
 1 

The Human Amyloid Precursor Protein Binds Copper Ions        

Dominated by a Picomolar Affinity Site in the Helix-Rich E2 Domain 

Tessa R. Young,† Tara L. Pukala,‡ Roberto Cappai,§ Anthony G. Wedd,† and Zhiguang Xiao*,†,¶ 

† School of Chemistry and Bio21 Molecular Science and Biotechnology Institute, The University of Melbourne, Parkville, 

Victoria 3010, Australia. 
‡ School of Chemistry and Physics, The University of Adelaide, Adelaide, SA 5005, Australia. 
§ Department of Pharmacology and Therapeutics, The University of Melbourne, Parkville, Victoria 3010, Australia. 
¶ Melbourne Dementia Research Centre, Florey Institute of Neuroscience and Mental Health, The University of Melbourne, 

Parkville, Victoria 3052, Australia 

ABSTRACT: A manifestation of Alzheimer’s disease (AD) is the aggregation in the brain of amyloid β (Aβ) peptides derived from 

the amyloid precursor protein (APP). APP has been linked to modulation of normal copper homeostasis while dysregulation of Aβ 

production and clearance has been associated with disruption of copper balance. However, quantitative copper chemistry on APP is 

lacking, in contrast to the plethora of copper chemistry available for Aβ peptides. The soluble extracellular protein domain sAPPα 

(molar mass including post-translational modifications ~ 100 kD) has now been isolated in good yield and high quality. It is known 

to feature several copper binding sites with different affinities. However, under copper-limiting conditions, it binds either Cu(I) or 

Cu(II) with picomolar affinity at a single site (labeled M1) that is located within the APP E2 subdomain. M1 in E2 was identified 

previously by X-ray crystallography as a Cu(II) site that features four histidine side-chains (H313, H386, H432, H436) as ligands. 

The presence of CuII(His)4 is confirmed in solution at pH ≤ 7.4 while Cu(I) binding involves either the same ligands or a subset. The 

binding affinities are pH-dependent and the picomolar affinities for both Cu(I) and Cu(II) at pH 7.4 indicate that either oxidation state 

may be accessible under physiological conditions. Redox activity was observed in the presence of an electron donor (ascorbate) and 

acceptor (dioxygen). A critical analysis of the potential biological implications of these findings is presented. 

INTRODUCTION 

The amyloid precursor protein (APP) is implicated in Alz-

heimer’s disease (AD) due to the abundance of its amyloid beta 

(Aβ) peptide products in the plaques present in AD brain tis-

sues.1-2 Aβ fragments (< 42 amino acids) are produced, along 

with a soluble extracellular product sAPPβ, from sequential pro-

teolysis of APP by β- and γ-secretases in the 'amyloidogenic' pro-

cessing pathway (Figure 1). Alternative 'non-amyloidogenic' pro-

cessing by α-secretase releases soluble sAPPα without resultant 

Aβ production.3  

AD is associated with disruptions in the homeostasis of several 

metal ions including copper.4 Locally elevated copper levels have 

been reported within Aβ plaques5-6 and decreased levels in sur-

rounding brain tissues.7-8 In vitro experiments show that interac-

tions between Cu and Aβ can cause peptide aggregation and gen-

erate toxic reactive oxygen species (ROS) via the Cu(II)/Cu(I) 

redox couple; if such interactions occur in vivo, they could be a 

source of neuronal damage.9 On the other hand, Cu deficits in 

nonplaque brain regions may diminish the activity of vital en-

zymes such as superoxide dismutase (SOD1) that could also con-

tribute to neurotoxicity.10  

Chelating ligands have been tested as potential therapeutics to 

extract weakly-bound metals from extracellular amyloid plaques 

and to redistribute them to their correct intracellular destinations, 

thereby restoring metal homeostasis.11-12 However, despite prom-

ising initial results, candidates failed clinical trials for AD.13  

 

 

Figure 1. Schematic representation of the overall structure and subdomains of 

APP695 (molar mass of the primary sequence: 67.7 kDa) showing cleavage sites for 

amyloidogenic (β and γ) and non-amyloidogenic (α and γ) processing pathways. 

Known post-translational modifications (PTMs) are indicated (disulfide bonds, 

phosphorylation and glycosylation sites), as are known heparin and Cu binding 

sites (see inset for key). 

The reasons are unclear but may be due to misunderstanding 

the inorganic chemistry at play.14 Important questions remain un-

answered, including: Do metal ions really interact meaningfully 

with cellular APP? If so, are these interactions functional or path-

ogenic? Answers may guide design of sensible, targeted strate-

gies for disease intervention. 
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Cumulative biological evidence documents correlations be-

tween APP and cellular copper homeostasis. Copper accumulates 

intracellularly in APP knockout, particularly in liver and brain 

tissues.15-16 Increases in the cellular copper level upregulate APP 

gene expression and vice-versa.17-18 Cu affects APP processing 

and Aβ production: elevated copper levels promote the non-am-

yloidogenic pathway, while cellular copper deficiency enhances 

amyloidogenic processing.10, 19-20 APP displays Cu-responsive 

trafficking behavior and redistributes from intracellular compart-

ments to the plasma membrane in response to high copper lev-

els.21 This latter process resembles that of the transmembrane 

copper pump ATP7A.22-23 While there clearly appears to be a bi-

ological link between copper and APP, it is unclear whether it is 

a consequence of direct metal-protein interactions.  

Multi-domain protein APP exists in several spliced isoforms. 

The shortest form expressed at high levels in the brain is APP695 

that features a large ectodomain, a single-pass transmembrane 

domain TM and a small intracellular domain AICD (Figure 1). 

The ectodomain includes two structured domains E1 (encom-

passing interacting subdomains D1 and D2) and E2 that are con-

nected by a flexible acidic domain AcD. A juxtamembrane re-

gion JMR links the extracellular protein to TM.  

The mature protein contains significant post-translational 

modifications including six structural disulfide bonds in the E1 

domain24-26 and numerous phosphorylation and glycosylation 

sites that may be involved in regulation of protein function (Fig-

ure 1).27 Two heparin-binding sites28-30 mediate interactions be-

tween APP and extracellular matrix proteins28, 31 and promote 

APP homo-dimeriation.26, 32-33 These properties are linked to AP-

P's proposed function as a cell adhesion molecule.3, 34  

Employing crystals soaked in excess Cuaq
2+, three Cu(II) bind-

ing sites were identified in isolated domains of APP by X-ray 

crystallography (Figure 2).25, 35-37 There are two in domain E1 

(one each in subdomains D1 and D2) and a third in domain E2 

(M1 site). Each employs histidine ligands primarily. As the site 

in D2 was identified first,38 it is commonly referred to as the 'cop-

per binding domain' (CuBD).25 Ligand competition experiments 

have revealed that D2 can bind Cu(I) with approximately 100-

fold stronger affinity (KD ~ 10-10 M) than Cu(II) (KD ~ 10-8 M).39 

This highlights the importance of considering both oxidation 

states. APP E2 was demonstrated to bind Cu(I) with picomolar 

(pM) affinity when bound to its biological ligand heparin.40  

However, a robust thermodynamic comparison of Cu binding 

for each of the identified sites in Figure 2 and other possible un-

identified sites in the whole ectodomain sAPPα is not available. 

Fundamental questions remain as to (i) which is the preferred 

binding site(s); (ii) which is the preferred metal oxidation state; 

(iii) whether the Cu-binding interactions of the complete ectodo-

main sAPPα differ from those of isolated individual subdomains 

(due to, for example, cooperative binding) and (iv) whether Cu 

binding affinities of APP are sufficiently strong to compete with 

extracellular Cu-binding proteins such as human serum albumin 

(HSA) or the high-affinity Cu transporter (Ctr1).  

 In this work, the ectodomain sAPPα and its subdomains have 

been isolated in high yield and purity. With the availability of 

probes developed recently for quantification of the interactions 

of both Cu(I) and Cu(II) with biomolecules,41-42 this has enabled 

a comprehensive thermodynamic analysis of the interactions be-

tween APP domains and copper ions. sAPPα binds either Cu(I) 

or Cu(II) with picomolar affinity at the tetra-His M1 site in do-

main E2. Binding of copper to this site results in protein struc-

tural change and redox activity that are modulated by biological 

partners of APP, including heparin. 

 

Figure 2. Structures of APP subdomains with bound Cu(II) ions: (a) D1 ligands 

H108 and H110 (PDB: 4JFN); (b) D2 ligands H147, H151 and possibly Y168 (PDB 

2FK1); (c) E2 ligands H313, H382, H432 and H436 (PDB 3UMK). 

RESULTS 

Expression, purification and characterisation of APP domains 

The complete extracellular domain sAPPα (residues 18-611) 

of APP and the separate subdomains D1 (28-123), D2 (133-189) 

and E1 (28-189) were expressed and purified from transformed 

Pichia pastoris cells by adapting published procedures with an 

extra final step of size-exclusion chromatography in each case to 

ensure highest sample purity. Details are provided in the Sup-

porting Information sections 3-7 (SI 3-7). APP E2 (295-498) and 

two variants AcE2 and AcE2-qm were expressed and purified 

from transformed Escherichia coli cells as reported previously.40 

AcE2 has the N-terminal amine blocked by acetylation and 

AcE2-qm also has the four His residues (His-313, 382, 432, 436) 

that define the M1 site replaced by Ala. Purities were confirmed 

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

and ultraviolet-visible spectroscopy (Figures S1 and S2). Identi-

ties were verified by electrospray ionization mass spectrometry 

(ESI-MS) except for sAPPα (Table 1). The latter was produced 

with heterogeneous P. pastoris-derived PTMs (including glyco-

sylations) that compromised the resolution of ESI-MS spectra; its 

identity was verified by proteolytic digestion and peptide map-

ping (see SI 7 and Figures S3 and S4). 

Cu(I) binding in sAPPα is dominated by the M1 site in the E2 

domain   

The affinities for Cu(I) of extracellular APP domains with sin-

gle (D1, D2, E2) or multiple (E1, sAPPα) His-rich sites were 

evaluated under a unified affinity scale. The analysis was per-

formed via competition for Cu(I) with probe ligands L = Ferene 

S (Fs), Ferrozine (Fz) and Bicinchoninate (Bca) that form chro-

mophoric [CuIL2]
3- anions in the presence of excess ligand (see 

Table S1).41, 43 
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Table 1. Characterisation data of isolated APP domains 

Protein do-

main 

APP695 

residues 

Molar mass (Da) ε280  

(cm-1 M-1)a Found Expected 

D1b 28-123 11233 11234 15,845 

D2b 133-189 6832 6833 7,365 

E1b 28-189 18786 18786 23,210 

E2c 295-498 25385 25386 15,930 

AcE2c 298-498 25427 25428 15,930 

AcE2-qmc,d 295-498 25162 25163 15,930 

sAPPαe 18-611 n/a f n/a f 60,110 

a Calculated from protein sequences; b Including extra N-terminal residues EA 

from the expression vector pPIC9; c Including extra N-terminal residues MN 

and C-terminal residues GSENLYFQ from a modified pET20b vector (see ref 
40); d Including four His to Ala point mutations (H313,382,432,436A) corre-

sponding to the M1 metal-binding site; e Including extra N-terminal residues 

REFPGM from the expression vector pHIL-S1; f Variable protein masses as a 

result of heterogeneous post-translational modifications. Identity confirmed 

by trypsin digestion and peptide mapping, see ESI 6-7 and Figures S2-4. 

The Cu(I) binding properties of subdomains D1 and D2 (Fig-

ures 1 and 2) were characterized separately with Fs, the lowest 

affinity ligand of the set, in a solution buffered at p[Cu+] = –
log[Cu+] = 8.2 (Figure S5a and Table S1). A Cu(I)-binding stoi-

chiometry of 1:1 for each subdomain was established. Fitting of 

the experimental data to a single binding site model (see SI 10) 

provided log KD ~ –10 for each subdomain, consistent with a 

previous estimate for D2 (Table 2).39 

The complete E1 domain (containing subdomains D1 and D2) 

bound, as expected, two equivalents (equiv) of Cu(I) (Figure 3a). 

Competition experiments employing either ligand Fs or Fz fitted 

well to a model of two separate Cu(I) sites of equivalent affinity 

and derived an average log KD = –10.2 for each of the sites at 

physiological pH (Figures 3a and Figure S5b). It is apparent that 

E1 binds two Cu(I) ions with nanomolar affinity and no cooper-

ativity. 

 

Figure 3. Quantification of Cu(I) binding affinities. (a) Changes in concentrations 

of [CuI(Fs)2]3- in solution ([Cu(I)]tot = 30.3 µM; [Fs]tot = 70 µM) as a function of in-

creasing concentrations of APP E1 domain; (b) Changes in concentrations of 

[CuI(Bca)2]3- in solution ([Cu(I)]tot = 7.2 µM; [Bca]tot = 16.6 µM) as a function of in-

creasing concentrations of E1 (i), E2 (ii) and sAPPα (iii) in the presence of one equiv 

of heparin H3393 (relative to protein). The solid traces show fitting of the experi-

mental data to a model of two identical binding sites for E1 in (a) and of one binding 

site for E2 and sAPPα in (b) (see ESI 10 for details). The derived affinity data (ex-

pressed as log KD) are listed in Table 2. The dotted trace (i) in (b) is a simple inter-

polation of the experimental data for E1 since its competition for Cu(I) with ligand 

Bca was too weak to allow a meaningful affinity estimation. All experiments were 

conducted in Mops buffer (50 mM, pH 7.4) under reducing conditions (1.0 mM 

NH2OH, 0.5 mM Asc). The competition experiments with probe Bca also contained 

100 mM NaCl. 

A complication arises as the E2 domain forms ternary com-

plexes E2-Cu(I)-L in the presence of probe ligands L = Fs, Fz 

and Bca, preventing Cu(I) affinity determination via the compe-

tition experiments.40 However, as demonstrated recently, these 

ternary complexes are disrupted in the presence of heparin, an 

established physiological partner of APP. This allowed a reliable 

estimation of the Cu(I) affinity of the heparin-bound APP E2: log 

KD = –12.1 at pH 7.4.40 This picomolar affinity is lost for the pro-

tein variant APP E2-qm in which the four His ligands in the M1 

site are replaced by Ala.40 

The ectodomain sAPPα (containing E2) shows equivalent be-

havior: it forms a ternary complex with Cu(I) and ligand Bca in 

the absence of heparin but not in its presence (see SI 8 and Figure 

S6). Consequently, the highest Cu(I) binding affinities of do-

mains E1, E2 and sAPPα were evaluated and compared via com-

petition for Cu(I) with higher affinity ligand Bca in the presence 

of heparin (Figure 3b and Figure S5c). Under such conditions, 

the Cu(I) binding is limited to the highest affinity site only in 

each protein. The Cu(I) binding curve of sAPPα superimposed 

that of E2 and the affinity was much higher than that of E1 (Fig-

ure 3b). High affinity Cu(I) binding in sAPPα is dominated solely 

by the M1 site in E2. The sites of nanomolar affinity in E1 cannot 

compete.44 

The presence of heparin had no detectable impact on Cu(I) 

binding to D2, but appeared to double the affinity of D1 and, con-

sequently, E1 (Table 2). APP D1, but not D2, is known to interact 

with heparin.28 

Table 2. Cu binding affinities of APP domains and related proteins at pH 7.4 

Protein Heparin 

present? 

Cu(I) affinity  Cu(II) affinity 

log KD a probe   log KD probe 

  APP domains       

sAPPα x     –11.4 DP3 

   –11.9 Bca  –11.4 DP3 

E1b x  –10.2 Fs/Fz  –8.3 DP1 

   –10.4 Fs/Fz  ND c  

D1 x  –10.0 Fs  –8.1 DP1 

   –10.4 Fs    

D2 x  –10.0 Fs  –8.1  DP1 

   –10.0 Fs    

 x  –10.1d Fs    

E2 x     –11.4 DP3 

   –11.9 Fz    

AcE2 x     –11.4 DP3 

   –11.9 Bca  –11.4 DP3 

   –12.1e Bca/Fz    

AcE2qm x     > –8.3d DP1 

   > –11.0e, f Fz    

Extracellular Cu-binding proteins     

HSA x     –12.7 DP3 

 x     –12.0g  

Ctr1n x  –12.8h   –11.0h  

a Where more than one probe was used, an average log KD was taken. b As-

suming 2 Cu sites of equal affinity. c Not determined quantitatively due to 

comparable weak Cu(II) affinity of heparin. d Ref 39. e Ref 40. f Adventitious 

binding/potential interference from more than one metal binding site was 

observed, only an upper affinity limit is given. g From ref 45. h From ref 46. 
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Cu(II) binding in sAPPα is dominated by the M1 site in the E2 

domain   

To complement the Cu(I) binding studies, Cu(II) binding to 

sAPPα and its subdomains was quantified with a set of three 

complementary fluorescent dansyl peptide probes (DP1-3).42 

These probes fluoresce at max = 550 nm upon excitation at 330 

nm but Cu(II) binding induces linear quenching (Figure 4a). 

They each bind one equiv of Cu(II) with different affinities (Ta-

ble S2) and this allows quantification of Cu(II) binding stoichi-

ometry and affinity. 

The DP1 probe was employed first for its weaker affinity (log 

KD = –8.1 at pH 7.4).42 A control titration of CuSO4 into a solu-

tion of apo-DP1 (2.0 µM) in Mops buffer (5.0 mM, pH 7.4, 100 

mM NaCl) induced linear fluorescence quenching with an end-

point at Cu/DP1 ~ 1 (Figure 4b(i)). Equivalent titrations in the 

presence of one equiv of APP E1, E2 and sAPPgenerated titra-

tion curves (ii), (iii) and (iv), respectively (Figure 4b). Curve (ii) 

for E1/DP1 had no clear endpoint, but suggested that E1 com-

petes for Cu(II) with comparable affinity to DP1 and can appar-

ently bind ~ 3 equiv of Cu(II) with contributions from weak bind-

ing sites. In contrast, the titration curve (iii) for E2/DP1 showed 

little fluorescence quenching until addition of one equiv of Cu2+ 

with a sharp turning point. The behavior indicated that E2 fea-

tures a distinct high affinity Cu(II) binding site that outcompetes 

DP1. sAPP features the full length soluble extracellular domain 

including E1, E2 and other subdomains (Figure 1). Conse-

quently, the titration curve (iv) for sAPP/DP1 was more than 

the sum of (ii) for E1 and (iii) for E2, due to the sensitivity of the 

DP1 probe to weak Cu(II) binding. 

 

Figure 4. Analysis of Cu(II) binding to APP domains with DP probes in Mops buffer 

(5.0 mM, pH 7.4, 100 mM NaCl). (a) Typical fluorescence quenching response of a 

DP probe to Cu(II) binding (ex = 330 nm; em = 550 nm); (b-d) Cu2+ titration curves 

for probes DP1 (b) and DP2 (c, d) in the presence of: (i, green) a DP probe (2.0 µM) 

only; (ii-vi) a 1:1 mixture (each 2.0 µM) of a DP probe and an APP domain of E1 (ii, 

blue), E2 (iii, red), sAPPα (iv, black), AcE2 (v, grey) and AcE2-qm (vi, violet). The 

solid traces are the simple interpolations of the experimental data. 

The higher affinity probe DP2 (log KD = -10.1 at pH 7.4)42 was 

employed next for the equivalent experiments (Figure 4c, d) that 

led to the following observations and conclusions:-  

(1) Titration curve (ii) for E1/DP2 was similar to control titra-

tion (i) for DP2 alone, indicating that DP2 outcompetes the entire 

E1 domain and that the latter does not contain a Cu(II) binding 

site with subnanomolar affinity;  

(2) Titration curves (iii) for E2/DP2 and (iv) for sAPP/DP2 

showed similar behavior, contrasting with their different behav-

ior with probe DP1 (compare Figure 4c and 4b); the observations 

indicate that there are extra low affinity binding sites in sAPP;  

(3) Titration curve (iii) for E2/DP2 differed only marginally 

from (v) for AcE2/DP2, but dramatically from (vi) for AcE2-qm. 

AcE2 lacks a free N-terminal amine that can make a minor con-

tribution only to the weaker Cu(II) binding. On the other hand, 

the behavior of AcE2-qm (lacking His-313, 382, 432, 436) iden-

tifies the tetra-His M1 site as the high affinity Cu(II) binding site 

in E2.  

To minimize complications from binding of multiple Cu(II) 

ions, the highest affinity site of each APP domain was evaluated 

quantitatively by titration of the metal-free APP domain into a 

suitable CuII-DP complex in the presence of a slight excess of the 

apo-DP probe. Competitive transfer of Cu(II) from CuII-DP to 

the APP domain was monitored by recovery of the probe fluores-

cence intensity and the affinity estimated from Cu(II) speciation 

analysis of the titration data (see ESI 11 for details). DP3 (log KD 

= -12.1 at pH 7.4)42 proved to be ideal for the purpose. Titration 

of a selected APP domain into a solution of CuII
0.8-DP3 (2.0 µM) 

in Mops buffer (50 mM, pH 7.4, 100 mM NaCl) generated titra-

tion curves (i), (ii), (iii) in Figure 5a for E1, E2 and sAPP, re-

spectively. Curves (ii) for E2 and (iii) for sAPP superimposed, 

with the probe fluorescence intensity recovering as the titration 

proceeded. This confirmed the existence of the same high affinity 

Cu(II) binding M1 site in each and the lack of binding coopera-

tivity between the M1 site and other weaker Cu(II) binding sites. 

A quantitative correlation of [CuII-DP3] versus [pro-

tein]tot/[DP3]tot estimated log KD = –11.4 at pH 7.4 for the M1 site 

(Figure 5b; see ESI 11 for details). 

 

Figure 5.  Determination of the conditional log KD of the highest affinity site for 

Cu(II) in APP E2 and sAPPα with probe DP3: (a) Recovery of DP3 fluorescence in-

tensity upon titration of proteins E1 (i), E2 (ii) and sAPPα (iii) into a solution of 

CuII0.8-DP3 (2.0 µM) in Mops (50 mM, pH 7.4, 100 mM NaCl); (b) Correlation of [CuII-

DP3] with [protein]tot/[DP3]tot ratio for each set of experimental data in (a). The 

solid traces show the best fitting of the experimental data to a one site binding 

model. The derived affinity data are summarised in Table 2. APP E1 does not com-

pete for Cu(II) with the DP3 probe effectively (traces i). 

In contrast, the flat titration curve (i) for APP E1 was con-

sistent with little competition with higher affinity probe DP3. 

Further experiments with weaker probe DP1 (Figure S7) pro-

vided indistinguishable nanomolar Cu(II) affinities for E1, D1 
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and D2 (log KD = ~ –8.2 at pH 7.4; Table 2) that matched those 

of previous estimates.37, 39 Again, no cooperativity between D1 

and D2 was detected. 

Control experiments demonstrated that heparin has no impact 

on the Cu(II) binding to the high affinity M1 site in E2 or sAPP 

(Table 2). Binding of Cu(II) to E1 remained weak in the presence 

of heparin. 

In conclusion, the only Cu(II) binding site of picomolar affin-

ity in the entire ectodomain sAPP is the M1 site within the E2 

domain.  

Competition for Cu(II) between E2 and human serum albumin  

The pKa of a free His side-chain is about 6.0. The pH depend-

ence of the affinity of the tetra-His M1 site for Cu(II) in E2 in the 

range pH 5.6-7.4 (black circles in Figure 6a) is indistinguishable 

with that of sAPP (red crosses). DP3 was the detection probe 

under the conditions of Figure 5. The data can be fitted (black 

line) assuming a single tetra-His M1 site (Figure 6b; ESI 11), 

providing pKD = –log KD = 11.2 (pH-independent) and an average 

pKa = 6.4 for the four His ligands. This interpretation is again 

consistent with a dominant tetra-His M1 site in sAPP at pH < 

7.4 with little, if any, contribution from lower-affinity sites. 

 

Figure 6. (a) Variation of conditional pKD (= −log KD) with solution pH for APP-E2 

(black filled and empty circles), sAPPα (red crosses) and HSA (blue squares) over 

the pH range 5.6 – 9.2. The solid trace corresponds to curve-fitting of the experi-

mental data of E2 at pH < 7.4 to a tetra-His site model shown in (b), generating log 

KD = –11.2 at pH > 7 and an average pKa = 6.4 for the four His ligands (see ESI 11). 

The experimental data for E2 at pH > 7.4 (open circles) deviated from the model 

and were excluded from the curve fitting. The dotted trace corresponds to simple 

interpolation of the pH-dependent data for HSA which features an ATCUN binding 

site shown in (c) for its N-terminal Asp-Ala-His sequence. 

However, the pH dependence of the apparent pKD for E2 in-

creased at pH > 7.4 (Figure 6a, open circles) in a way that could 

not be fitted with the tetra-His M1 model. The CuII-E2 EPR spec-

trum also changes (Figure S8) in a way consistent with the pres-

ence of an anionic amide ligand(s) induced by deprotonation of 

backbone peptide linkages. The behavior was not characterized 

further as it occurred outside the physiologically meaningful pH 

range. 

Can the M1 site compete with putative extracellular 

Cu(II)-binders such as human serum albumin (HSA) and the ex-

tracellular domain of the high affinity Cu importer Ctr1? Both 

HSA and Ctr1 feature an 'amino terminal Cu(II)- and Ni(II)-

binding' (ATCUN; Figure 6c) site that may play roles in Cu(II) 

binding and transport. The Cu(II) binding affinities of HSA in the 

pH range 5.6-7.4 were estimated using the DP3 probe following 

the same protocol used for APP E2 (Figure 6a, blue squares). An 

estimate of log KD = –12.7 at pH 7.4 was  obtained, comparable 

to a value of –12.0 reported previously (Table 2).45 Thus, ther-

modynamically, a competition between HSA and sAPPα for 

binding Cu(II) ions is expected, with HSA binding more favora-

bly at pH 7.4. 

However, the pH-dependence of the binding affinities of the 

two systems differ as a result of the different ligands involved in 

each site (Figure 6b, c). The conditional affinity data shown in 

Figure 6a indicate that the Cu(II) dissociation constants for E2 

and HSA are the same at pH ~ 6.7. At pH > 6.7, HSA has the 

higher affinity while, at pH < 6.7, E2 does. 

This finding was verified by metal speciation analysis via di-

rect competition for limiting Cu(II) between E2 and HSA using 

EPR as a detection probe (Figure 7). Control experiments showed 

that the EPR spectra of Cu(II)-E2 and Cu(II)-HSA were distinct 

and changed little within the pH range 6.2 – 7.4 (Figure S9). 

Therefore, the spectra of equimolar solutions of E2 and HSA un-

der Cu(II) limiting conditions independently confirm the relative 

affinities of the two Cu(II) binding proteins (Figures 6 and 7). It 

is again apparent that at pH > 6.7, HSA has the higher affinity 

while, at pH < 6.7, E2 does. 

 

Figure 7. Frozen solution EPR spectra recorded at 77 K probing the coordi-

nation environment of Cu(II) ions (120 µM) in mixtures of E2 and HSA (150 

µM each) at selected pH = 6.2, 6.7 and 7.4. Control spectra for CuII-E2 and CuII-

HSA are shown for comparison. Solutions were prepared in 50 mM buffer 

(Mes pH 6.2-6.7; Mops pH 7.4) with 500 mM NaCl and 10 % glycerol. 

The different nature of the Cu(II) binding sites in E2 and HSA 

suggest that the rate of their reactions with Cu(II) may differ. 

Transfer of Cu(II) between E2 and DP3 was much faster than that 

between HSA and DP3 under the same conditions (Figure S10), 

consistent with the known slow kinetics of Cu(II) binding to and 

dissociation from the ATCUN site.42, 47 

Cu(II) binding stabilises the structure of E2 and alters its con-

formation  

The impact of Cu(II) binding on the stability and conformation 

of E2 can be evaluated by ESI-MS. A folded structure in the gas 

phase minimizes surface protonation and is characterized by low 
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charge ions with a narrow m/z distribution. Protein unfolding 

leads to higher surface exposure and to high charge ions with a 

broader m/z distribution.48  

The native ESI-MS mass spectrum of apo-E2 displayed a bi-

modal charge-state distribution encompassing both high and low 

m/z values (Figure 8). In contrast, the m/z distribution of Cu(II)-

E2 was dominated by ions of lower charge. Inhibition of protein 

unfolding is a consequence of Cu(II) binding.  

 

Figure 8. Native ESI-MS of apo-E2 and CuII-E2. Selected charge states of apo- 

(○) and CuII-bound (●) domain are indicated. Inset: cartoon presentations of 

X-ray crystal structures for apo-E2 (PDB: 3NYL) and CuII-E2 (PDB: 3UMK). 

Side-chains of the four Cu(II)-coordinating His residues (H313,382,432,436) 

from helices B, C and D are shown in sticks and the bound Cu(II) ion as a blue 

sphere. 

Table 3. Experimental and calculated CCSs for apo- and CuII-E2 (Å2) 

Protein Exptl CCS (charge state indicated) a 
 

Calced 

CCS 9+ 10+ 11+ 12+ 

apo-E2 2077 2057 2154 2473/2892  1996 b 

CuII-E2 2195 2190 2311 2538  2145 c 

a The E2 protein isolated in this work contained 31 more residues than the 

resolved X-ray structure of the sequence APP309-491 used for the calculation 

and this may contribute to the marginally higher experimental values than 

the calculated ones; b Calculated from reported apo-E2 structure (PDB: 

3NYL); c Calculated from reported CuII-E2 structure (PDB: 3UMK). 

Ion mobility-mass spectrometry (IM-MS) is able to distinguish 

different protein conformations in ions of the same charge by 

comparing arrival time distributions (ATD) and the correspond-

ing collision cross sections (CCS).49 A detailed analysis is pre-

sented in Figure S11 and Table 3 with the conclusions: 

(i) Higher charge apo-E2 ions are partially unfolded; 

(ii) Lower charge apo- and CuII-E2 ions are essentially folded. 

Notably, the experimental CCS values of the folded apo-E2 

were significantly smaller than those of the Cu(II)-bound form 

(Table 3), indicating that Cu(II) binding leads to expansion of the 

E2 structure. X-ray crystallography revealed that Cu(II) binding 

to the M1 site of apo-E2 induces rotation of helices αB and αC 

to a more open structure (compare the two structures in Figure 

8).36 

CD spectra indicated that Cu(II) binding to the M1 site in-

creased the α-helical content of E2 slightly but consistently (Fig-

ure S12), as also observed previously.36 

In summary, Cu(II) binding to the M1 site stabilizes the struc-

ture of E2 and alters the structural conformation to a more rigid 

but more open state. 

Redox catalysis of the Cu-E2 complex 

The tetra-His M1 site in APP E2 is the highest affinity location 

for both Cu(I) and Cu(II) ions in sAPPα. Given that these affini-

ties are similar (Table 2), either oxidation state should be acces-

sible under physiological conditions. On the basis of these affin-

ities, the Nernst equation predicts a reduction potential of approx-

imately +190 mV for the Cu-M1 center, a value intermediate be-

tween those for ascorbate (Asc) oxidation (approximately +50 

mV)50 and dioxygen reduction (approximately + 300 mV)51 at 

neutral pH (Figure 9a). Consequently, the center should be re-

dox-active in catalyzing dioxygen oxidation of Asc, an antioxi-

dant abundant in the central nervous system.52 Under anaerobic 

conditions, Asc reduced the Cu(II)-E2 complex to the Cu(I)-form 

completely, as confirmed by the loss of EPR signal of the Cu(II)-

M1 center (Figure 9b). However, in an aerobic buffer, Asc was 

oxidized catalytically in the presence of Cu(II)-E2 (Figure 9c). 

Asc was stable in the same buffer containing apo-E2 without Cu. 

The oxidation rate was proportional to Cu concentration in the 

presence of excess apo-E2 (Figure 9d), consistent with the Cu-

E2 complex as a catalyst for the oxidation. 

The catalytic reaction is more complex than that represented in 

Figure 9a and is known to produce 1e- (superoxide) and 2e- (per-

oxide) examples of reactive oxygen species (ROS). Redox cy-

cling led to oxidation of APP E2: mass spectra detected ions at 

16 amu intervals, corresponding to sequential additions of oxy-

gen atoms (Table 4 and Figure 10). Controls lacking Cu and/or 

reductant Asc showed minimal oxidation. In the presence of hep-

arin, catalysis also occurred but with a ~50% reduction in the ox-

idation rate and lower levels of protein oxidation. Upon addition 

of ligand Bca, the reaction was silenced and protein oxidation 

suppressed, consistent with trapping of Cu(I) as the stable ternary 

complex E2-Cu(I)-Bca.40 

 

Figure 9. Redox activity of the Cu-E2 complex. (a) Scheme for aerobic cata-

lytic oxidation of Asc. (b) Reduction of the complex (200 μM) by Asc (2.0 mM) 

at pH 7.4 under anaerobic conditions, monitored by EPR spectroscopy. (c) 

Observed change in Asc concentration over time (monitored by absorbance 

at 265 nm) in solutions of apo-E2 (20 µM) in Mops buffer (50 mM, pH 7.4, 100 

mM NaCl) containing 0-10 µM Cu (added as CuSO4). (d) Asc oxidation rate 

from (c) plotted as a function of the Cu-E2 complex concentration. 
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Figure 10. Oxidation of APP-E2 from the catalytic cycles shown in Figure 9a. 

(a) Deconvoluted mass spectrum of E2 (20 µM) following incubation with 

Cu(II) ions (5.0 µM) and reductant Asc (50 µM) for 1 hour in an aerobic Mops 

buffer. (b) Deconvoluted mass spectra of E2 show the extent of protein oxida-

tion in solutions of varying compositions, as listed in Table 4. 

Table 4. Aerobic oxidation of Asc catalysed by Cu-E2 complex in solu-

tions of varying compositions 

Expt in 

Figure 

10b 

Solution compositions (µM) a Relative re-

action rateb Cu E2 hepa-

rin 

Asc Bca 

i 5 20 - 50 - 1.0 

ii - 20 - 50 - 0.01 

iii 5 20 - - - n/a 

iv 5 20 20 50 - 0.44 

v 5 20 - 50 25 0.05 

a In Mops buffer (50 mM, pH 7.4, 100 mM NaCl); b relative to that of Expt (i). 

DISCUSSION 

Analysis of copper binding and reactivity in sAPPand subdo-

mains 

Subdomains D1 and D2 of domain E1 of APP (Figure 1) bind 

Cu(II) with lower affinity (KD ~ 10 nM) than Cu(I) (KD ~ 0.1 

nM).39 Both feature bis-His binding sites, identified previously 

by X-ray crystallography.37 Equivalent studies of E1 did not de-

tect cooperativity in the binding (Figures 3 and 4). 

More significantly, this study estimated a pM affinity for 

Cu(II) binding at pH 7.4 to the tetra-His M1 site in APP E2. This 

is the only high affinity Cu(II) binding site within the entire sol-

uble ectodomain sAPPα (or the slightly shorter form sAPPβ). 

In the presence of heparin, a pM affinity for Cu(I) binding to 

M1 (or a ligand subset) was defined recently.40 In its absence, 

Cu(I) binding induced formation of a stable ternary complex E2-

Cu(I)-L (L = probe ligand) that prevented quantification of the 

Cu(I) affinity.40 The present work confirmed that these properties 

are retained in sAPPand that the other Cu(I) binding sites of 

weaker affinities do not compete. 

Heparin is known to promote APP dimerization26, 32 and this is 

confirmed for isolated sAPPα (Figure S13). Because of the abun-

dance of heparins and heparan sulfate proteoglycans in the extra-

cellular matrix (ECM), these dimeric structures are likely to be 

the predominant forms of APP at the cell-surface.33, 53 In intracel-

lular compartments, APP co-localizes with the proteoglycan 

glypican-1 (Gpc-1)54-55 and Cu-sAPPβ complexes may be in-

volved in the Asc-induced cleavage of its heparin sulfate chains 

in endosomes as part of Gpc-1 recycling.54, 56 Heparin binding 

sites have been identified in APP D1 and E2 domains (Figure 1), 

and they may be involved in APP’s modulation of neurite for-

mation.55 That in D1 includes Cu binding residues H108 and 

H110, while that in E2 encompasses (and may directly involve) 

the M1 site.57-58 Furthermore, coordination of metal ions, includ-

ing Cu(II) and Zn(II), to the M1 site has been shown to enhance 

heparin binding in domain E2.58 However, this work demon-

strated that the impact of heparin on Cu(I) or Cu(II) binding to 

sAPPα or its subdomains is minimal (Table 2), although heparin 

is required for disruption of the ternary Cu(I) complex E2-Cu(I)-

L discussed above. 

Specific cellular conditions may promote interactions between 

copper and APP 

Under conditions that mimic the extracellular space (pH 7.4, 

100 mM NaCl), the M1 site in APP possesses a pM affinity for 

Cu(II) that is comparable to that of the extracellular domain 

(Ctr1n) of Ctr1, but is about an order of magnitude weaker than 

that of the ATCUN site of HSA (Table 2). The latter situation 

would appear to disfavor Cu-APP interactions. However, the M1 

site can compete both thermodynamically (Figure 7) and kinet-

ically (Figure S10) with HSA (and likely with Ctr1n as well) for 

Cu(II) binding at pH 7.4. In addition, Cu(II) bound in the M1 site 

can be reduced readily to Cu(I) by Asc (Figure 9b) but Cu(II) 

bound by an ATCUN site is generally redox inactive. These com-

bined effects are expected to overcome the thermodynamic dis-

advantage of Cu(II) binding to the M1 site in the presence of 

HSA and to enhance interaction between Cu and APP at pH 7.4. 

This may be important at glutamatergic synapses where high 

concentrations of Cu are reportedly released.59-61 

 Notably, the Cu(I) affinities of the APP M1 site and the Ctr1n 

domain are both in the pM range (Table 2), providing the possi-

bility of rapid exchange of Cu(I) between sAPPα (or sAPPβ) and 

Ctr1 in the extracellular space and a potential role in Cu homeo-

stasis.15-16 

 It is important to consider the distribution of the protein be-

tween different cellular compartments (see Figure 11). A fraction 

of APP only resides at the cell surface (pH ~ 7.4) with the ma-

jority present in intracellular compartments including the endo-

plasmic reticulum (pH ~7.2), trans-Golgi network (pH ~6.5), 

endosomes (pH ~5.5-6.5) and lysosomes (pH ~4.7).62-66 The dif-

ferent ambient pH in each environment may have a substantial 

impact on metal distribution. For example, this study revealed a 

shift of dominant Cu(II) binding from HSA to APP E2 upon low-

ering solution pH from 7.4 to 6.2 (Figures 6 and 7). 

Furthermore, although the availability of free Cu in the cyto-

plasm is extremely low, intracellular Cu 'stores' may exist in 

other subcellular locations. For example, Ctr1 and its structural 

relative Ctr2 are involved in the mobilization of Cu from endo-

somal stores.67-68 This process is regulated by cleavage of the 

large extracellular domain of Ctr1 (Ctr1n)69 which binds both 

Cu(I) and Cu(II) with affinities comparable to those of the APP 

M1 site (Table 2). Consequently, Cu bioavailability in these com-

partments may approach the level required for APP E2 acquisi-

tion as well. Recent work suggests that the β-secretase BACE1 

(which interacts with and cleaves APP in acidic compartments 

such as endosomes66) may be responsible for redistributing Cu 

ions from the cytoplasm to intracellular compartments.70  
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Implications for biological function and disease  

 Biological studies linking Cu and APP in vivo are summarized 

in Figure 11. The following assessment relates the known Cu 

chemistry of APP to its reported biological behavior. 

ESI-MS (Figures 8, S11) corroborated X-ray crystallographic 

data36 that indicated significant conformational changes in APP-

E2 upon binding of Cu(II). Such changes may modulate APP 

function at synapses.71 The protein is known to localize in synap-

tic clefts and significant concentrations of Cu are reportedly re-

leased there (see Figure 11a).37, 59-61  

 

Figure 11. Potential biological implications of Cu-APP interactions in a range of subcellular locations. Central main figure: APP (blue ellipse) matures through 

the secretory pathway, from the endoplasmic reticulum (ER) to the trans-Golgi network (TGN) and is then transported to the plasma membrane via endosomal 

compartments. APP can be cleaved from the plasma membrane by α-secretase, releasing the soluble extracellular fragment sAPPα, or alternatively re-internal-

ised into intracellular endosomal compartments and the TGN. A proportion is directed to lysosomal compartments for degradation. Proposed relationships 

between APP and Cu homeostasis in vivo include: (a) APP localises to synaptic sites72 where significant Cu concentrations (red spheres) are released60-61 that 

may modulate APP function at synapses (see refs 37, 73-75); (b) Cu promotes trafficking of APP from intracellular compartments to the plasma membrane (see 

refs 21, 23); (c) APP may play a role in Cu export: intracellular Cu levels are inversely proportional to APP expression levels (see refs 15, 76); (d) Cu affects APP 

processing pathways: increased Cu levels promote non-amyloidogenic processing and Cu deficiency enhances amyloidogenic processing and Aβ production 

(see refs 10, 19-20); (e) Cu-APP complexes may catalyse heparin sulfate (HS) cleavage from glypican-1 (Gpc) in endosomes: in the proposed model, ascorbate 

drives reductive deamination of HS via an electron transfer chain involving cytochrome b561 (CYB) and Cu-sAPPβ (see refs 54, 56). 

As suggested previously,36 structural changes could also trig-

ger Cu-promoted trafficking of APP (Figure 11b) by modulating 

interactions between APP and sorting proteins. However, we 

note that indirect effects, such as Cu-induced alterations to ki-

nase pathways,23, 77 may also be responsible for Cu-induced APP 

relocation. The proposed 'Cu export' function of APP78 (Figure 

11c) may be linked to this trafficking21 as enhanced APP exocy-

tosis could facilitate the release of Cu cargo from intracellular 

vesicles in a manner reminiscent  of the actions of Cu-pumps 

ATP7A and ATP7B.22 Likewise, because the α-, β- and γ-secre-

tases are active in distinct cellular compartments66, cellular re-

distribution of APP will affect its proteolytic processing. This is 

a possible explanation of the observed Cu-dependent changes in 

Aβ production (Figure 11d). Alternatively, Cu-APP interactions 

and resulting structural changes in domain E2 (which is adjacent 

to cleavage sites; see Figure 1) could directly affect APP pro-

cessing. 

The observed redox activity of the Cu-E2 complex and its abil-

ity to produce ROS is potentially related to both functional and 

pathogenic interactions of APP. It has been shown that Asc-

driven cleavage of heparin sulfate chains from S-nitrosylated 

Gpc-1 in endosomes is dependent on both Cu and APP.54, 56 The 

proposed mechanism involves the Cu complex of sAPPβ as a re-

dox catalyst in the reductive deamination of heparin sulfate 

chains (Figure 11e). It was demonstrated in the present work 

that: (i) the thermodynamics of Cu-E2 binding interactions al-

lows Cu to readily cycle between its two oxidation states and (ii) 

Asc-driven redox-cycling occurs in vitro, including when Cu-E2 

is bound to heparin chains. This suggests that the Cu-E2 complex 

is a likely candidate for catalyzing heparin sulfate cleavage, par-

ticularly considering: (i) domain E2 contains the highest affinity 

heparin binding site in APP53, 79 and (ii) coordination of Cu(II) 

further promotes E2-heparin interactions.58 The heparin-binding 

site in E2 has been mapped to the region surrounding the M1 

site,57-58 thereby positioning redox-active Cu ions in close prox-

imity to the reactive free thiols and heparin sulfate cleavage sites 

of Gpc-1. It is expected that, in this context, redox reactions in-

volving Cu-APP species could be controlled and electrons di-

rected specifically to the S-nitrosylated cysteines of Gpc-1 (thus 

facilitating release of NO- and, subsequently, cleavage of heparin 

sulfate; see refs 56, 80-81).  

However, simple uncontrolled in vitro redox cycling of Cu-E2 

can produce ROS and cause protein damage (Figure 10). This 

suggests that dysregulation of Cu-APP redox activity could po-

tentially lead to oxidative damage (observed in AD brain tis-

sues). Interestingly, the ternary complex between APP E2 and 

ligand Bca is a stable Cu(I) species which does not undergo re-
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dox cycling in the presence of Asc and dioxygen (Table 4). Fur-

thermore, such ternary complexes are disrupted by heparin bind-

ing to APP E2 (see ref 40 and Figure S6). Although Bca is not a 

biological molecule, it is reasonable to speculate that similar ter-

nary complexes involving biological co-ligand(s) could form in 

vivo and that the interplay between ternary complex formation 

and heparin-binding could modulate the redox activity of Cu-

APP species. 

CONCLUSIONS 

The primary conclusion is that, under copper limiting condi-

tions, the M1 site in domain E2 dominates the properties of the 

entire APP ectodomain with comparable pM affinities for both 

oxidation states Cu(I) and Cu(II) (Table 2). The pH dependence 

of the apparent affinities, plus the redox activity of the bound 

copper, indicates that APP should compete for copper in a num-

ber of subcellular locations (Figure 11).  

The site is redox-active under physiological conditions (Fig-

ure 9). Redox catalysis involving O2 induced oxidation of the 

APP E2 protein itself (Figure 10), a common phenomenon in 

similar systems.82 

There is significant uncertainty about the roles (natural or 

pathological) of Cu-APP interactions in the human brain and 

about when (conditions of copper availability) and where (in 

which subcellular locations) such interactions may occur. Iden-

tification of the highest affinity copper binding site in the ecto-

domain of APP (and its pH dependence) will guide experiments 

aimed at a molecular understanding of the significance of these 

interactions. 
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