due to its genetic links to Alzheimer’s
disease. Death receptor 6 (DR6) was recently shown to
bind APP via the protein extracellular regions, stimulate
axonal pruning, and inhibit synapse formation. Here, we
report the crystal structure of the DR6 ectodomain in
complex with the E2 domain of APP and show that it sup-
ports a model for APP-induced dimerization and activa-
tion of cell surface DR6.
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The amyloid precursor protein (APP) is a single-pass trans-
membrane protein best known for its genetic association
with Alzheimer’s disease (AD). APP serves as the proteo-
lytic precursor to Aβ, themajor peptide component of am-
yloid plaques in the brains of Alzheimer’s patients (Selkoe
2011). Therapeutic strategies to modify APP processing or
clear Aβ fromplaques inAlzheimer’s patients have not yet
proven effective (Gandy and DeKosky 2013), encouraging
the search for additional approaches for treating AD. This
has stimulated interest in understanding the normal phys-
iological role of APP in the developing and adult nervous
system in the hope that this will provide new insights into
how perturbed APP function may contribute to disease
onset and/or progression. These studies have implicated
APP in several physiological processes, including axon
pruning, synapse formation, axonal transport, and cellular
adhesion (Kamal et al. 2001; Priller et al. 2006; Bittner
et al. 2009; Nikolaev et al. 2009;Wang et al. 2009). The ex-
tracellular domain of APP is comprised of an N-terminal
domain termed E1 and a more C-terminal domain termed
E2 that are linked via an acidic unstructured sequence and
followed by a transmembrane helix and a cytoplasmic re-
gion. Previous studies have elucidated the structures of
the unbound APP extracellular domains (Wang and Ha
2004; Dahms et al. 2010, 2012; Hoopes et al. 2010; Lee

et al. 2011; Xue et al. 2011a,b; Coburger et al. 2013,
2014). High-affinity binding of APP to death receptor 6
(DR6, also known as TNFRSF21), a death domain-con-
taining member of the extended TNF receptor superfam-
ily (Pan et al. 1998), was recently documented (Nikolaev
et al. 2009) and shown to be mediated by the E2 domain
of APP (Olsen et al. 2014). DR6 has four cysteine-rich
domain (CRD) modules in its extracellular region, fol-
lowed by a transmembrane domain and death domain in
its cytoplasmic region. The structure of the unbound
DR6 ectodomain (ECD) (Kuester et al. 2011; Ru et al.
2012) revealed an elongated architecture with a kink be-
tween CRD modules 2 and 3. Genetic analysis of DR6
andAPPmutant mice showed that the animals share sev-
eral coincident phenotypes, including behavioral deficits,
altered synapse formation, and delayed axon pruning dur-
ing development or following sensory deprivation (Kallop
et al. 2014; Olsen et al. 2014). These and other data (Kallop
et al. 2014; Olsen et al. 2014) indicate that APP and DR6
function cell-autonomously and in the same pathway to
stimulate axon pruning and synapse elimination. Howev-
er, how APP and DR6 interact to mediate their actions is
poorly understood.

Results and Discussion

Structure of the APP/DR6 complex

To advance our understanding of how APP and DR6 func-
tion together to initiate downstream signaling controlling
axon pruning and synapse elimination, we determined the
crystal structure of the APP/DR6 complex. The complex
between the APP E2 domain and the ECD of DR6 was
crystallized, and its structurewas determined at 2.2 Å res-
olution, as described in the Materials and Methods. Con-
sistent with previous studies, DR6 contains four CRD
modules composed mostly of strands and loops of various
lengths, with either two or three pairs of disulfide bonds
stabilizing each CRD module. The DR6 ECD adopts an
elongated shape with a kink between CRD modules 2
and 3. N-linked glycosylation was predicted for residues
N467 and N496 of APP and residues N82 and N141 of
DR6. However, clear electron density was observed and
modeled only for the carbohydrate moieties attached to
N467 of APP and N82 of DR6 (Fig. 1A, gray spheres). A
magnesium ion stabilizes the third CRD of DR6 and is co-
ordinated by six oxygen-containing ligands, including the
side chain of S177; the main chain carbonyls of C150,
P151, W154, and V179; and a water molecule (Fig. 1A,
inset).

APP/DR6 interaction interface

The DR6/APP interface is relatively small, burying
∼680 Å2 in eachmolecule (Fig. 1B). Themajority of the in-
teractions are between helices H1 and H2 of APP-E2 and
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the first CRD module of DR6, with the angle between
these two interacting regions being ∼30°. The interface is
arranged as a sandwich of hydrophilic and hydrophobic in-
teractions. The top hydrophobic portion is defined by the
insertion of L85DR6 into a pocket formed by K350, K353,
andK354ofAPP; themiddlehydrophilic portion is defined
by two salt bridges formed between E342APP and R86DR6
and between K354APP and D68DR6; and the bottom hydro-
phobic portion is centered on a patch formed by residues
M335APP, W338APP, P71DR6, and A72DR6. The interface
is further strengthened by additional van der Waals con-
tacts and a few hydrogen bonds, including between

Q361APP and E100DR6 as well as between
Q361APP and the main chain carbonyl of
G52DR6. Further away from thismajor in-
terface, there is a second,minorDR6/APP
interface, specifically a salt bridge formed
between E310APP, located at the N termi-
nus of E2 helix H1, and R157DR6, located
at the third CRD module of DR6. A list
of all APP/DR6 contacts is shown in Sup-
plemental Figure S2. It should be noted
that all contact residues in bothAPP (Sup-
plemental Fig. S3A) and DR6 (Supple-
mental Fig. S3B) are highly conserved
across species.

Conformational rearrangements in APP
and DR6 upon complex formation

Slight differences are found in the orien-
tation of the E2 helices between the
bound and unbound structures of this
domain (Supplemental Fig. S4A). These
are facilitated by the flexibility of the he-
lix–turn–helix assembly, especially in
the “turn” as well as the unusually long
H1 and H2 helices. Specifically, APP-E2
in theDR6 complex can be superimposed
with the unbound APP-E2 (3NYL), with
an RMSD of 1.7 Å over 161 Cα atoms,
and with the metal-bound APP-E2
(3UMH), with an RMSD of 2.5 Å over
175 Cα atoms.
In DR6, the linker between CRD mod-

ules 2 and 3 is flexible, as previously pre-
dicted (Kuester et al. 2011). This
flexibility allows for a conformational
change upon APP binding, resulting in
the movement of the third and fourth
DR6 CRD modules closer to APP (∼20°
shift). This enables it to interact more in-
timately with APP via both the major in-
terface involving CRD module 1 and the
minor interface involving CRD module
3 (Fig. 1B; Supplemental Fig. S4B).

Structure-based mutagenesis confirms
the functional significance of the
complex

To confirm the functional significance of
the observed DR6/APP interface, wemu-
tated key residues in APP and evaluated
their effects on binding to DR6. Specifi-

cally, we selected four APP residues that are located at
the main APP/DR6 interface: M335 and W338, which
form the hydrophobic interface patch discussed above,
were mutated to aspartic acid and alanine, respectively;
E342, which is part of the middle hydrophilic portion of
the interface, was mutated to alanine to eliminate the
salt bridge that this residue forms with R86DR6; and
R328, which is located on the edge of the main interface
and forms a hydrogen bondwith R98 of DR6, wasmutated
to alanine. The wild-type and mutant APP proteins were
expressed as either secreted N-terminal alkaline phospha-
tase (AP) fusion constructs of the E2 domain-containing

Figure 1. Crystal structure of the DR6/APP-E2 complex. (A) Two 90°-rotated views of the
complex. The E2 domain of APP is colored in green, while DR6 is colored in magenta. Disul-
fide bonds are colored in yellow, and the carbohydrate glycosylation moieties are colored in
gray. The N and C termini of the molecules are labeled. The bound magnesium ion is shown
as a blue sphere, and a schematic representation of its coordination by DR6 residues and a
water molecule is shown in the middle. (B) Structure of the APP-E2/DR6 complex with
zoom-ins of the two interface regions (insets). The E2 domain of APP is colored in green,
while DR6 is colored in magenta. Key interface residues are labeled.
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region of the APP ECD (AP-APP-E2) Fig. 2, legend; Mate-
rials andMethods) or full-length proteins on the surface of
COS-7 cells; DR6 was expressed as a secreted C-terminal
AP fusion construct of its ECD (DR6-AP) or a full-length
protein in COS-7 cells. We first used a cell-based assay
to assess binding of soluble AP-APP-E2 fusions (mutant
and wild type) to cell surface DR6 and soluble DR6-AP fu-
sion binding to full-length cell surface APP (mutant and
wild type). As previously described (Olsen et al. 2014),
wild-type AP-APP-E2 binds to DR6 on cells, and DR6-
AP binds to APP on cells (Fig. 2A). We found that two of
the mutations mentioned above (M335D/W338A and
E342A) completely blocked the DR6/APP interaction in

both directions (Fig. 2A), confirming the interface ob-
served in the crystal structure. On the other hand, muta-
tion of R328A, a residue located at the periphery of the
interface, did not significantly decrease binding (Fig. 2A).
We also made the E310A substitution, altering the
much smaller secondary DR6/APP interface, but this sub-
stitution also did not significantly decrease the APP affin-
ity to DR6 in this assay (data not shown).
We next verified the results of the cell-based assays by

assessing direct binding of purified soluble fusion con-
structs to one another using biolayer interferometry (see
the Materials and Methods). As shown in Figure 2C, in
this assay, the KD of the interaction between wild-type

AP-APP-E2 (in solution) and a DR6-
Fc fusion (immobilized on the sensor
chip) was 85 nM; this is somewhat
higher than the EC50 of ∼10 nM ob-
served by ELISA for binding to a
DR6-Fc fusion to APP-E2-His immo-
bilized on plastic (Olsen et al. 2014),
perhaps reflecting differences in
which protein was adsorbed, the de-
gree of clustering on the different ad-
sorption surfaces, or protein tags.
Importantly, binding of roughly simi-
lar affinity was observed by interfer-
ometry for the AP-APP-E2 construct
carrying the R328A mutation, but
binding was not detectable with con-
structs carrying the E324A or
M335D/W338A mutations (Fig. 2C).
These changes parallel the effects of
the mutations on binding in the cell-
based assay, thus cross-validating
those results.

Switching the death receptor-binding
specificities of APP and APLP2

APP has a close homolog called
APLP2, but, in contrast to APP, it
does not interact with DR6, as as-
sessed by binding of DR6-AP to
APLP2-expressing cells or binding of
soluble AP-APLP2-E2 to DR6-express-
ing cells (Fig. 2B). Analysis of the APP/
DR6 interface residues reveal that
there are only two nonconserved sub-
stitutions in the APLP2 E2 domain
that are likely to account for the differ-
ence in DR6 binding: M335 and K354
in APP are replaced by lysine and glu-
tamine, respectively, in APLP2 (here
we use APP residue numbering to la-
bel corresponding APLP2 residues to
facilitate cross-comparisons). There-
fore, we decided next to evaluate
whether we could confer DR6 binding
to APLP2 bymaking the substitutions
K335M or Q354K in APLP2 and,
conversely, abolish DR6 binding to
APP by making the substitution
M335K in APP. Remarkably, the sin-
gle K335Mmutation inAPLP2 is suffi-
cient to transform APLP2 into a DR6-

Figure 2. Mutations of amino acids at the APP/DR6 interaction interface disrupt binding, and a
single amino acid substitution inAPLP2 is sufficient to conferDR6 binding. (A) COS-7 cells were
transfected with constructs that encode full-length DR6 or APP or APP mutants with single or
double amino acid substitutions at the APP/DR6 interaction interface. Two days after transfec-
tion, cells were incubated with DR6-AP (amino acids 1–349), AP-APP-E2 (amino acids 287–506),
or AP-APP-E2 mutants. (Top left) COS-7 cells expressing DR6 interacted with AP-APP-E2. (Bot-
tom left) Similarly, COS-7 cells expressing APP specifically bound DR6-AP. An APP double mu-
tation (M335D, W338A; these residues are adjacent and together form a single hydrophobic
patch at the interface) or a single substitution (E342A) disrupted the interaction, whereas the
R328A mutation did not affect DR6 binding. (B) Partial alignment of amino acid sequences of
APP and APLP2. Shading denotes the amino acids in APP that contribute to the APP/DR6 inter-
face. Shade color specifies the extent of conservation of analogous amino acids in APLP2: (green)
conservative substitution; (orange) semiconservative; (red) nonconservative. COS-7 cells were
transfected with constructs that encode full-length DR6, APLP2, or APP and APLP2 mutants.
Two days after transfection, cells were incubated with DR6-AP (amino acids 1–349), AP-
APLP2-E2 (amino acids 306–523), AP-APLP2-E2 mutants, or an APP point mutant (M335K).
APLP2 did not bind DR6, but the single K353M substitution was sufficient to confer DR6 bind-
ing. The converse change in APP (M335K), which mimics the APLP2 sequence, disrupted APP
binding to DR6. The Q372K mutation in APLP2 did not confer DR6 binding. (C ) Binding affin-
ities between DR6-AP and wild-type or mutated AP-APP-E2 and AP-APLP2-E2 measured using
biolayer interferometry (Materials and Methods).

Structural basis for DR6 activation by APP
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binding protein, whereas the converse M335K mutation
in APP is sufficient to abolish APP binding to DR6, as as-
sessed by both binding of soluble APLP2/APP-E2 fusions
to DR6 on cells and binding of soluble DR6-AP to
APLP2/APP on cells (Fig. 2B). The single K335Mmutation
was similarly sufficient to confer binding of soluble AP-
APLP2-E2 to DR6-Fc in solution, as assessed by biolayer
interferometry (Fig. 2C). In contrast, the Q354K substitu-
tion, affecting a residue that, based on the structure, is not
expected to be as key a player at the interface, did not sig-
nificantly alter the DR6-binding properties of APLP2. Our
ability to confer DR6 binding to APLP2 via a single point
mutation that was predicted by the structure further val-
idates our model for the binding interface.

Implication for death receptor activation and signaling

Death receptor activation and signaling initiation are
thought to be effected through receptor oligomerization,
with either dimerization or trimerization having been
proposed as the activation mechanism for various family
members (Idriss and Naismith 2000; Chan 2007). In our
crystal structure, the APP-E2 binds DR6 with 1:1 stoichi-
ometry. Size exclusion chromatography (SEC) experi-
ments suggest that the while the isolated E1 and E2
domains of APP are monomeric in solution, the full APP
ECD (residues 18–596) is dimeric (Supplemental Fig.
S1A). This observation is consistent with previous reports
(Wang and Ha 2004; Lee et al. 2011; Xue et al. 2011a,b;
Hoefgen et al. 2014). Thus, the studies described here sug-
gest that DR6 activation could be triggered by dimeriza-
tion induced by APP binding. Interestingly, it was also
suggested that the dimeric state of APP can be stabilized
by heparin and, specifically, that heparin induces APP
dimerization via interactions with either the E1 or E2
domain (Hoopes et al. 2010; Lee et al. 2011; Xue et al.
2011a,b; Coburger et al. 2013; Hoefgen et al. 2014). Based
on the experiments reported here and the previously pub-
lished data, we propose a simplemodel for DR6 activation
by APP-induced dimerization that ultimately leads to
axon pruning and synapse elimination (Fig. 3). Specifi-
cally, in our model, two DR6 molecules are brought to-
gether by binding to a dimeric APP molecule at the
neuronal surface, which positions the C-terminal death
domains of adjacent DR6 molecules in close proximity
and triggers the activation of downstream signaling.
Whether and how heparin or other molecules modulate
the oligomeric state of APP in vivo are matters for further
investigation, but it should be noted that (1) our data (Sup-
plemental Fig. S1A) indicate that the APP ECD exists as a
preformed dimer even in the absence of heparin, but (2),
since both the E1 and E2 domains of APP are positively
charged, a highly negatively charged agent, such as hepa-
rin, is likely to facilitate APP dimerization or oligomeriza-
tion, as supported by our SEC analysis (Supplemental Fig.
S1B). Our “activation via dimerization” model is further
supported by the observation that a bivalent monoclonal
antibody can induce DR6 activation (Hu et al. 2014).

Previous work implied that APP and DR6 function in
the same genetic pathway that activates a downstream
caspase cascade to regulate axon pruning and synapse den-
sity in vivo. It was initially suggested that DR6 activation
involvesproteolytic cleavageofAPP (Nikolaevet al. 2009),
but subsequent work showed that APP cleavage may not
be required (Kallop et al. 2014; Olsen et al. 2014). Our

structure confirms a direct interaction of DR6 with APP,
and we present a model that is compatible with a mem-
brane-delimited interaction between APP and DR6 at the
cell surface (Fig. 3). This model would most easily explain
the cell-autonomous function of both molecules in axon
pruning and synapse formation. However, we cannot rule
out alternativemodes of pathway activation. For example,
our structure is also compatible with DR6 being activated
by the cleaved APP ECD as well as with APP and DR6
forming a coreceptor complex for another ligand—perhaps
one that facilitates APP dimerization. Finally, it is also
noteworthy that an APP/DR6 complex at the membrane
would potentially allow for an interaction between their
cytoplasmic tails. This is an interesting possibility con-
sidering that the DR6 cytoplasmic tail contains a death
domain (Pan et al. 1998) and that peptide fragments of
the APP cytoplasmic tail have been linked to neuronal
death (Lu et al. 2000). Further in vivo studies on the
APP/DR6 complex will be essential for clarifying these
possibilities and understanding how their interaction
and APP dimerization are regulated.

Materials and methods

Protein expression and purification

All protein constructs, including the E1 domain (residues 18–199), E2
domain (residues 295–516), and ECD (residues 18–624) of mouse APP (ac-
cession IDNP_031497) as well as the ECD (residues 42–220) ofmouseDR6
(accession ID NP_848704), were expressed in HEK293 cells. Recombinant
protein purificationwas facilitated by fusion of all expression constructs to
a thrombin-cleavable Fc region of human IgG. Gel filtration in SD-200 col-
umn (GE Healthcare) was used as the final purification step after Fc tag re-
moval by thrombin protease.

Crystallization and structure determination

APP-E2 and DR6-ECD did not form a stable complex in the gel filtration
column (Supplemental Fig. S1B). For complex formation, purified APP-

Figure 3. Model of the DR6/APP signaling complex at the neuronal
surface. APP binding induces dimerization and activation of DR6.
The model was generated by combining the structure reported here
of the APP-E2/DR6 complex with the dimeric APP-E1 structure (Pro-
tein Data Bank ID3KTM) (Dahms et al. 2010). The two molecules in
the APP dimer are colored in yellow and green, while the two DR6
molecules are colored in magenta. The linker regions in the structure
were depicted as dashed lines.
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E2 and DR6-ECD were mixed in a 1:1 molar ratio in 5 mMHepes (pH 7.2)
and 500 mM NaCl buffer. Crystallization trials were conducted with a
“mosquito” robot (TTL Technology) using the sitting drop vapor diffusion
method bymixing 100 nL of protein solution with 100 nL of well solution.
Crystals (in the P61 space group with one 1:1 complex in an asymmetric
unit) grewwhen the crystallization dropswere set againstwells containing
100 mM Tris (pH 8.6) and 18% PEG 8000 and reached optimal size in a
week. Well solution supplemented by 25% glycerol was used as cryopro-
tectant for flash-freezing the crystals in liquid nitrogen. Diffraction data
sets were collected remotely in beamline ID-24 of the Advance Photon
Source. The best crystals diffract to ∼2.2 Å resolution. The data sets
were processed with HKL2000 (Otwinowski and Minor 1997). Phases
were calculated by molecular replacement in Phaser (McCoy 2007) using
human APP-E2 (3UMH) and human DR6 (3QO4) as search models. Model
building and refinement were performed by using Coot (Emsley and Cow-
tan 2004) and Phenix refine (Adams et al. 2010). The Rfree of the refined
model was 24.5%. Crystallographic statistics (Supplemental Table S1)
and complex packing within the crystal lattice (Supplemental Fig. S6)
are presented as Supplemental Material. The APP/DR6 complex structure
has been deposited in the Protein Data Bank under ID 4YN0.

Cell-binding experiments

Cell-binding experiments were performed as described previously (Olsen
et al. 2014). Briefly, AP fusion proteins were produced in HEK293 cells.
The concentration of the AP fusion protein in supernatants was deter-
mined bymeasuringAPactivity and diluting to 250nM inAP-binding buff-
er (Hank’s balanced salt solution [HBSS], 20 mMHEPES, 0.2% BSA, 0.1%
NaN3, 5mMCaCl2, 1mMMgCl2). Tomeasure binding, transfectedCOS-7
cells were rinsed twice with AP-binding buffer and incubated with diluted
AP proteins for 2 h on ice. Cells were then rinsed five times using AP-bind-
ing buffer and fixed (3% paraformaldehyde in PBS) for 12min at room tem-
perature. Following fixation, cells were equilibrated three times using HBS
buffer, and endogenous AP activitywas quenched for 30min at 65°C. Cells
were then rinsed three times using AP developing buffer (100 mM Tris at
pH 9.5, 100 mM NaCl, 50 mM MgCl2), and AP protein binding was ob-
servedby incubating cells overnight at4°C inAPdevelopingbuffer contain-
ing NBT/BCIP (Roche). Mutations in APP and APLP2 were generated by
site-directed mutagenesis. Single or double point mutants at the APP/
DR6 complex interface were designed using the crystal structure of the
complex.

Affinity measurements

The affinities between DR6 and wild-type and mutant AP fusion APP and
APLP2 constructs weremeasured using the biolayer interferometry meth-
od with a BLITZ instrument (ForteBio, Inc.). Specifically, DR6-Fc was im-
mobilized on a protein-A sensor chip and used to measure the binding
of the APP/APLP2 constructs. KD values were determined by fitting the
binding curve with the program provided with the BLITZ instrument.
All proteins were purified by affinity chromatography and gel filtration
chromatography, and their purity was confirmed using SDS-PAGE.

SEC analysis

SEC analysis was performed by running the samples on a Superdex-200
column (GE Healthcare) with 5 mM Hepes (pH 7.2) and 500 mM NaCl
buffer. Complexes (APP-E2/DR6, APP-E2/heparin, and APP-E1/heparin)
were prepared by incubating the two components for 2 h at 4°C.

Illustrations

All molecular representations were generated with PyMOL (Delano Scien-
tific LLC). Figures were prepared using Adobe Illustrator and Adobe
Photoshop.
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