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Accumulating evidence suggests that the copper-binding amyloid precursor protein (APP) has an essential synaptic function. APP
synaptogenic function depends on trans-directed dimerization of the extracellular E1 domain encompassing a growth factor-like domain
(GFLD) and a copper-binding domain (CuBD). Here we report the 1.75 Å crystal structure of the GFLD in complex with a copper ion bound
with high affinity to an extended hairpin loop at the dimerization interface. In coimmunoprecipitation assays copper binding promotes
APP interaction, whereas mutations in the copper-binding sites of either the GFLD or CuBD result in a drastic reduction in APP cis-
orientated dimerization. We show that copper is essential and sufficient to induce trans-directed dimerization of purified APP. Further-
more, a mixed culture assay of primary neurons with HEK293 cells expressing different APP mutants revealed that APP potently
promotes synaptogenesis depending on copper binding to the GFLD. Together, these findings demonstrate that copper binding to the
GFLD of APP is required for APP cis-/trans-directed dimerization and APP synaptogenic function. Thus, neuronal activity or disease-
associated changes in copper homeostasis likely go along with altered APP synaptic function.
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Introduction
The amyloid precursor protein (APP) was first identified as the
precursor of amyloid � (A�) peptides, which are derived from
sequential proteolysis by �- and �-secretases and aggregate in the
form of amyloid plaques in the course of Alzheimer’s disease

(AD) (Masters and Beyreuther, 2006). Besides the central role of
APP in AD pathogenesis, essential physiological functions of APP
in synaptic processes have been identified, including trans-
cellular synaptic adhesion (Müller and Zheng, 2012). Moreover,
APP has been identified as an essential copper-binding protein
altering metal homeostasis (White et al., 1999; Maynard et al.,
2002). In turn, changes in copper homeostasis as observed for AD
patients have been shown to affect APP processing (Roberts et al.,
2012).

Structurally, APP is a type I transmembrane protein with a
short cytoplasmic tail and a large ectodomain, including copper-
binding sites in its E1 (Kong et al., 2008) and E2 (Dahms et al.,
2012) domains. In addition, the A� peptide can bind copper once
it is cleaved from APP (Smith et al., 2007). The E1 domain can be
further subdivided into a growth factor-like domain (GFLD) and
a copper-binding domain (CuBD), which has been reported to
reduce Cu (II) to Cu (I) (Multhaup et al., 1996), a process possi-
bly relevant for copper transport and the production of reactive
oxygen species. APP and its homologs amyloid precursors-like
protein 1 (APLP1) and APLP2 are able to form homodimers and
heterodimers. Besides a lateral interaction of APP in cis-
orientation, cell-surface APP may also interact in a trans-cellular
manner (Baumkötter et al., 2012; Isbert et al., 2012; Kaden et al.,
2012). cis-dimerization affects APP processing (Kaden et al.,
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2008; Eggert et al., 2009; Schmidt et al., 2012), whereas interac-
tion in trans has been reported to promote cell adhesion (Soba et
al., 2005). APP knock-out mice show cognitive deficits (Müller
and Zheng, 2012), and inactivation of APP on the APLP2 knock-
out background in either the presynaptic or postsynaptic
compartment caused defects in the neuromuscular synapse, sug-
gesting that postsynaptic APP is required for presynaptic special-
ization. Consistently, expression of APP in non-neuronal cells
cocultured with neurons promotes presynaptic differentiation of
contacting axons, similar to Neuroligin. Thus, APP has been clas-
sified as a “synaptogenic” protein, which induce presynaptic or
postsynaptic differentiation when presented to axons or den-
drites, respectively (Siddiqui and Craig, 2011). Remarkably, the
conserved E1 domain has been identified as the major APP-
interaction interface with possible contributions from the E2 do-
main in the presence of heparin (Wang and Ha, 2004; Lee et al.,
2011). Notably, soluble APP (sAPP) liberated after ectodomain
shedding of APP as well as the purified E1 domain are mono-
meric in solution and can dimerize in vitro only at very high
concentrations or in the presence of low-molecular-weight
(LMW) heparin (Gralle et al., 2006; Kaden et al., 2008; Dahms et
al., 2010). Heparin binding is mediated by a disulfide-bridged
hairpin loop in the GFLD [residues 95-109, in the following de-
noted as ligand-binding loop (LBL); Rossjohn et al., 1999], as-
sumed to constitute a major part of the dimerization interface
(Dahms et al., 2010). Notably, the copper-binding site in the
CuBD is close to the interface, but a possible metal bridge could
not be confirmed in the crystallized E1 domain dimer (Dahms et
al., 2010). Here, we report a novel high-affinity copper-binding
site in the LBL of the GFLD and show that copper is essential and
sufficient for APP dimerization in a cis- and trans-cellular man-
ner. Moreover, we provide evidence by using a mixed coculture
assay with APP-expressing non-neuronal cells and primary neu-
rons, that APP triggers specializations of contacting axons in a
copper-dependent manner.

Materials and Methods
Crystallization, structure determination, and refinement of the GFLD.
Crystals were grown by the sitting-drop method at 18°C by mixing equal
volumes of 10 mg/ml E1 and reservoir containing 6% (w/v) polyethylene
glycol 3350 and 100 mM HEPES, pH 7.5. Crystals appeared within 20 d.
Diffraction data (� � 0.8726 Å) were measured on beam-line ID23-2
under cryogenic conditions (100 K) at the European Synchrotron Radi-
ation Facility (ESRF) in Grenoble, France. Data were processed with
iMosflm (Battye et al., 2011) and Scala (Collaborative Computational
Project Number 4, 1994). The crystal structure was determined by mo-
lecular replacement using Phaser (McCoy et al., 2007) and the crystal
structure of the apo (without copper) GFLD [Protein Data Bank (PDB)
identification number 1mwp] as a search model. Model building and
refinement were performed in Coot (Emsley et al., 2010) and PHENIX
(Adams et al., 2010), respectively. Ramachandran statistics (Chen et al.,
2010) show 94% of residues in the favored region and no outliers. Figures
were prepared with PyMOL [DeLano, The PyMOL molecular graphics
system; http://www.pymol.org (2002)].

Purification of APP E1, APP GFLD, and CuBD. For crystallization,
recombinant APP E1 (amino acids 18-189) was expressed as 6�His-
tagged fusion protein in Pichia pastoris GS115 cells using a pBLHIS–SX-
derived expression vector. Cells were grown in BMGY (1% yeast extract,
2% peptone, 100 mM potassium phosphate, pH 6.0, 1.34% yeast nitrogen
base without amino acids, 0.0004% biotin, and 1% glycerol) at 30°C
under vigorous shaking until the culture reached log phase growth. Cells
were harvested by centrifugation at 3000 � g for 10 min and resuspended
in BMMY (BMGY with 2% methanol, without glycerol). After 24 h, cells
were again sedimented, and the supernatant was loaded on a HisTrap
Fast Flow affinity column (GE Healthcare). The column was washed with

binding buffer (20 mM sodium phosphate, pH 7.2, 150 mM NaCl, and 10
mM imidazole), and the protein was eluted in elution buffer (20 mM

sodium phosphate, pH 7.2, 150 mM NaCl, and 1 M imidazole). The pu-
rified protein was concentrated and purified to homogeneity by gel per-
meation chromatography (GPC) in 20 mM HEPES and 150 mM NaCl, pH
7.2. Protein concentration was determined by absorbance measurements
at 280 nm, and purity of the protein was confirmed by SDS-PAGE.

For isothermal titration calorimetry (ITC) and small-angle x-ray scat-
tering (SAXS) measurements, the APP E1 domain (amino acids 18-189)
and the mutant APP E1 domain (APP E1 mut) were expressed as untagged
proteins in P. pastoris as described above. The supernatant was loaded on
a Heparin High Performance affinity column (GE Healthcare) and
washed with binding buffer (20 mM HEPES, pH 7.2, and 150 mM NaCl),
and the protein was eluted in elution buffer (20 mM HEPES, pH 7.2, and
1 M NaCl). The purified protein was concentrated and subjected to GPC
as described above. Protein purity was confirmed by SDS-PAGE.

Recombinant APP GFLD (amino acids 18-123) and CuBD (amino
acids 124-189) were expressed as GST-tagged fusion proteins in Esche-
richia coli Origami (DE3) cells using a pGEX6P-1 derived expression
vector. Cells were grown at 18°C in 2 � YT (1.6% tryptone, 1.0% yeast
extract, and 0.5% NaCl, pH 7.0). At 24 h after induction of protein
expression by 1 mM isopropyl-�-D-thiogalactopyranoside, cells were har-
vested by centrifugation at 6000 � g for 15 min. The cell pellet was
resuspended in cold PBS and incubated for 30 min at 4°C with 1 mg/ml
lysozyme. Cells were disrupted by sonication, and the lysate was clarified
by centrifugation at 30,000 � g for 1 h at 4°C and loaded on a GST affinity
column (GE Healthcare). The column was washed with PBS, and the
protein was eluted in elution buffer (50 mM Tris, pH 8.0, and 10 mM

reduced glutathione). The purified protein was incubated overnight at
4°C with 20 U/mg PreScission protease (GE Healthcare) and again
loaded on a GST affinity column. The untagged protein was concentrated
and purified to homogeneity by GPC in 20 mM HEPES, pH 7.2, and 150
mM NaCl. Protein concentration was determined by absorbance mea-
surements at 280 nm, and protein purity was confirmed by SDS-PAGE.

ITC. High-sensitivity ITC was performed at 25°C on a MicroCal
iTC200 (GE Healthcare). The injection syringe either contained 1 mM

CuCl2 and 4 mM glycine, 1 mM ZnSO4, or 1 mM FeSO4. The protein
concentration in the cell was 20 �M (APP E1), 43 �M (APP E1 mut), 14 �M

(GFLD), 38 �M (GFLD mut), or 13 �M (CuBD) as determined by absor-
bance measurements using molar extinction coefficients, �, of 23.2
mM

�1 cm �1 (APP E1 and APP E1 mut), 15.8 mM
�1 cm �1 (APP GFLD

and APP GFLD mut), and 8.4 mM
�1 cm �1 (APP CuBD) at 280 nm. Both

ligand and protein solutions were prepared in HEPES buffer (20 mM

HEPES and 150 mM NaCl, pH 7.2). Titrations of buffer or ligand solu-
tions into buffer served as controls. Twenty injections of 2 �l each were
performed at 4 min time intervals using a stirring speed of 1000 rpm. The
first injection was excluded from analysis. Automated baseline subtrac-
tion and peak integration were accomplished with the public-domain
program NITPIC (Keller et al., 2012). Thermodynamic parameters were
obtained by nonlinear least-squares data fitting using an in-house pro-
gram (Kemmer and Keller, 2010) and SEDPHAT (Houtman et al., 2007).

We analyzed copper binding to APP E1, CuBD, and GFLD according
to a thermodynamic model describing the competitive chelation of cop-
per by protein and glycine (Hong et al., 2008). Briefly, copper ions were
first chelated with glycine before titration into the protein solution to
avoid hydroxo-complex formation of copper in aqueous solutions. To
extract the parameter values characterizing copper binding to the pro-
tein, we accounted for all competing and coupled equilibria present in
this system. These include the following: (1) binding of free copper to
glycine to form a 1:1 complex; (2) binding of this complex to a second
glycine molecule to form a 1:2 complex; and (3) binding of copper to
protein. Copper also binds to HEPES buffer, but this interaction has been
shown to be negligible (Hatcher et al., 2008). Literature values (Martell et
al., 2004) were used to account for the glycine binding equilibria.

SAXS. SAXS was performed at the ESRF beam-line BM29 in Grenoble,
France. APP E1 at concentrations of 0.25 mg/ml (12.6 �M), 0.5 mg/ml
(25.3 �M), 1.0 mg/ml (50.5 �M), and 2.0 mg/ml (101 �M) dissolved in
HEPES buffer was incubated either with or without a fivefold molar
excess of 1 mM CuCl2 with 4 mM glycine for 1 h at 4°C. A total of 50 �l of
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protein solution for each sample (and buffer) was exposed to x-rays, and
scattering data were collected. Ten individual frames of 1 s were collected
for each exposure using a Pilatus 1M detector (Dectris). Individual
frames were processed using the software BsxCUBE, yielding individual
radially averaged curves of normalized intensity versus scattering angle,
q � 4�sin�/�. Frames were combined, excluding any data points affected
by aggregation induced by radiation damage, to give the average scatter-
ing curve for each measurement. Data were processed and analyzed using
the ATSAS package, as described previously (Putnam et al., 2007). The
final merged scattering data was further evaluated using PRIMUS. The iso-
tropic scattering intensity, I(q), was transformed to the distance distribution
function P(r) using the program GNOM. For ab initio modeling of the SAXS
data, 20 sets of independent models were calculated using Dammin (Sver-
gun, 1999) and then averaged and aligned using DAMAVER.

Circular dichroism spectroscopy. Thermal unfolding of the APP E1 do-
main was monitored by circular dichroism (CD) spectroscopy. APP E1
in HEPES buffer (20 mM HEPES and 150 mM NaCl, pH 7.2) either with-
out or saturated with copper was heated from 20°C to 90°C, and the
ellipticity (�) at 222 nm was measured on a Chirascan-plus CD spec-
trometer (Applied Photophysics). After the experiment, the sample was
cooled back to 20°C, and the measurement was repeated to check for
reversibility.

Coimmunoprecipitation. HEK293 cells were cultivated in DMEM sup-
plemented with 10% FBS according to standard cell culture techniques.
Cells were transiently cotransfected with HA-tagged full-length and myc-
tagged full-length or mutated pcDNA3.1–APP constructs. As control,
empty vector was cotransfected with myc-tagged APP constructs. Trans-
fection with Lipofectamine 2000 (Invitrogen) was performed according
to the protocol of the manufacturer. Coimmunoprecipitation (Co-IP)
was performed as described previously (Soba et al., 2005). Briefly, trans-
fected HEK293 cells were lysed in lysis buffer [50 mM Tris, pH 7.4, 150
mM NaCl, 1% NP-40, and Complete Protease Inhibitor mix (Roche)] for
20 min on ice. Lysates were clarified at 16,000 � g for 10 min, and 4% of
the supernatant was denatured for the direct load. The remaining super-
natant was incubated for 1 h at 4°C with 10 �l of protein A Sepharose
beads (GE Healthcare) to reduce unspecific binding. Beads were sedi-
mented by centrifugation at 2000 � g for 1 min, and the supernatant was
incubated overnight at 4°C with 20 �l of anti-HA agarose beads (Roche).
Beads were washed three times with lysis buffer and finally denatured
(IP). Samples were separated on 8% Tris/glycine gels and probed by
immunoblotting for HA- and myc-tagged APP. Statistical analysis was
performed with an unpaired Student’s t test (n 	 4; *p � 0.05; **p � 0.01;
***p � 0.001). Results are presented as mean � SEM.

For metal ion treatment, cells were incubated with the indicated
amounts of glycine-complexed copper (10 mM CuCl2, 40 mM glycine in
20 mM HEPES, and 150 mM NaCl, pH 7.2), zinc (10 mM ZnSO4 in 20 mM

HEPES and 150 mM NaCl, pH 7.2), or iron (10 mM FeSO4 in 20 mM

HEPES and 150 mM NaCl, pH 7.2) for 4 h before cell lysis. Afterward,
Co-IP was performed as described above.

Immunocytochemistry. For immunocytochemistry, HeLa cells were
cultivated and transfected as described above for HEK293 cells. At 20 h
after transfection with target cDNA, cells (20,000) were seeded on 14 mm
glass coverslips and fixed with 4% (w/v) paraformaldehyde/saccharose in
PBS and permeabilized with 0.1% (v/v) NP-40. Nonspecific sites were
blocked for 1 h with 5% (v/v) goat serum in PBS. Primary antibody
directed against c-myc (Santa Cruz Biotechnology) was used at 1:200
dilution and detected using secondary IgG antibody conjugated to Alexa
Fluor 488 (green) fluorophore. Images were taken with an Axio Observer
Z.1 (Zeiss) confocal microscope.

To estimate the level of colocalization between APP and the marker
peptide for ER (KDEL-mRFP (Altan-Bonnet et al., 2006), kindly pro-
vided by Bruce Snapp), the Pearson’s correlation coefficient was used.
Pearson’s correlation coefficient (rp) is a statistical analysis of the rela-
tionship between fluorescence intensities. An rp value of 0 indicates no
correlation, whereas an rp value of 1 indicates complete colocalization
(Bolte and Cordelières, 2006). Statistical analysis was performed with
one-way factorial ANOVA and Tukey’s HSD post hoc test (n � 3; *p �
0.05; **p � 0.01; ***p � 0.001). Results are presented as mean � SEM.

Cell viability analysis. Cell viability was monitored by lactate dehydro-

genase (LDH) release as a marker for cell death. Briefly, HEK293 cells
were seeded at a density of 30,000 cells per well in a 96 multiwell plate and
incubated for 4 h with the indicated amounts of glycine-complexed cop-
per (10 mM CuCl2, 40 mM glycine in 20 mM HEPES, pH 7.2, and 150 mM

NaCl) in DMEM with 0.1% FCS. The release of LDH from cells was
determined in the medium with CytoTox-ONE Homogeneous Mem-
brane Integrity Assay (Promega) according to the protocol of the manu-
facturer. Maximal LDH release was determined in the medium after cell
lysis with 9% (w/v) Triton X-100. Results are presented as mean � SEM
values from three independent experiments (n � 3).

Mixed co-culture assay. The preparation of primary cortical neurons
and coculture with HEK293 cells were performed essentially as described
previously (Biederer and Scheiffele, 2007). Briefly, primary cortical neu-
rons were prepared at E14 from C57BL/6J mice. The dissected cortices
were suspended in 5 ml of trypsin–EDTA for 15 min at 37°C and subse-
quently washed five times with 5 ml of HBSS supplemented with 10 mM

HEPES. To dissociate the cells, the cortices were resuspended in HBSS
supplemented with 10 mM HEPES and triturated with a fire-polished
glass pipette. Dissociated cells were resuspended in DB1 medium
[DMEM with 10% (v/v) FCS, 0.79% (w/v) D-glucose, and 2 mM glu-
tamine] and plated onto 14 mm coverslips pretreated with poly-L-lysine
(20 �g/ml) at a density of 40,000 cells/cm 2. After 6 h incubation at 37°C,
the DB1 medium was replaced by NM medium [Neurobasal medium
with 2% (v/v) B-27 supplement and 2 mM glutamate].

At 6 d in vitro of the neuronal culture, HEK293 cells were transiently
transfected with GFP, HA-tagged Neuroligin, full-length APP (APP FL),
APP �E1, APP H108/110A (GFLD mut), APP H147/151A (CuBD mut), or
myc-tagged APP �EC. After 24 h, transfected cells were detached and
seeded at a density of 17,500 cells/cm 2 to the cortical culture. Twenty-
four hours later, cultures were fixed in 4% (w/v) PFA supplemented with
4% (w/v) sucrose and stained with an anti-Synaptophysin antibody (1:
200; Sigma), anti-synaptic vesicle protein 2 (SV2) antibody (1:400; De-
velopmental Studies Hybridoma Bank), or anti-Synapsin-1 antibody (1:
5000; SYSY), all followed by an Alexa Fluor 594-conjugated secondary
antibody (1:400; Invitrogen). Cells were costained with an anti-
microtubule-associated protein 2 (MAP2) antibody (1:300; Santa Cruz
Biotechnology), as well as anti-c-myc (1:200,; Serotec) and anti-HA (1:
300; Santa Cruz Biotechnology) antibodies to detect dendrites and the
heterologously expressed proteins, respectively. In addition, cells were
costained with an anti-Tau antibody (TAU-1 1:200; Millipore Bioscience
Research Reagents) to detect axons. Synapses were identified as
Synaptophysin-positive puncta at sites of cell contacts between neurons
and HEK293 cells that do not colocalize with MAP2-positive dendritic
structures. Images were taken with an Axio Observer Z.1 (Zeiss) confocal
microscope, and quantification was performed via NIH ImageJ analysis.
Statistical analysis was performed with one-way factorial ANOVA and
Tukey’s HSD post hoc test (n 	 4; *p � 0.05; **p � 0.01; ***p � 0.001).
Results are presented as mean � SEM.

Generation and purification of APPex-FC. COS7 cells stably transfected
with the ectodomain of APP (APPex; amino acids 18-624) fused to the
crystallizable fragment (FC) of human IgG1 at the C terminus were cul-
tivated at 37°C in growth medium (DMEM supplemented with 10%
FCS, 1% penicillin/streptomycin, and 300 �g/ml hygromycin B) in a
humidified atmosphere with 5% CO2 according to standard cell culture
techniques. Three days after passaging, conditioned medium was col-
lected and centrifuged at 3000 � g at room temperature for 5 min to
clarify them from cell debris. The supernatant was filtered (0.22 �m) and
loaded on a recombinant protein A Sepharose FF 20 ml affinity column
(GE Healthcare). The column was washed with binding buffer (50 mM

Tris/HCl and 300 mM NaCl, pH 7.4) until UV absorption reached base-
line. The protein was eluted with 100 mM glycine, pH 2.5. To restore the
pH, 100 �l of 1 M Tris/HCl, pH 8.0, were added immediately to the
protein. The protein was concentrated and desalted with a PD-10 desalt-
ing column (GE Healthcare). Afterward, the protein was loaded on a
HiTrap Heparin HP 5 ml affinity column (GE Healthcare). The column
was washed with binding buffer (20 mM HEPES and 150 NaCl, pH 7.2)
until UV absorption reached baseline, and the protein was subsequently
eluted with elution buffer (20 mM HEPES and 1 M NaCl, pH 7.2). Protein
concentration was determined by absorbance measurements at 280 nm
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on a V-630 UV-VIS spectrophotometer (Jasco). Aliquots were taken
during the purification process and analyzed by SDS-PAGE.

Bead aggregation assay. To analyze the dimerization properties of APP,
10 �l of magnetic protein A polystyrene beads (Invitrogen) were incu-
bated with 15 �g of either purified human IgG FC (Bethyl) or APPex-FC

in binding buffer (20 mM HEPES and 150 mM NaCl, pH 7.2) for 2 h at 4°C
with end-over-end rotation. Afterward, the beads were washed three
times with 500 �l of binding buffer and sonicated to singularize. Aggre-
gation of the protein-coated beads was performed for 2 h at 4°C in 800 �l
of binding buffer supplemented with 0.1% (w/v) BSA and the indicated
amounts of copper, zinc, iron, or heparin dodecasaccharide (dp12; Dex-
tra Laboratories). For the measurement, 200 �l of each sample were
diluted in 10 ml of Isotone II solution (Beckman Coulter) and inverted to
mix. The number of aggregates �10 �m was counted with a Coulter
Counter Z2 particle counter (Beckman Coulter; 100 �m aperture tube).
The number of aggregates formed was normalized to APPex-FC. Error
bars represent mean � SEM values. Statistical analysis was performed
with unpaired Student’s t test (n 	 3; *p � 0.05, **p � 0.01, ***p � 0.001
compared with APPex-FC in buffer; ##p � 0.01 compared with APPex-FC

in buffer supplemented with 100 �M CuCl2).
GPC. For analytical GPC, either 35 �M APP GFLD or 25 �M APP

GFLD mut were incubated or not with either 10� molar excess of
heparin dodecasaccharide (dp12; Dextra Laboratories) or 50� molar
excess of CuCl2 for 30 min on ice. A total of 100 �l of the protein
solution was loaded at a flow rate of 0.8 ml/min on a calibrated
Superdex 75 10/300 GL gel permeation column (GE Healthcare). For
calibration of the column, a calibration curve [KAV vs. log molecular
weight (MW)] was prepared with protein standards (conalbumin, Mr

� 75,000; carbonic anhydrase, Mr � 29,000; ribonuclease A, Mr �
13,700; aprotinin, Mr � 6500) of the LMW gel filtration calibration
kit (GE Healthcare). The void volume (Vo) was determined by the
elution volume (Ve) of Blue Dextran 2000.

Cellular copper uptake monitored by inductively coupled plasma-optical
emission spectrometry. To determine the amount of copper taken up by
cells, HEK293 cells were cultivated in growth medium (DMEM with
0.1% FCS and 1% penicillin/streptomycin) and incubated for 4 h with
increasing amounts (1-500 �M) of glycine-complexed copper (10 mM

CuCl2, 40 mM glycine in 20 mM HEPES, pH 7.2, and 150 mM NaCl).
Cells were washed once with PBS and lysed in lysis buffer [50 mM Tris,
pH 7.4, 150 mM NaCl, 1% NP-40, and Complete Protease Inhibitor
mix without EDTA (Roche)] for 20 min on ice. Lysates were clarified
at 16,000 � g for 10 min and digested in 3 ml of 65% (v/v) HNO3 and
1 ml of 30% (v/v) H2O2 in an MLS-Ethos microwave oven using a
temperature step gradient with a maximum temperature of 210°C.
Samples were diluted to a final volume of 7 ml with ddH2O and
analyzed by inductively coupled plasma-optical emission spectrome-
try (ICP-OES) on an iCAP 6300 DUO spectrometer (Thermo Fisher
Scientific). Copper was detected and quantified at 324.754 nm. The
detection limit for copper was 0.5 �g/l. Protein concentration in cell
lysates was determined by BCA assay (Sigma). Error bars represent
mean � SEM values (n � 3).

Results
Structure of the GFLD in complex with copper
In our attempt to structurally and functionally characterize
the dimerization properties of APP, we solved the x-ray struc-
ture of the GFLD at a high resolution of 1.75 Å (PDB identifi-
cation number: 4JFN) in an unexpected copper-bound form
(GFLD�Cu; Fig. 1A; Table 1). The identity of the metal ion was
confirmed by its element-specific x-ray fluorescence signal (11.3

) and the anomalous difference Fourier map. The copper ion is
ligated to the N�2 atoms of two conserved histidine residues
(H108 and H110), which are separated by a rigid proline residue

Figure 1. Copper binding to the GFLD. A, Crystal structure of the GFLD in complex with copper in a color ramp from the N terminus (amino acid 28; blue) to the C terminus (amino acid 189; red).
The N-terminal 6�His tag is not included in the diagram representation. The anomalous difference map for the copper ion (11.3 
) and coordinating histidine residues H108 and H110 within the
LBL (yellow-orange) are shown. B, Electrostatic surface potential (3 kT) around the copper-binding site (arrow); hydrophobic (gray) and positively (blue) or negatively (red) charged surface patches
are indicated. C, Superposition of the LBL in the apo (gray; PDB identification number 1mwp) and copper-bound (color ramp) forms. Note the copper-induced reduced state of C98 and C105 as
indicated by the final 2Fo-Fc map shown at 1.0 
, the disintegration of the �-sheets, and the insertion of two stabilizing water molecules (magenta). D, Thermal unfolding monitored by CD
spectroscopy. The E1 domain without (blue) or saturated with (red) copper ions was heated from 20°C to 90°C, and the ellipticity (�) at 222 nm was measured. Differences in the unfolding process
between copper-bound and apo E1 indicate that copper influences the fully reversible thermal unfolding of the E1 domain. E, Sequence alignment of the LBL from selected APP family members (hs,
human; cp, guinea pig; mm, mouse; ce, Caenorhabditis elegans; dm, Drosophila melanogaster). The N-terminal and C-terminal numbering of each LBL sequence is listed. Conserved cysteine residues
forming the disulfide bond in the LBL are colored in yellow, and the copper-binding H�H motif is highlighted in green. F, The copper coordination sphere. The copper ion is fivefold coordinated in
a square pyramid formed by H108 and H110, as well as D23 of a symmetry-related molecule.
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and are part of the LBL implicated in dimerization (Gralle et al.,
2006; Kaden et al., 2008; Dahms et al., 2010). Copper binding
occurs between conserved hydrophobic and basic surface patches
(Fig. 1B), which are thought to be responsible for protein–pro-
tein (Kong et al., 2008) and protein– heparin (Dahms et al., 2010)
interactions, respectively. The structure of GFLD�Cu is overall
highly similar to those of the apo form (PDB identification num-
ber 1mwp; rms deviation of 0.89 Å for 96 C�-atoms) and of the
GFLD within the E1 domain (PDB identification number: 3ktm
chain B; rms deviation of 0.93 Å for 95 C�-atoms), with one
prominent exception, which is the long LBL forming a �-hairpin
between stands �5 and �8 (Fig. 1C). The copper-binding histi-
dine H108 is bulged out of the LBL hairpin, and two water
molecules are placed within the bulge, thus stabilizing the
copper-binding ligand sphere (Fig. 1C). Temperature factors
within the LBL increase up to twice the average toward the distal
end and the very tip. Strikingly, copper binding coincides with
the reduction of the disulfide bridge (C98 –C105) in the LBL-
integral �-sheet (�6 and �7; Fig. 1C), although purification and
crystallization were performed under nonreducing conditions.
Opening of the disulfide bridge between C98 and C105 and the
conformational changes within the LBL (Fig. 1C) go along with
altered thermal unfolding of the E1 domain, as shown by CD
spectroscopy (Fig. 1D). Similarly, SAXS analyses of the APP E1
domain in the presence and absence of copper revealed subtle
structural changes of the E1 domain during copper binding,
which were obscured by the tendency for aggregation of the E1
domain, probably because of clustering via intermolecular cop-
per binding (data not shown).

Sequence alignment of the LBL from different species and
APP homologs reveals that the cysteines forming the disulfide
bridge are conserved throughout the entire APP gene family,
whereas the H�H arrangement of histidines is conserved in
mammalian APP and APLP1 only (Fig. 1E). Besides the two his-
tidines, the copper ion is coordinated by an aspartate (D23) of a
symmetry-related molecule within the crystalline array, resulting
in a square pyramidal ligand sphere (Fig. 1F). The five-
coordinate geometry is reminiscent of Cu (II) binding to the
CuBD, which is classified as a type-2 non-blue Cu (II) center

(Kong et al., 2008). This geometry is typical of redox activity as
has been implicated for the CuBD, in which Cu (II) is coordi-
nated by three residues (H147, H151, and Y168) and two water
molecules (Kong et al., 2007b).

High-affinity binding of copper to the GFLD
To verify the specificity and to quantify the affinity of copper
binding, we performed ITC measurements on the E1 domain, the
CuBD, and the GFLD purified from P. pastoris and E. coli, respec-
tively (Fig. 2A,B). All three constructs revealed high-affinity cop-
per binding with apparent dissociation constants of KD � 7.5 nM

for E1, KD � 18 nM for the CuBD, and KD � 28 nM for the GFLD
(Fig. 2C–H; Table 2). The affinity for the CuBD is in agreement
with a previous report (KD � 10 nM; Hesse et al., 1994), whereas
no comparable data are available for the GFLD and the entire E1
domain. The binding stoichiometry of copper to the CuBD is 1:1,
whereas higher stoichiometries were observed for the GFLD and
the E1 domain (Table 2). The latter might be explained by uncer-
tainties in protein concentration, the presence of an additional
copper-binding site in either the GFLD or the GFLD/CuBD in-
terface, or redox activity and subsequent exchange of the ion. To
validate binding specificity, we generated a mutant GFLD with
the copper-coordinating histidines (H108/H110) replaced by
alanines (GFLD mut), which did not bind copper (Fig. 2G), dem-
onstrating that the two histidines represent the only copper bind-
ing site within the GFLD. To exclude the possibility of an
additional copper-binding site at the interface of the sub-
domains, we generated a mutant E1 domain, in which the
copper-coordinating histidine residues in the GFLD (H108/
H110) and CuBD (H147/H151) are replaced by alanines (APP
E1 mut) and observed no copper binding (Fig. 2H), demonstrat-
ing that the E1 domain has only two copper-binding sites: one in
the GFLD and one in the CuBD.

To unravel whether the APP E1 domain is also able to bind to
other metal ions, we tested the binding of zinc and iron (II) by ITC.
We observed only low micromolar binding affinity for zinc but no
binding of iron (II) to the APP E1 domain (data not shown).

Copper promotes APP dimerization in vivo
Because the newly identified copper-binding site in the GFLD is
next to the assumed APP dimerization interface (Soba et al., 2005;
Kaden et al., 2008; Dahms et al., 2010), we characterized APP
dimerization depending on a change of copper binding in the
cellular context. Using a cell survival assay based on the release of
LDH, we first validated that treatment with different doses of
copper (50 –1000 �M) did not affect cell viability of HEK293 cells
(Fig. 3A). Afterward, we determined the amount of copper taken
up by HEK293 cells during treatment with increasing concentra-
tions of copper (1-500 �M) by ICP-OES (Fig. 3B). We observed a
nonlinear increase in the cellular copper concentration with an
initial rise during treatment with 10 �M Cu (II) from 15 � 6 to
136 � 31 �g Cu (II)/g protein, followed by a slighter increase
during exposure to 100 �M Cu (II) from 136 � 31 to 303 � 52 �g
Cu (II)/g protein. Taking the current model of copper homeosta-
sis into account (Lutsenko et al., 2010), our data indicate that the
treated HEK293 cells first take up copper at low extracellular
concentrations very efficiently but likely counteract the addi-
tional increase caused by high extracellular concentrations by
active export of copper.

Then, we performed Co-IP studies with HA-tagged and myc-
tagged human APP in the presence of different copper concen-
trations (Fig. 3C). As reported previously, myc-tagged APP was
efficiently coimmunoprecipitated with HA-tagged APP (Soba et

Table 1. Data collection and refinement statistics

GFLD�Cu

Data collection
Space group P212121
Cell dimensions

a, b, c (Å) 34.05, 49.07, 66.16
Resolution (Å)a 30.28 –1.75 (1.81–1.75)
Rsym 6.3 (42.9)
I/
I 12.99 (3.19)
Completeness (%) 99.85 (100.00)
Redundancy 5.9 (6.0)

Refinement
Resolution (Å) 30.28 –1.75 (1.81–1.75)
n reflections 11674
Rwork /Rfree 0.1807/0.2303
n atoms

Protein/ligand/water 826/7/52
B-factors

Protein/ligand/water 44.8/52.8/53.9
rms deviations

Bond lengths (Å) 0.007
Bond angles (°) 1.16

Values in parentheses are for the highest resolution shell.
aData measured on one crystal.
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al., 2005). In the presence of 250 �M cop-
per, we observed a twofold to threefold
increase in APP dimer formation (n 	 3;
unpaired Student’s t test, p � 0.005;
Fig. 3D).

Because it has been previously re-
ported that zinc and iron (II) bind to APP
(Bush et al., 1993; Duce et al., 2010), we
also tested the influence of these metal
ions on APP dimer formation (Fig. 3E,F).
In contrast to copper, we observed no in-
crease in APP dimerization after addition
of 50 or 250 �M zinc or iron (II) (Fig. 3D).
Thus, we conclude that only copper is able
to specifically promote APP dimerization.

To validate that the copper-mediated
increase in APP dimerization is attribut-
able to the copper-binding sites in the
GFLD and CuBD, we generated a set of
mutant human myc-tagged APP695 vari-
ants lacking either the E1 domain (�E1)
or the loop region (APP�91-111) or car-
rying single amino acid exchanges of the
copper-binding histidine residues in the
GFLD (GFLD mut) or CuBD (CuBD mut;
Fig. 4A). Recently, it has been reported
that some histidine-to-asparagine substi-
tutions in the CuBD alter the maturation
and subcellular localization of APP (Spo-
erri et al., 2012). Therefore, we tested
whether the introduced mutations might
also affect APP subcellular localization,
which in turn could interfere with APP
dimerization properties. Western blot
analysis confirmed the expected MWs of
the different APP mutants (Fig. 4B). In
immunocytochemical analyses, only mu-
tant APP�91-111 showed a pronounced
ER localization compared with wild-type
APP (APP FL), as validated by costaining
with the ER marker mRFP–KDEL and
Pearson’s correlation analysis in HeLa
cells (n � 3; ANOVA with Tukey’s HSD
post hoc test, p � 0.0002; Fig. 4C,D). These
data indicate that deletion of the loop re-
gion causes folding problems that retain
APP in the ER. Notably, identical results
were also obtained with HEK293 cells
(data not shown). Therefore, we excluded
APP�91-111 from additional analyses. All
other APP mutants showed no significant
changes in their subcellular localization

Figure 2. Copper binds to the GFLD of APP. A, Scheme of the APP subdomains used for ITC. The positions of the GFLD (light gray),
CuBD (dark gray), and the N-terminal GST epitope (black circle) are indicated. The protease cleavage site is indicated by an arrow,
and the sites of mutation are indicated by an asterisk. B, SDS-PAGE of the affinity-purified APP subdomains stained with Coomassie
blue. C–H, ITC data recorded at 25°C. Titration of glycine-complexed CuCl2 into 20 �M APP E1 (C), 13 �M APP CuBD (D), 14 �M APP
GFLD (E), HEPES buffer as control (F ), 38 �M APP GFLD H108/110A (GFLD mut) (G), or 43 �M APP E1 H108/110/

4

147/151A (APP E1 mut) (H). The panels in C (left) and D and E
(top) show the differential heating power (�p) versus time (t)
plot. C (right), D,E (bottom), Normalized heat of reaction (Q)
versus molar copper/protein ratio (R). Copper binds with high
affinities to the APP E1 domain (KD � 7.5 nM), the CuBD (KD �
18 nM), and the GFLD (KD � 28 nM). Binding to the APP GFLD or
APP E1 is completely abolished by substitution of the copper-
coordinating histidines H108/H110 or H108/H110/H147/
H151 with alanine residues, respectively.
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compared with wild-type APP and were used to test for APP
dimerization properties in Co-IP experiments.

As observed previously (Soba et al., 2005), APP lacking the
entire E1 domain (�E1) displayed very poor interaction with
APP FL (n 	 4; unpaired Student’s t test, p � 0.0002). APP
lacking either the GFLD (�GFLD, p � 0.02) or the CuBD
(�CuBD, p � 0.02) also showed impaired dimerization (Fig.
5A,B,E). Similarly, alanine substitutions of the ligating histidine res-

idues in either the GFLD (H108, H110;
GFLDmut, p � 0.001) or the CuBD (H147,
H151; CuBDmut, p � 0.038) or both
(C/Gmut, p � 0.012) revealed impairments
in dimerization, whereas control mutants
(H137A, p � 0.18 and E183A, p � 0.42)
had no effects when coimmunoprecipi-
tated with wild-type APP (Fig. 5A,C).
Quantification of Co-IP data revealed that
the dimerization of copper binding-
deficient APP was impaired by 10-20%,
whereas deletion of the entire subdomains
almost abolished dimerization with APP
FL (Fig. 5B,C,E).

In a next step, we aimed to test whether
mutations of copper-binding sites in both
of the interacting APP molecules have an
additive effect on dimerization compared
with dimers composed of one wild-type
and one copper binding-deficient APP.
For this purpose, we precipitated different
myc-tagged APP mutants with HA-tagged
mutant APP (H108/110A; GFLD mut HA)
instead of HA-tagged wild-type APP.
Remarkably, Co-IP of APP GFLD mut,
CuBD mut, or C/G mut with APP mutated
in the GFLD (GFLD mut HA) was im-
paired more strongly (30 – 60%) than
Co-IP with wild-type APP (10 –20%; n 	
4; unpaired Student’s t test, p � 0.004 for
GFLD mut, p � 0.013 for CuBD mut, p �
0.008 for C/G mut; Fig. 5D,E), suggesting
that copper binding to both the CuBD
and the GFLD is required for APP
dimerization.

Together, these observations provide
clear evidence that elevated copper levels
promote APP dimerization by binding to
the CuBD and GFLD, by either directly
participating in the intermolecular inter-
action or favoring a conformational
change within the E1 domain.

Copper promotes APP trans-
dimerization in a heparin-
independent manner

Based on the results showing copper-dependent APP cis-
dimerization, we assumed that copper may also affect APP
dimerization in a trans-directed manner. For this purpose, we
used a cell-free standard bead aggregation assay as applied for the
analysis of different cell and synaptic adhesion proteins, such as
Cadherins or SynCAM (Lambert et al., 2000; Chappuis-Flament
et al., 2001; Galuska et al., 2010; Chavda et al., 2013). We purified

Table 2. Thermodynamic values from the analysis of the ITC experiments

n KD (nM) KD1 (�M) KD2 (�M) �H° (kJ/mol) �H1° (kJ/mol) �H2° (kJ/mol) �G° (kJ/mol) �T�S° (kJ/mol)

Cu 2	–Gly2
a * * 1.6 31 * �1.5 �5.7 * *

Cu 2	–APP E1 3.5 7.5 * * �35.8 * * �46.4 10.6
Cu 2	–GFLD 1.5 28.0 * * �40.0 * * �43.1 3.1
Cu 2	–CuBD 1.1 17.6 * * �18.0 * * �44.3 26.2

*Not applicable.
aMartell et al. (2004).

Figure 3. Copper promotes APP dimerization. A, Analysis of cell viability monitored by LDH release. HEK293 cells were incu-
bated for 4 h in growth medium supplemented with the indicated amounts of copper, and LDH released into the medium was
measured. Maximal LDH released into the medium was determined after cell lysis with Triton X-100 (	) (n�3). B, Cellular copper
uptake monitored by ICP-OES. HEK293 cells were incubated for 4 h in growth medium supplemented with the indicated amounts
of copper, and the cellular copper concentration normalized to protein levels was determined (n � 3). C, Co-IP analysis of HA- and
myc-tagged APP with increasing copper concentrations. HEK293 cells were transiently cotransfected with C-terminal HA-tagged
(APP HA) and N-terminal myc-tagged (myc APP) APP and incubated with the indicated amounts of glycine-complexed CuCl2 for
4 h. Anti-HA immunoprecipitates from cell extracts (IP) were immunoblotted for HA- and myc-tagged proteins (DL, direct load). D,
Quantification of Co-IP analysis revealed significantly increased dimerization in the presence of 250 �M copper. Mean protein levels
were normalized to APP � SEM (n 	 3; unpaired Student’s t test, **p � 0.01). E, F, Co-IP analyses of HA- and myc-tagged APP
with increasing concentrations of zinc (E) and iron (II) (F).
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the extracellular domain of APP fused to the FC domain of a
human IgG1 (APPex-FC; Baumgartner et al., 2000; Lambert et al.,
2000) by protein A affinity chromatography (Fig. 6A,B).
Copper-dependent adhesive properties of APP were tested by

incubation of APPex-FC-coated beads in HEPES buffer at in-
creasing concentrations of copper (1–100 �M). After 2 h, samples
were subjected to microscopic analysis (Fig. 6C) and quantita-
tively analyzed by counting aggregates �10 �m in a Coulter

Figure 4. Mutations of copper-binding sites do not affect cellular trafficking of APP. A, Scheme of APP constructs used. �E1, APP lacking the E1 domain; �91-111, APP lacking the LBL; GFLD mut,
APP H108/110A; CuBD mut, APP H147/151A; C/G mut, APP H108/110A and H147/151A; E1, E1 domain (gray); E2, E2 domain (black); TM, transmembrane domain; *, site of mutation; myc, N-terminal
fused c-myc epitope. The positions of the GFLD (light gray) and CuBD (dark gray) are indicated. B, Western blot analysis of APP constructs expressed in HeLa cells. APP proteins were detected by W0-2
antibody and actin by AC-15 antibody. C, Fluorescence micrographs of HeLa cells expressing the different myc-tagged APP constructs (green). Heterologously expressed APP was visualized by an
anti-myc antibody and the ER by coexpression of mRFP-tagged KDEL fusion protein (red). D, Pearson’s correlation coefficient of APP with mRFP–KDEL. Bars represent mean � SEM values of three
independent experiments (ANOVA with Tukey’s HSD post hoc test, **p � 0.01).
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Counter Z2 particle counter (Fig. 6D). Aggregation was observed
only for beads coated with APPex-FC but not for FC-coated con-
trol beads, demonstrating for the first time a direct homophilic
trans-directed interaction of APP in a cell-free assay. Further-
more, bead aggregation only took place in the presence of low
copper concentrations (5 �M; n 	 3; unpaired Student’s t test,
p � 0.005), suggesting a pivotal role of copper in APP trans-
dimerization. Increasing the concentration of copper from 5 to
100 �M elicited only a small increase in the number of aggregates

(n 	 3; unpaired Student’s t test, p � 0.021 for 10 �M, p � 0.005
for 50 �M, and p � 0.002 for 100 �M copper), indicating a satu-
ration of copper-mediated APP trans-dimerization. Moreover,
treatment with EDTA (1 mM) fully reversed bead aggregation
(n � 3; unpaired Student’s t test, p � 0.003), demonstrating that
copper-mediated bead clustering is not caused by unspecific pro-
tein aggregation.

Besides copper, we tested also the influence of zinc and iron
(II) on APP trans-dimerization (Fig. 6D). Treatment with iron

Figure 5. Intracellular APP dimerization depends on copper binding. Co-IP analysis of HA- and myc-tagged APP in HEK293 cells. A, Scheme of APP constructs used (as described in Fig. 4). APP HA,
HA-tagged full-length APP; APP FL, myc-tagged full-length APP; �GFLD, APP lacking the GFLD; �CuBD, APP lacking the CuBD; HA, C-terminal fused HA epitope; myc, N-terminal fused c-myc
epitope. The positions of the GFLD (light gray) and CuBD (dark gray) are indicated. HA-tagged full-length APP (APP HA) was transiently coexpressed with APP FL, �E1, �GFLD, or �CuBD (B) and APP
FL, GFLD mut, CuBD mut, C/G mut, APP H137A, or APP H183A (C). D, Mutated HA-tagged APP (GFLD mut HA) was transiently coexpressed with APP FL, GFLD mut, CuBD mut, or C/G mut. Anti-HA
immunoprecipitates from cell extracts (IP) were immunoblotted for HA- and myc-tagged proteins. DL, direct load. E, Quantification of Co-IP analysis revealed significant changes between APP FL and
all APP constructs with mutations/deletions of the copper-binding sites. Mean protein levels were normalized to APP FL � SEM (n 	 4; unpaired Student’s t test, *p � 0.05, **p � 0.01).
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(II) (100 �M) caused a drastic increase in the number of aggre-
gates that was not fully reversed by the addition of EDTA (1 mM),
indicating an unspecific protein aggregation. The addition of zinc
(100 �M) did not elicit a significant increase in bead aggregation,
demonstrating that only copper is able to reversibly increase
trans-dimerization of the APP ectodomain.

Heparin has been reported to induce dimerization of sAPP
or the APP E1 domain as shown previously by GPC (Gralle et
al., 2006; Dahms et al., 2010). Therefore, we tested whether
addition of heparin might also promote bead clustering and
whether copper might affect this interaction. For this purpose,

we incubated APPex-FC-coupled beads with a 10-fold and 25-
fold molar excess (2 and 5 �M, respectively) of LMW heparin
(heparin dodecasaccharide; dp12). Surprisingly, we observed
no trans-dimerization-promoting activity for heparin (Fig.
6D), suggesting that copper and heparin promote APP
dimerization in different ways. In line with this assumption,
we observed in GPC analyses that the purified GFLD
dimerized after addition of a 10-fold molar excess of heparin
(Fig. 6E), whereas neither addition of copper in 50-fold molar
excess nor alanine substitutions of the copper ligating histi-
dine residues in the GFLD (H108 and H110) affected the

Figure 6. Copper promotes APP trans-dimerization. A, Scheme of APPex fused to the FC domain of human IgG1 (FC) (APPex-FC). B, Coomassie blue-stained SDS-PAGE of the APPex-FC (arrowhead)
purification from conditioned medium of COS7 cells (COS7 SN) stably expressing APPex-FC by protein A and heparin affinity chromatography. FT, Flow through; E, eluate; *, MW of IgG heavy chain.
C, Representative micrographs of clustered protein A beads coated with either FC or APPex-FC in the presence or absence of 100 �M copper or 2 �M heparin dodecasaccharide (dp12). Scale bar, 10
�m. D, Quantification of clustered protein A beads incubated with the indicated amounts of copper, iron, or zinc, as well as Heparin dp12 or EDTA. Aggregates �10 �m were measured with a
Coulter Counter Z2 particle counter. Aperture tube, 100 �m. Bars represent mean � SEM values of at least three independent experiments (unpaired Student’s t test, *p � 0.05 and **p � 0.01
compared with APPex-FC-coated beads in HEPES buffer; ##p � 0.01 compared with APPex-FC-coated beads in HEPES buffer with 100 �M CuCl2). E, GPC of purified APP GFLD (black) and APP GFLD
H108/110A (GFLD mut; gray) in the absence (solid line) or presence of either 10-fold molar excess of heparin dodecasaccharide (dp12; dashed line) or 50-fold molar excess of CuCl2 (broken line). The
median apparent MWs and the elution volumes of the marker proteins carbonic anhydrase (Mr � 29,000) and ribonuclease A (Mr � 13,700) are indicated (�).
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heparin-induced dimerization (Fig.
6E). Notably, the mobility shift caused
by addition of heparin show minor dif-
ferences between the GFLD and the
GFLD mut, which might be attributable
to subtle alterations in heparin binding.

Together, our data from the bead ag-
gregation assay and the GPC corroborate
the assumption that heparin- and copper-
induced dimerization processes are inde-
pendent from each other and thus are
likely underlying different molecular
mechanisms.

APP synaptogenic function depends on
copper binding
The above studies provide substantial ev-
idence that copper promotes trans-
directed APP interaction. In previous
studies using a mixed-culture system
(Scheiffele et al., 2000; Graf et al., 2004;
Biederer and Scheiffele, 2007), it has been
shown that expression of APP in HEK293
cells causes a recruitment of contacting
axons from cocultured primary neurons
(Wang et al., 2009). To investigate the
synaptogenic properties of APP in depen-
dence of copper, we transiently trans-
fected Neuroligin-1 (Nlg), wild-type APP
(APP FL), APP lacking the entire extracel-
lular domain (APP�EC), APP lacking the
E1 domain (APP�E1), and the copper-
binding-deficient APP mutants (APP
GFLD mut and CuBD mut), as well as GFP
expression constructs in HEK293 cells.
The transfected cells were cocultured with
dissociated cortical neurons. Transfection
with Nlg cDNA was performed as a posi-
tive control (Scheiffele et al., 2000),
whereas heterologous expression of GFP
alone was used as a negative control (Fig.
7A). Similar to Nlg, expression of APP but
not GFP in HEK293 cells potently pro-
moted synaptic puncta formation as mea-
sured by both the number of synaptic
puncta per transfected HEK293 cell and
the area of HEK293 cells covered by Syn-
aptophysin (Fig. 7C). Most importantly,
concentrations of synaptic vesicles were
found at contact sites between APP-
expressing HEK293 cells and Tau-positive
axons of cocultured neurons, as indicated
by Synaptophysin, SV2, and Synapsin-1
immunoreactivity (Fig. 7A,B,D). These

Figure 7. Mutation of APP copper-binding sites decreases APP synaptogenic activity. Hemisynapse analysis of APP synapto-
genic activity. A, Representative micrographs of immunostainings of HEK293 cells expressing either GFP, Neuroligin-1 (Nlg), APP
FL, APP lacking the E1 domain (�E1), APP lacking the entire extracellular domain (�EC), APP H108/110A (GFLD mut), or APP
H147/151A (CuBD mut), cocultured with primary cortical neurons. Cells were stained with anti-Synaptophysin (red) and anti-MAP2
(blue) antibodies. Synaptophysin-positive but MAP2-negative puncta are visible on top of Nlg- and APP-transfected cells (green).
Scale bar, 10 �m. B, Immunostaining of APP-expressing HEK293 cells cocultured with primary cortical neurons. Cells were stained
with anti-SV2 (red) and anti-Synapsin-1 (red) antibodies to demonstrate the recruitment of presynaptic marker proteins. Scale bar,
10 �m. C, Quantification of Synaptophysin-positive puncta per transfected HEK293 cell and Synaptophysin-covered area per
HEK293 cell (5-7cellsperexperiment).Barsrepresentmean�SEMvaluesofat leastthreeindependentexperiments(ANOVAwithTukey’s

4

HSD post hoc test, *p � 0.05, **p � 0.01, and ***p � 0.001
compared with GFP; #p � 0.05 and ##p � 0.01 compared with
APP FL). D, APP-expressing HEK293 cells cocultured with pri-
mary cortical neurons were stained with anti-Synaptophysin
(red) and anti-Tau1 (blue) antibodies to visualize an accumu-
lation of Synaptophysin at contact sites between the axon and
HEK293 cells. Scale bar, 10 �m.
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data are consistent with the results of
Wang et al. (2009). We found that APP
lacking the entire extracellular domain or
the E1 domain or carrying mutations at
the copper-binding site in the GFLD
(GFLD mut) showed an 
50% lowered
amount of Synaptophysin puncta and a
reduced cell area covered by Synapto-
physin on the transfected HEK293 cells
(Fig. 7 A, C). Remarkably, replacement
of the copper coordinating histidine
residues in the CuBD (CuBD mut) did
not significantly reduce the amount of
Synaptophysin-positive puncta com-
pared with APP (Fig. 7A,C). Additionally,
the area covered by Synaptophysin, al-
though smaller, was not significantly
changed. Together, these data corrobo-
rate our hypothesis that APP synapto-
genic activity mainly depends on copper
binding to the GFLD.

Discussion
Here, we show that copper binding to
both the CuBD and the newly identified
binding site in the GFLD promotes APP
dimerization in both a cis- and trans-
cellular manner, affecting APP physiolog-
ical function at the synapse. Specific and
high-affinity binding of copper to H108/
H110 in the GFLD is validated by a crystal
structure of the GFLD in complex with
copper and by ITC measurements. Inter-
estingly, the binding affinity for the GFLD
is very similar to that for the CuBD (Hesse
et al., 1994). Although binding might occur independently to
each of the two domains, a common binding of one copper ion
could be envisaged as the copper ligation geometries of the GFLD
(Fig. 1) and the CuBD (Kong et al., 2007a) perfectly complement
each other by replacing the ligating symmetry or water molecules
with the respective coordinating residues. Sequence alignment of
the copper-binding site in the GFLD shows that the copper-
binding histidines of APP are conserved in mammals and also in
APLP1 but not in APLP2 (Fig. 1). In contrast, the copper-binding
residues in the CuBD are conserved in APP and APLP2 but not in
APLP1 (Kong et al., 2008). Thus, common binding of one copper
ion by the GFLD and the CuBD might be a unique feature of APP.

In contrast with copper binding to the CuBD (Kong et al.,
2007b, 2008), comparison of the crystals of the GFLD � Cu crystal
structure with the apo structure (Rossjohn et al., 1999; Dahms et
al., 2010) reveals clear structural changes involving disulfide re-
duction in the LBL. This might contribute to the previously
described redox activity of APP (Multhaup et al., 1996). Interest-
ingly, these alterations are observed in the loop region (LBL),
which forms the assumed APP dimerization interface (Kaden et
al., 2008; Dahms et al., 2010). Thus, copper binding to the GFLD
might provoke a conformational change in the LBL favoring APP
dimerization.

Consistently, exposure to increasing copper concentrations
(up to 250 �M) causes an elevated APP dimerization in a cis- and
trans-directed manner (Fig. 3). In Co-IP studies, we observed
that single-point mutations of the copper-binding histidines in
the GFLD or CuBD had a similarly strong influence on APP

dimerization, as had complete deletions of the respective do-
mains (Fig. 5). Together with our results from the bead aggrega-
tion assay showing that copper is essential and sufficient to direct
APP dimerization (Fig. 6), this strongly suggests a central role of
copper in the regulation of APP cis- and trans-directed dimeriza-
tion (Fig. 8). Notably, in previous S2 cell clustering experiments,
we used a copper-induced expression system, in which expres-
sion of the target proteins was induced by 500 �M copper (Soba et
al., 2005). Thus, we most likely observed unintended copper-
promoted cell clustering at that time. Although the precise mo-
lecular mechanism remains enigmatic, the present data indicate
that the CuBD and GFLD are both directly involved in copper-
mediated dimerization of two interacting APP molecules. In con-
trast to this, heparin-induced APP dimerization seems to depend
solely on the GFLD, as evidenced by GPC analysis with the iso-
lated subdomain (Fig. 6). These observations led to the conclu-
sion that the heparin- and copper-induced dimerization is
attributable to noncompetitive independent molecular mecha-
nisms, which is further supported by the fact that alanine substi-
tutions of the copper-binding histidine residues did not affect
heparin-induced dimerization in GPC.

Under in vitro conditions, low micromolar concentrations of
copper were sufficient to induce APP dimerization, whereas APP
dimerization in the cellular context was achieved only at copper
concentrations of 
100 �M. This difference is most likely ex-
plained by the complex regulation of copper homeostasis in vivo,
because copper taken up by cells is first bound to high-affinity
copper-binding components (Banci et al., 2010; Lutsenko et al.,

Figure 8. Model for copper-induced APP dimerization at the synapse. A, Under resting conditions, the copper transporter
ATP7A is predominantly localized at the Golgi apparatus, and the copper concentration within the synaptic cleft is low (light blue).
Under these conditions, APP present at presynaptic and postsynaptic sites is mainly monomeric. B, NMDA receptor activation
during synaptic transmission causes an ATP7A-mediated release of copper into the synaptic cleft (dark blue). Our results suggest
that increasing copper concentrations promote dimerization of APP in both cis- and trans-cellular manner contributing to APP
synaptogenic activity. In the insets, the domain organization of monomeric and dimeric APP is shown. The N-terminal E1 domain,
subdivided in the GFLD (gray) and the CuBD (black), is linked via a flexible acidic region to the E2 domain, the juxtamembrane/TM
region, and the cytosolic domain. The copper-binding sites in the GFLD and CuBD (indicated by blue circles) are crucial for cis- and
trans-interactions. The TM region could additionally contribute to lateral dimerization and the E2 domain to trans-cellular
dimerization. CTR1, Copper transporter 1; NMDAR, NMDA receptor; PM, plasma membrane.
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2010) and thus only available to APP at high intracellular copper
levels, when the pool of other high-affinity binding components
is saturated. Under physiological conditions, the copper concen-
tration in the human brain is 
80 �M, with the highest concen-
tration in the hippocampus (Lutsenko et al., 2010; Roberts et al.,
2012; Gaier et al., 2013). Higher concentrations are most likely
achieved only for short time periods in locally restricted areas,
e.g., during synaptic transmission, in which the temporal increase
of copper at the synaptic cleft has been reported to reach levels
that are even above 250 �M (Kardos et al., 1989; Lutsenko et al.,
2010; Gaier et al., 2013). These data support the idea that copper
might be a regulator of APP trans-dimerization at the synapse
(Fig. 8).

In our studies, we further confirmed that expression of APP in
HEK293 cells promotes synaptogenesis in contacting axons of
cocultured primary neurons (Fig. 7; Wang et al., 2009), similar to
the synaptogenic activity of Nlg (Scheiffele et al., 2000). Together
with recent data showing synaptic deficits in conditional APP
knock-out mice and different APP knock-in mutants (Müller
and Zheng, 2012), APP was classified in the group of synaptic cell
adhesion molecules (Siddiqui and Craig, 2011). Interestingly,
APP carrying mutations at the copper-binding sites in the GFLD
showed a dramatic reduction in promoting presynaptic special-
ization, very similar to the deletion of the APP extracellular do-
main or the E1 domain. This demonstrates that copper binding to
APP is not only essential for trans-dimerization but also required
for APP-promoted presynaptic specialization in mixed coculture
assays.

Moreover, accumulating evidence suggests important roles
for endogenous copper in synaptic function or plasticity, such as
a synaptic activity-dependent increase of copper levels at the syn-
aptic cleft (Tamano and Takeda, 2011; Gaier et al., 2013). How-
ever, because of the complex interconnected influences exerted
by copper ions, additional in vivo studies will be required to de-
cipher the different copper activities at the synapse, including the
modulation of the postulated synaptogenic function of APP and
prion protein, as well as GABAA receptors, NMDA receptors, and
voltage-gated calcium channels contributing to synaptic trans-
mission (Gaier et al., 2013).

Although the current data suggest a correlation of APP
dimerization, copper binding, and APP processing (Bayer et al.,
2006; Kong et al., 2008; Eggert et al., 2009; Sato et al., 2009; Kaden
et al., 2012; Spoerri et al., 2012; Noda et al., 2013), the inconsis-
tency of results obtained with these different assay systems does
not allow drawing a clear picture yet.

Together, our data provide strong evidence that altered cop-
per homeostasis and/or synaptic activity-dependent changes in
extracellular copper levels modulate APP cis- and trans-cellular
dimerization, which in turn regulates the physiological function
of APP and has a severe affect on its pathogenicity in AD.
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