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ABSTRACT. The amyloid precursor protein (APP) copper-binding domain (CuBD) has been shown to reduce
Cu(ll) to Cu(l) and to mediate copper-induced oxidation in vitro. However, little is known about copper
binding to the homologous domains of APP and APP family paralogs and orthologs (including amyloid
precursor-like proteins fror@rosophila melanogasteXenopus laeis, andCaenorhabditis elegansnd

their effects on Cu-induced oxidation and Cu(l) formation. Here, we show that APP homologues with
and without conserved histidine residues at positions 147, 149, and 151 all bind Cu(ll). Oxidized peptides
were the kinetically favored products of the redox reaction of CuBDs promoting the reduction of Cu(ll)
to Cu(l). These results reveal a molecular phylogeny-based divergence that has taken place between the
ancestralDrosophila APPL andC. elegansAPL-1 and the recently evolved APP lineage of CuBDs.
Whereas higher species CuBDs have a decreased affinity for Cu(ll) and high Cu(ll) reducing activities,
ancestral CuBDs form very tight binding sites for Cu(ll) ions and have low Cu(ll) reducing activities.
Thus, the APP lineage displays a gain in activity toward promoting Cu(ll) reduction and Cu(l) release.
The findings suggests that the Cu(ll)-binding equilibrium at the phylogenetic stagesbphilaAPPL

andC. eleganAPL-1 is shifted from the exchangeable Cu(ll) pool to the tightly bound, nonexchangeable
pool and that ancestral CuBDs may exert antioxidation activities in.viyie more recently evolved
homologues of human APP appear to take advantage of unique redox properties for yet unknown biological
functions.

Several fatal neurodegenerative disorders such as Alzhe-cysteine-rich region which is of critical importance for the
imer’s disease (AD}) familial amyothrophic lateral sclerosis  regulation of homooligomerization of full-length APP that
(FALS), and prion-related diseases (also known as transmis-occurs during cellular synthesig4, 15). Copper binding to
sible spongiform encephalopathies) are associated with theAPP reduces A production to undetectable levels and
misfolding of a Cu-binding protein that is central to the stimulates the nhonamyloidogenic pathway of APP metabo-
specific diseasel(-9). An altered copper homeostasis may lism ( ref 16 and Multhaup, G., Schmidt, C., and Simons,
be involved in the pathogenetic process in these disorders,A., to be submitted for publication).
either due to an aberrant metal binding by the prion protein  Recently, the neuronal adaptor protein Xlhas been
in human transmissible spongiform encephalopathi€}, (  described as a molecule that links intracellular Cu homeo-
an altered cellular copper chemistry of ALS mutant Cu/Zn stasis and intracellular trafficking of APP. XdImediates
superoxide dismutase (SOD1), or Cu-induced oxidation andthe interactions between presenilin-1 and ARR) (and
Cu(l) formation by the amyloid precursor protein (APP) of regulates SOD1 activity through a direct interaction with the
Alzheimer's diseasel(l—13). copper chaperone for SOD, termed COSB)( A possible

APP strongly binds copper, and this leads to oxidation of role for APP in modulating copper homeostasis was estab-
residues Cys144 and Cys158 of APP in vittg) The lished by showing that APP mice have elevated copper
copper-binding domain of APP is located in the N-terminal
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Table 1: APR.gp, Homologs thereof, and Two Peptide Variants Harboring Mutations

Peptide Sequence charge-state +5 MW caled. Cu-activity*
137 147 151 [Da]
APP cuBD FLHQERMDV C ETHLHWHTVAKET C SEKSTNLH  m/z 770.1638 3845.7800 Toxic
APP CuBD N137 FLNQERMDV C ETHLHWHTVAKET C SEKSTNLH  m/z 765.5612 3822.7666 Toxic
APLP2 cuBD FFHKERMEV C ENHQHWHTVVKEA C LTQGMTLY  m/z 787.1721 3930.8215 Toxic
APLP1 cuBD FLHQERMDQ C ESSTRRHQEAQEAC SSQGLILH m/z 751.7510 3753.7158 Inert
xAPP CuBD FLHQERMDI C ETHLHWHTVAKES C SEKSMSLH m/z 770.7607 3848.7644 Toxic
APL-1 CuBD FSHVNSRDQ C NDYQHWKDEAGKQ C KTKKSKGN  m/z 754.1576 3765.7488 Protective
APPL cuBD FDHIHNASR C WPFVRWNQTGAAA C QERGMQMR  m/z 761.5548 3802.7351 Protective
APP cuBD Y147K151 FLHQERMDV C ETYLHWKTVAKET C SEKSTNLH  n.d. n.d. Protective

a(*) The terms toxic, protective, and inert indicate the activity of the peptides towards Cu-mediated activities (accordir&gfo ref

levels in the cerebral cortexl9), whereas Cu levels in  automated synthesizer (ABI 433). Peptide chain assembly
transgenic APP mice (an animal model of AD) were found was performed using in situ activation of amino acid building
to be slightly reduced (Multhaup, G., Schmidt, C., and blocks by 2-(H-benzotriazole-1-yl)-1,1,3,3-tetramethyluro-
Simons, A., to be submitted for publication). In addition, nium hexafluorophosphate (HBTU). The purified material
we have observed that APP is prominently present in humanwas analyzed by HPLC and laser desorption mass spectrom-
bile (Multhaup, G., and Stremmel, W., unpublished observa- etry (Vision 2000, Finnigan MAT, San Jose, CA). Purified

tion) and that biliary excretion represents the sole physi- peptides were lyophilized and stored-a20 °C until use.
ological mechanism for copper excretia20y.

Although redox-cycling between Cu(ll) and Cu(l) is used
under physiological conditions by cuproenzymes (e.g., Cu/
Zn superoxide dismutase or cytochroo@xidase), this redox

Concentrations of dissolved peptides were determined by
amino acid analysis according to the manufacturer’s protocol
after hydrolysis with 6 N HCI, 0.1% phenol for 24 h at 110

property is believed to contribute to the inherent toxicity of °C (420A Amino Acid Analysis System, Applied Biosys-

this essential elemen2{) and to play a role in the initiation tems, Foster City, CA).

or progression of neurodegenerative diseases including AD. HPLC of CuBD PeptidesReversed-phase HPLC was
In fact, oxidative stress in AD has been described as the performed at room temperature on a Hewlett-Packard/Agilent
consequence of damaging reactive oxygen species such aSeries 1100 liquid chromatography system equipped with a
hydroxyl radicals T, 22—24), which are generated through Pharmacia BioteclxRPC-C2/C18 column. Peptides were
Fenton-like chemistry between lower valence metal cations injected from freshly prepared stock solutions (1Q0from
(e.g., Fe(ll) and Cu(l)) and hydrogen peroxi@s{27). In a solution of 10Qug/mL peptide in 0.1uM EDTA with or

cell culture and cell-free lipid peroxidation assays, Cu- without 304M CuCl,) and eluted with a gradient beginning
mediated toxicity could be mapped to the proposed copper-with solvent A (10 mM ammonium acetate, pH 6.5) and an
binding domain of APLP2 and nonmammalian APP orthologs. increasing percentage of solvent B (10 mM ammonium
APP orthologs with amino acid changes within this domain acetate/70% acetonitrile, pH 6.5). The separations were
had altered phenotypeq). Interestingly, th&Caenorhabditis  carried out at a flow rate of 25@L/min using a linear

elegansamyloid precursor-related protein APL-1 strongly  gradient within 30 min, followed by reequilibration to buffer
protected against Cu toxicity and conferred a protective A for 5 min. and were monitored at 216 nm.

h . Most likely, C. el loi - . . . -
phenotype £8). Most likely, C. elegansamyloid precursor Real-Time SPR Analysis (BIACORReal-time binding

related protein APL-1 had antioxidation activity and could : ;
thereby prevent reactive oxygen species (ROS) formation, €XPeriments were performed on a BIACORE system equipped
with the upgrade kit (BIACORE, Uppsala, Sweden). All

We have examined CuBDs which are homologous to the ) .
respective APP domain includir@ eleganamyloid precur- ~ €XPeriments were performed at 3C. Sensor chip NTA
sor-related protein APL-1 (the common ancestral protein of (S€NSor chip NTA, BIACORE), originally designed to bind
APP and APLP),Drosophila melanogasteAPPL, and histidine-tagged molecules for interaction analysis in BIA-
Xenopus lagis APP in Cu binding and reducing activites CORE instruments via nickel-saturated NTA, was used to
by utilizing a modified surface plasmon resonance (SPR) establish a new biosensor assay. Instead of attaching ligands
assay, Q-TOF mass spectrometry, and ICP mass spectromVvia histidine tags to a nickel charged NTA surface, the
etry. We observed that (i) APP homologues with and without methodology elaborated here relies on the binding of
conserved histidine residues all bind Cu(ll), (ii) oxidized synthetic peptides derived from the CuBD sequence of APP
peptides are the kinetically favored products of the redox to an NTA-chelated copper atom. Peptide concentration and
reaction of all CuBDs, and (iii) divergent Cu(ll) binding and contact time was used to control the amount of peptide bound
reducing activities correlate with the phylogenetic position to NTA—Cu.
of the CuBD. Prior to all binding experiments, the sensor chiTA

surface was conditioned by injecting 20 of 50 mM EDTA
EXPERIMENTAL PROCEDURES followed by an EXTRACLEAN command to thoroughly

Chemical Synthesi®urification, and Analysis of Synthetic  clean the liquid handling system to avoid a carry-over of
Peptides.For solid-phase synthesis of ARRBp peptides EDTA into the following injection. To prepare a metal
(Table 1), we employed the Fmoc strateg$,(30) in a fully chelating sensor surface, the nitrilotriacetic acid immobilized
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Ficure 1: (A) Overlay of sensorgrams showing the specific binding of the ARPpeptide to copper-charged NTA and the principle of

Cu(ll) binding to the NTA. Interaction of the ARRsp with Cu(ll)—NTA (black curve) and the absence of interaction (red curve) with
metal-free NTA (i.e., not previously loaded with Cu(ll)). Soft histidine-imidazole nitrogens surround the copper atom in a manner simulating
the Cu/Zn-SOD situation 47). The NTA group has four chelating sites that interact with four of the six coordination sites of the metal ion
(e.g., Cu(ll)). The sensor chip was preconditioned by injecting2@f 50 mM EDTA to remove residual metal ions on the chip surface
(120—-320 s) followed by a 4-min pulse of the copper solution (causing an increase of the baseline le@6l RJ) to saturate the NTA

with Cu(ll) (black curve). Alternatively, kM EDTA was injected without causing a change in the baseline (red curve). Upon injection of
APP.gp, the peptide rapidly binds to Cu(HINTA (at ~950 s) before a displacement of Cuffeptide complexes occurs due to a residual
reducing activity of APRusp (~950 to~1100 s) followed by a dissociation of the ARBp from the Cu(ll)-NTA surface (from~1100

to ~1300 s, shown here under reducing conditions in the presence of TCEP). Note that the rectangular increase of the r&b0unre (

~1100 s) is due to a nonspecific increase of the refractive index by the dissolveggyPPhe NTA sensor chip surface was regenerated

by stripping Cu(ll) from the surface with 30 of 50 mM EDTA (the rectangular increases of red and black curves fd300 to~1650

s). (B) Experimental proof of divalent copper ion binding to NTA, covalently immobilized to a carboxymethylated dextran sensor chip
matrix. The regeneration solution was injected to remove metal ions that may have been present in previously used reag&2ssj120
followed by a 4-min pulse of the copper solution to saturate the NTA with Cu(ll) producing an increase of the baseline{8@Rif

after the injection (at 720 s). During the injection of BC (black curve), the increased baseline remained constant, whereas TCEP (red curve)
and vitamin C (blue curve) solutions stripped copper from the surface (inset) and the baseline almost reached the level before the injection
of Cu(ll). To regenerate the sensor chip NTA, a 5-min pulse of the regeneration solution was injectedg@338). Note that the stripping

of copper from the surface only occurs in the presence of a soluble reducing compound or EDTA but not in the presence of BC.

sensor chip was exposed to copper solution (@RI0CuCl, The NTA sensor chip was regenerated by stripping Cu(ll)
in Milli-Q water) for 4 min at a flow rate of «L/min. This from the surface and cleaning the flow system from Cu(l)
produced an increase of the baseline level 030 RU with 100uL of 1 mM BC and 50 mM EDTA (injected at a
(Figure 1B). For nonmetal experiments, the sensor surfaceflow rate of 5uL/min).

was treated as previously described except that EDTA (1 The instrument was operated with separate eluent (1
uM) was injected for 4 min. Peptide samples were freshly PBS, 0.005% surfactant P20,/ EDTA, pH 7.4) and
dissolved to 1 mg/mL in kM EDTA in Milli-Q water to dispensor buffers (k PBS, 0.005% P20, 3 mM EDTA, pH
minimize contaminations of metal ions. Peptide stock solu- 7.4) to give the instrument extra robustness with respect to
tions were diluted to 3&g/mL in 1 x PBS and either 10  possible contaminating metal ions that could interfere with

uL (equals 300 ng) was injected onto the NF&u surface ligand binding. SPR buffers and solutions were filtered and
or the solutions were adjusted to 2 mM TCEP, 100 BC, degassed before use.
or 1 mM vitamin C before injection. For kinetic measurements, peptides were injected onto the

The sample recovery feature (BIACORE Upgrade Instru- surface by using the KINJECT command, and sensorgrams
ment Handbook, 1995) was used to recover the injectedwere analyzed using the BlAevaluation 3.0 program (BIA-
synthetic peptide by diverting the effluent from the integrated CORE). The sensorgram was allowed to run for an additional
flow cartridge to the recovery cup on the connector block 20 min after the end of injection to determine the dissociation
of the machine. The RECOVER command was placed kinetics. Kinetic constants were obtained by fitting curves
immediately after the INJECT command to which it applied. to a single-site binding model (A B = AB).

To ensure complete recovery of all of the injected peptide, Q-TOF Mass Spectrometriyeptides eluting from the Cu
a 20uL volume (10uL more than the volume of sample NTA chip surface were collected and analyzed by Q-TOF-
injected) was specified in the command table for recovery. MS (APl QSTAR Pulsar, PE Biosystems) in the positive
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ion mode. The sample was desalted on a disposable C-18 To validate the working principle of our assay system,
reversed-phase column (ZipTip, Millipore, Bedford, MA), the following results are important to mention. First, no
eluted with 70% methanol/1% acetic acid, and injected with peptide binding was observed to the metal-free NTA surface
a flow rate of 3uL/min using the standard lonSpray source. (Figure 1A, red curve). Second, the pretreatment of the Cu-
Data were acquired using the standard instrument parametergll)-charged NTA surface with the Cu(l)-specific chelator
and evaluated was performed with the PE SCIEX-Analyst bathocuproine disulfonate (BC32) did not affect peptide
software. Molecular mass of peptides was determined by binding (Figure 1B, black curve). This establishes that any
using the measured monoisotopiéz values. The instrument  peptide binding to Ca#NTA was specific and exclusively
was calibrated according to the manufacturer’s guidelines. mediated by Cu(ll). Third, when the Cu(ll)-charged NTA

Inductively Coupled Plasma Mass Spectrometry (ICP-MS). surface was treated with tris(2-carboxyethyl)phosphine (TCEP)
For analysis of metal concentrations, the samples were(Figure 1B, red curve) or vitamin C (Figure 1B, blue curve)
diluted in 5% HNQ solution. ICP-MS was performed using alone, both agents effectively removed the metal from the
a HP4500 Series 300 ShieldTorch System instrument (Agi- surface by reducing Cu(ll) to Cu(l) (Figure 1B). This
lent, Waldbronn, Germany) in peak-hopping mode with demonstrates that the NTFACu(ll) complex was abolished
spacing at 0.05 amu, 3 points/peak, 5 scans/replicat8, 2 on the surface by TCEP or by vitamin C which both can
replicates/sample, and an integration time of 400 ms/point. reduce Cu(ll) to Cu(l) and displace Cu(l) form NTA. TCEP
The rate of plasma flow was 15 L/min with an auxiliary flow is a nonsulfhydryl-based reductant which reduces oxidized
of 1.0 L/min. The RF power was 1.2 kW. The sample was thiol groups in proteins without forming adducts or noxious
introduced using a cross-flow nebulizer at a flow rate of 1.06 byproducts 83). TCEP is used in preference to the com-
L/min. The apparatus was calibrated using a 5% HNO monly used dithiothreitol (DTT) in our assay system to
solution containing Cu at 5, 10, 25, 50, and 100 ppb with maintain peptides in their reduced state on the chip surface
103Rh, the internal standard for all isotopes of Cu. and to analyze Cu(ll) binding to these peptides.

Circular Dichroism SpectroscopyAlterations in the SPR Analysis of Copper-Binding Domaifi® correlate
secondary structure content of the APP/APLP peptides wasthe contrasting activities of ARGsp peptides from divers
monitored by circular dichroism spectroscopy. Spectra were orthologs and paralogs (Table 138j, we determined the
taken using a Jasco J-710 instrument with a PFD-350Sdissociation kinetics of these peptides (Figure 2A; Table 2).
temperature control device set at a sensitivity of 10 mdeg, aThe results reveal that any conversion of Cu(ll) to Cu(l) is
time constant of 4 s, and a scan speed of 5 nm/min. Typically, a rate-limiting reaction of peptideCu complex formation
protein at 100ug/mL in 1 mM Tris-HCI buffer (pH 7.5) and maintenance. A decreasing response signal (Figure 2A)
plus either 10Q«M Cu(ll) or 100uM EDTA was measured is termed “displacement” because it starts~@50-970 s
in a 1 mmaquartz cuvette, scanning from 240 to 190 nm. and, therefore, is prior to the real dissociation phase starting
Protein concentrations for the calculation of mean residue at ~1070 s. This is observed when maximum binding
ellipticity (Ommw) were determined by amino acid analysis capacity to Cu(ll)NTA is reached at-950 s (Figure 2A,
of the sample after measurement. Curves are presented apanels A-H) and the injection of peptide solutions is
the signal average of four transients with a similarly signal- continued to~1080 s. During this time interval, the peptides
averaged baseline subtracted. A Fourier transform operationexhibit displacement activities of peptid€u(l) complexes
was carried out to remove high-frequency noise from the due to their Cu(ll)-reducing activities and the inability of
signal. NTA to bind Cu(l) (Figure 2A, black curves). Thus, each

Secondary structure content of the peptides was estimatedgsensorgram monitors the stability of the ternary peptide
from the far UV CD spectra as mean residue ellipticity using Cu(ll)—NTA complex that governs the reaction rate. Because
the PEPFIT program. the dissociation of the complex is limited by the peptide,

then the peptide affinity for Cu(ll) (i.e., for Cu()NTA)
RESULTS could be measured. Because of the rapid associatiorO@d

SPR Assay for Measuring Cu Bindingbiosensor assay S; Figure 2A), we were unable to carry out a complete kinetic
based on surface plasmon resonance (SPR) analysis waganalysis of the association process (with a duration of less
established to measure the binding of CuBD peptides of APP,than 10 s). However, the sensorgrams in Figure 2A were
APP family paralogs (amyloid precursor-like proteins APLP1 evaluated for mean displacement and dissociation rate
and APLP2), and their orthologs (e.g., fr@melanogaster constants. The BIACORE data (Table 2) has been analyzed
X. laevis, C. eleganyto NTA-chelated Cu(ll). The metal according to kinetic studies of mobilization of bound Cu(ll)
affinity chromatography matrix on the sensor chip, NTA, from human serum albumin with chelating agents involving
has four chelating sites that interact with four of the six an intermediate ternary complex with the rate constaat
coordination sites of divalent metal ions (Qiagen News the speed-limiting determinan4).

(1996), Issue No. 5, Basel, Switzerland). Cu(ll) has six = SPR Analysis of Copper-Binding Domains with B@.
coordination sites, and the favored stereochemistry of Cu- correlate the dependence of AREb binding to Cu(ll)-

(I) is an octahedral arrangement with six ligand&l)( charged NTA with Cu(ll) reduction activity, we injected
Therefore, the remaining two sites are free to interact with individual peptides without any additives (Figure 2A, panels
two amino acids, such as tyrosine, serine, threonine, or A—H, black curves) or in the presence of40-fold molar
histidine (Figure 1A). Thus, the assay in the present report excess of BC (Figure 2A, panels#d, blue curves). Under

is based on the formation of an intermediate ternary complex these conditions, BC successfully competed for Cu(l) binding
of NTA—Cu(ll)—peptide on the chip surface, which specif- with those peptides that are able to reduce Cu(ll) to Cu(l)
ically allows for the analysis of Cu(ll) binding on Cu(ll)- and to form peptideCu(l) complexes. When Cu(l) was
loaded NTA-dextran affinity sensors. generated from the Cu(H)NTA complexes, the Cu(h
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Ficure 2: (A) Sensorgram showing the capturing of CuBDs by the Cu(ll)-charged NTA surface; dP@anel A), APRgp N137

(panel B), APLPZ,sp (panel C), APLP&sp (panel D), xAPRusp (panel E), APL-%,sp (panel F), APPLusp (panel G), and

APPcgp Y147.K151 (panel H) were injected onto Cu(HNTA at a flow rate of 5uL/min for 100 s, without any additives (series 1, black

curve), in the presence of BC (series 2, blue curve) or in the presence of TCEP (series 3, red curve). After the injection with a very fast
association, a rapid displacement is followed by a slower dissociation phase. Material eluting form the NTA surface was subjected to
Q-TOF-MS analysis. Change in the baseline after the injection corresponds to the amount of peptide bound to the sensor surface of the flow
cell. (B) Investigation of the lability of peptideCu complexes in aqueous systems under equilibrium conditions. Cu/peptide molar ratios

of CuBDs are obtained by ICP-MS analysis after HPLC separation of pepfidecomplexes (initial metal-to-ligand ratio: 200). APPL
possesses lower rates of dissociation relative to the following ones (from left to right). The error in all reported values of at least two
separate experiments is less than 6%.

peptide complexes were immediately displaced from the 4+ 2% for xAPR.gp (i.e., maximum response of black and
NTA surface, as indicated by decreasing response unitsblue curves in Figure 2A, panels A and E). However, the
during the injection phase (Figure 2A, panels-K). maximum response of the other peptides remained unaffected

Because of the presence of BC, the Cu(ll) binding capacity by BC. This indicates that BC successfully competed with
(at ~950 s) increased by 78% 5% for APR.gp and 22% the peptides APRsp (panel A) and xAPR,gp (panel E) for
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Table 2: Kinetic Analysis of CuBD Binding to Cu(f)NTA by SPR

control BC TCEP
displkg disskg displkg disskg displkg disskyg
CuBDs [s7Y] x 1073 [s7Y] x 10°3 [s7Y] x 1073 [s7Y] x 10°3 [s7Y] x 1073 [s7Y] x 10°3

APP 4.4 1.6 6.4 1.1 2.4 1.9
APPu137 4.9 1.4 55 1.2 2.7 1.3
APLP2 8.2 25 10.1 2.8 2.4 34
APLP1 7.6 3.8 54 3.9 6.3 4.0
XAPP 9.4 1.9 3.0 1.8 3.2 2.7
APL-1 5.7 2.9 3.8 4.6 4.9 3.1
APPL 4.0 1.5 4.1 34 4.6 3.3
APPRy147 k151 5.2 21 8.9 2.2 9.9 4.1

adispl, displacement; diss, dissociation.

Cu(l) during the injection phase-@50 to~1100 s). Thus, = TCEP stripped off Cu(ll) from the NTA (by reducing Cu-
peptides APB,sp and xAPRgp in their oxidized form (as  (II) to Cu(l) as observed in the control, Figure 1B) rather
analyzed and described in Figure 3) regained affinity for than being required to keep AB[Rp Y147.K151 in its
residual Cu(ll>-NTA when they were already stripped of reduced state. This is due to the fact that CuBDs have an
Cu(l) by BC during the injection. affinity to the NTA—Cu(ll) surface and thus are shielding
The displacement rate of the peptid€u(l) complexes Cu(ll) (bound to the NTA-surface) from the reducing agent
was decreased in the presence of BC during the injection TCEP which does not have an affinity to the chip surface at
phase for APL-&,sp (1.5-fold; Figure 2A, panel F) and all and is uniformly distributed within the continuous buffer
XAPP.,gp (3.1-fold; Figure 2A, panel E) but was accelerated flow through the cartridge.
1.7-fold for the chimeric APP/APL-1 mutant peptide Taken together, those peptides possessing a conserved
APPcgp Y147.K151 (Figure 2A, panel H). In contrast, central histidine region (ARRsp, APLPZusp, XAPPougp,
no significant influence of BC was found on peptides APP;;sp N137; Figure 2A; Table 1) showed an increased
APPcysp N137 (panel B), APLPZsp (panel C), APLP&,sp binding to the Cu(ll)-charged NTA surface in the presence
(panel D), and APP&.ep (panel G) (Figure 2A). of TCEP (APRusp, APLPZugp, XAPP-usp; Figure 2A,
SPR Analysis of Copper-Binding Domains with TCE®. panels A-H) or much slower displacement rates (e.g., for
investigate peptide binding to Cu(t)NTA under conditions APPcygp, APLP2-5p, XAPR-gp, and APR;sp N137; Figure
where the formation of a new disulfide bridge (between 2A). On the basis of the dissociation rate constants measured
cysteines 144 and 158 around copper-binding histidine (and disregarding the association rate constants which are
residues of APP) was inhibited ), injections were per-  too fast to be measured), the His-X-His motif peptides (Table
formed in the presence of a 200-fold molar excess of TCEP. 1) have a higher affinity for Cu(IlrNTA in their reduced
The interaction of the CuBD peptides with the CUINTA states.
biosensor surface under reducing conditions is shown in ICP-MS Analysis of CuBBCopper Complexefesidual
Figure 2A (red curves). Compared with the injection without Cu(ll)/Cu(l)-binding activities of CuBDs after long-term
any additives (Figure 2A, black curves), the presence of incubation (HPLC purification of CuBBcopper complexes)
TCEP (Figure 2A, red curves) causes the maximum responsevere measured in solution by ICP-MS analysis. This was
to increase by 94%t 5% for APRygp (Figure 2A, panel used as a complementing method to SPR analysis. Whereas
A), 27% + 2% for APLPZgp (Figure 2A, panel C), and the special stereochemistry of NFACu(ll) leaves the
22% + 2% for XxAPR.ep (Figure 2A, panel E). APRgp possibility open that there were only axial sites for binding
exhibited an even higher maximum response (1:5%%) the peptide (see Figure 1A), the effects of Cu(ll)-reducing
as compared to the injection in the presence of BC (Figure activities of CuBDs analyzed by SPR remained unconsidered
2A, panel A, blue curve) and thus revealed the highest by ICP-MS analysis.
affinity for Cu(ll) of all peptides under reducing conditions Interestingly, the CuBDs obrosophila APPL and the
(see also Table 2). mutant APR147 k151€Xhibited exceptionally slow dissociation
In the presence of TCEP, the kinetic analysis shows rates by ICP-MS (Figure 2B) and by SPR analysis (Figure
strikingly slower displacement rates {.5-fold) for those 2A, panels G and H). Most likely, these two species formed
peptides with a higher maximum binding rate (1.8- kinetically stable peptideCu(ll) complexes in solution in
fold slower displacement rates for ARRBb, 3.4-fold for their oxidized but not in the reduced states, as is evident
APLPZgp, and 3.0-fold for xAPRusp; Figure 2A, panels  from the faster dissociation in the presence of TCEP (Figure
A, C, and E; Table 2). Interestingly and unlike all of the 2A). The ranking for an accelerated dissociation among the
other peptides, a slower displacement rate was also observegeptide-Cu(ll)/Cu(l) complexes in solution (Figure 2B) is
for the mutant APB,gp N137 (1.8-fold) as the only striking ~ APLP-1 (having a low binding capacity for NFACu(ll);
difference (Figure 2A, panel B; Table 2). Thus, oxidation SPR data in Figure 2A, panel D) and APL-1 (having a high
of APPcysp N137 was not inhibited although TCEP was binding capacity for NTA-Cu(ll); SPR data in Figure 2A,
present. panel F). Together with the SPR results (Figure 2A, panels
In the presence of TCEP, the displacement rates of APL- D and F), the ICP-MS data indicates that both peptides have
lcuep and APPIggp were not significantly changed. In  residual binding capacity for Cu(ll) in their oxidized and in
contrast, the mutant ARRsp Y147.K151 was found signifi-  their reduced states. Those peptides that showed an increase
cantly increased (1.9-fold; Table 2; Figure 2A). In this case, in NTA—Cu(ll) binding in their reduced states by SPR
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Ficure 3: ESI-Q-TOF analysis of 5-times charged monoisotopic ions (star-lab@malues correspond to a peptide containing exclusively

12C atoms) of peptide samples eluted and recovered from the-Nhip surface: APRjgp (panel A), APRsp N137 (panel B), APLPZ,sp

(panel C), APLPEsp (panel D), xAPRsp (panel E), APL-%usp (panel F), and APP4,sp (panel G); series 1 without any additives, series

2 with BC, and series 3 with TCEP. Note that all CuBDs were found to be oxidized without any additives during the injection and in the
presence of BC. All peptides except AREb N137 were found to be reduced by TCEP. Compare the star-labeled 5-times charged peptide
ions, which differ by 0.4 atomic mass units between oxidized and reduced peptides. This difference represents a molecular weight shift of
2 Da due to the loss of two hydrogen atoms when the disulfide is formed.
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(Figure 2A) displayed low levels of residual Cu(l) binding quickly oxidized by atmospheric oxygen after BIACORE
as indicated by ICP-MS (Figure 2B). These data suggest thatanalysis (Figure 2A) and before Q-TOF-MS analysis. This
slowdissociation of peptideCu complexes (APPL, AR k151 is further supported by the observation that this peptide was
APLP-1, and APL-1; Figure 2B) in combination with high observed mainly in its oxidized state by Q-TOF-MS, even
capacity binding (APPL, APR47x15, and APL-1; Figure  when the peptide was injected onto the Cu{WTA—sensor
2A) correlates with the protective activities measured in our chip surface with a-200-fold molar excess of TCEP (Figure
cell culture and lipid peroxidation assay28). Taken 3, panel B3).
together, protective activities are largely characterized by avid Thus, we conclude that CuBD peptides ARR,
Cu(ll) binding of oxidized peptides and slow Cu(ll) reduc- APLPZgp, XAPPcysp, and APRgp N137 can be classified
tion. into a group of peptides having an increased maximum
Q-TOF Analysis of Peptides Eluted from Cu{tNTA binding to Cu(ll)>NTA in its reduced form and a signifi-
Sensor Chip Surface$o investigate whether peptide binding cantly slower displacement rate of pepticeu(l) complexes
to Cu(ll)=NTA led to oxidative modification of the CuBD  (Figure 2A, panels AC and E). These data suggest a link
variants of APP via formation of an intramolecular cystine between the inherent chemical properties of the peptides (i.e.,
(35), the presence or absence of the disulfide was analyzedthe formation of an intramolecular disulfide bond) and the
by Q-TOF-MS. Peptide samples were eluted from the NTA  copper-mediated lipoprotein oxidation and neurotoxicity
chip surface and concentrated and desalted before analysigootential observed for the same group of ARRB peptides
Because of the high resolution of the ESI-Q-TOF-MS, the in our neuronal toxicity culture assag8§).
charge state of the ions could be determined from the mass In contrast, the maximum response of a second group of
spectrum (Figure 3). This allowed for the unambiguous peptides (Figure 2A; Table 1) remained unchanged by TCEP.
determination of the monoisotopic molecular weight of the This indicates that these peptides bind equally well to the
peptides. ESI-Q-TOF analysis is shown in Figure 3 for the Cu(ll)—NTA surface, irrespective of their oxidation state.
5-times charged monoisotopic ions (the star-labetéetpbeak In addition, they showed Cu(ll)-reducing activities as is
corresponds to a peptide containing exclusivély atoms). evident from the release of Cuftpeptide complexes from
To determine the reliability of this approach, peptides were the chip surface (Figure 2A; panels-H). The presence of
dissolved in the same buffer used for the BIACORE BC did not cause a change, indicating that this second group
experiments, desalted, concentrated, and analyzed by Q-TOFf peptides can bind Cu(ll) or Cu(l) equally well (Figure
mass spectrometry before injection onto the Ngensor 2A).
chip. This control experiment revealed that all of the  Thus, this type of accuracy provided by SPR and mass
individual CuBD peptides were present in their reduced state spectrometry offered useful tools for an elucidation of the
before the injection onto the Cu(h)NTA surface (data not  mechanism for the toxicity1, 35, 36) of residues 142
shown) and that Q-TOF mass spectrometry provides a fast166 of APP that can be attributed to Cu(ll) reduction and
approach to detect intramolecular disulfide bonds. Subse-Cu(ll)/Cu(l) binding affinity indirectly measured by SPR
quently, MS measurements of the peptides recovered fromanalysis.
the Cu(ll)-charged NTA sensor chip surface reveai#d Circular Dichroism Spectroscopyecause the displace-
values for the 5-times charged peptide ions which differ by ment of Cu(l) complexes from the chip surface was due to
0.4 atomic mass units between oxidized and reduced pep-a distinct stereochemistry of Cu(l) that favors a tetrahedral
tides. This difference represents a molecular weight shift of conformation and interferes with the coordination by NTA
2 Da due to the loss of two hydrogen atoms when the (Qiagen News (1996), Issue No. 5, Basel, Switzerland), we
disulfide bond is formed. Thus, the cysteine residues of used CD spectroscopy to investigate the influence of Cu
CuBD peptides (with identical cysteine spacings; Table 1) binding on conformational changes of peptides in solution.
had spontaneously generated a disulfide bond under theThe far UV CD spectra were obtained for the various CuBD
oxidizing conditions, both in the absence of BC (Figure 3, peptides, either complexed with copper (Figure 4, panels
panels A-G, series 1) and in the presence of BC (Figure 3, A—H, continuous line in B-H) or in its absence and in the
panels A-G, series 2). These data show that (i) an intrachain presence of a chelator (i.e., EDTA) (Figure 4, panetdB
disulfide linkage was formed exclusively and homogeneously broken line).
in all peptides, (ii) an intermolecular disulfide-linked dimer- A selective and time-dependent degradation of AR
ization did not occur, and (iii) the formation of the intrachain was observed upon the exposure of the peptide to Cu(ll) in
disulfide linkage was not influenced by BC. Because the solution (Figure 4A). A mass spectrometric analysis revealed
RECOVER (i.e., collecting the sample during the injection that the peptide was N- and C-terminally truncated (Multh-
phase) and not the FRACTIONATE BIACORE command aup, G., and Ruppert, T., unpublished observation), most
was used to collect the eluting peptide from the NTgensor likely due to the residual presence of reactive oxygen species
surface, we can conclude that all peptides already containedn the buffer. This indicates that the ARRp catalyzed a
the disulfide bond during the displacement phase (Figure 2A) free radical-mediated secondary reaction driven by the rapidly
and kinetic analyses of the displacement and dissociationformed Cu(l), as we have described for recombinant full-
phases are valid for oxidized peptides (except those done inlength APP 85).
the presence of TCEP) (Figure 2A; Table 2). Even without detailed secondary structure analysis, it is
MS measurements of peptides in the presence of TCEPapparent that the absence of copper causes a significant
(Figure 3, panels AG, series 3) confirmed that peptides alteration in the spectra of the group of peptides that
APPcugp, APLP2:ugp, APLP1cusp, XAPPoysp, APL-1cusDp, preferentially bind Cu(ll) in their reduced states (Figure 2A).
and APPlg,gp were analyzed by SPR in the reduced forms. All of them show a marked increase in the negative
Obviously, the peptide ARRsp N137 (Figure 3B) was  maximum at~198 nm, indicative of a less-ordered structure
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Ficure 4: CD spectra of CuBDs were recorded at room temperature and in aqueous solutions immediately after preparing the solutions
The CD spectra of the ARRsp showed a time-dependent change (panel A). The shape of thg gf&pectra (panel A) suggested that this
peptide has lost secondary structure in the presence o MDCu(ll) after 10 min incubation in the spectrometer without any further
change thereafter (solid line represents measurement at time 0, dashed line after 10 min, dotted line after 24 h). Spegti dIARPP

(panel B), APLPZ,sp (panel C), APLP&sp (panel D), xAPRusp (panel E), APL-%,sp (panel F), APPLusp (panel G), and

APPcgp Y147.K151 (panel H) were recorded in the presence of 4B0Cu(ll) shown as a solid line and as a dashed line for 1 mM

EDTA. Note that the3-sheet folding of APL-1 (C) rises with EDTA, whereas the foldings of orthologs either remain constant or become
disordered in the absence of Cu(ll).

(Figure 4, panels AC and E). In contrast, the second group or only relatively minor changes occur between the Cu-bound
of peptides binds Cu(ll) and Cu(l) equally well, independent and nonbound states. Examination of alterations in intensity
of their oxidation state (Figures 2A,B and 3). They either reveals that the conformational change occurring in the
show no change at this wavelength (Figure 4, panelsiF peptides APBsp (Figure 4, panel A; data not shown for
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EDTA), APR-,sp N137 (panel B), APLPZ2,gp (panel C), and — APP
XAPPcep (panel E) is principally due to a loss of ordered

structure in the absence of copper. In contrast, ARlsdl x APP
(panel F), APPLygp (panel G), and APRgp Y147.K151 APLP2
(panel H) tend to exhibit little changes. Moreover, tGe

eleganspeptide APL-%ugsp (panel F) becomes more struc- Cu(ll)/Cu(l)l inert APLP1
tured when copper is removed. Finally, the APLRb APL-1
peptide (panel D), which yields ambiguous results in the SPR Cullif protective APPL

(Figure 2), exhibits an intermediate level of change.

80 70 60 50 40 30 20 10 O
substitution events
The present study utilizes ESI-Q-TOF, ICP-MS, and CD Ficure 5: Evolution of APP gene family as aligned sequences
: - ' Y .~ (MEGALIGN-Phylogeny, Lasergene System by DNASTAR Inc.)
SpeCtrOSCpr to examm_e directly the.role of APP fam"Y in a phylogenetic tree to determine the ancestral relationships
members In copper binding and VEdUC_“OH; Although _APP IS between CuBDs; APP, Homosapiens amyloid precursor protein;
known to impair the copper balance in vivo (A¥Pmice XAPP, Xenopus lagis amyloid-like protein precursor; APLP1,
have significantly elevated Cu levels in the liver and in the Homosapiens amyloid-like protein 1 precursor; APLP2, Homosa-
cerebral cortex), the role of other APP family members in Pi€ns amyloid-like protein 2 precursor; APL-Gaenorhabditis

S . elegansamyloid-like protein precursor; APPIDrosophila mela-
copper binding has not been determined ¥&).(Therefore, nogasteramyloid-like protein precursor. The length of each pair

sophisticated techniques were applied to study the metal of branches represents the distance between sequence pairs. The
peptide exchange reactions of the CuBDs of APP family scale beneath the tree measures the distance between sequences.
members. Units indicate the number of substitution events. Invertebrate APL-1

. . and APPL form a fourth functional lineage that is ancestral to the
The data presented herein revealed a previously Unap-giner vertebrate APPs.
preciated complexity of APP family members, irrespective

of binding and release of this metal ion. (i) Unexpectedly, activity of APP and its homologues may be critical to the
APP homologues with and without conserved histidine pjjity to transport copper, supported by the finding that Cu
residues at positions 147 and 151 all bind Cu(ll). (ii) The reduction is somehow linked with copper uptake in eukary-
kinetics of these reactions revealed an initial reduction of i cells 9.

Cu(l) and a rapid displacement of Cu(l) complexes from A mych slower proteirmetal exchange reaction was
the NTA surface in a metal redistribution process between gpserved for APLP1, the most ancestral form of the APP
Cu(ll)-NTA and the variant CuBDs. (iii) Oxidized peptides family (39). The APLP1 peptide, which had an inert
were the kinet.icall.y favored .prO(_jucts within this re_dox phenotype in the toxicity assag®) was poorly influenced
reaction, resulting in a new disulfide bond in all peptides. py copper due to the lack of clustered histidine residues
(iv) This reaction was fastest for human A&k and His147 and His149 in its center (Table 1). Here, Cu(ll) may
depended on the individual chelating residues (see Table 1) pe coordinated by the amino acids serine, threonine, or

After testing a variety of chromatographic conditions, the hjstidine outside of the amino acids which are enclosed by
NTA—sensor chip surface provided a rapid and effective two cysteines (homologous to APP residues Cys144 and
means of monitoring Cu(ll) binding and reduction in the Cys158). In APLP1 complexes, Cu(l) may also be complexed
absence or the presence of BC or TCEP to alter specifically by Met141 which is conserved from APLP1 to higher
the state of peptideCu interactions. homologues (Table 1).

Peptide-Cu(ll)-NTA complexes are only stable when the The key observation, which leads to the conclusion that
peptide ligands surround the central ion in its favored copper binding developed to Cu(ll) reducing activities of
geometry. Cu(h-ligands favor a tetrahedral conformation, APP family members along the eukaryotic evolutionary line
while Cu(ll) favors a square planar conformation when steric (Figure 5) is that APPL and APL-1 can achieve very stable
hindrance is exclude®(). In the case of Cu(ll-NTA, the binding configurations to Cu(ll) and to Cu(l), as shown by
reduction of Cu(ll) to Cu(l) interferes with Cu(ll) binding SPR analysis and concluded from ICP-MS and Q-TOF-MS
to NTA due to the inability to provide a tetrahedral data. This can only be achieved when copper is coordinated
arrangement that is preferred by Cu(l). Therefore, a rapid in part by ligands favoring Cu(l) and in part by others
displacement of Cu(typeptide complexes from the NTA favoring Cu(ll). In APL-1, Cu(ll) may be coordinated by
surface was observed for ARRb, APPousp n133 APLPZ:8p, the amino acids tyrosine and histidine inside and serine and
and xAPRgp and further confirmed by ICP-MS and Q-TOF- threonine outside of the conserved cysteine residues (Table
MS. APR-ygp, APPousp N137, APLPZsp, and XAPRsp 1). In APPL, only histidine residues outside of the APP
(Table 1) all contain the central histidine region at positions conserved residues may be responsible of Cu(ll) binding
147, 149, and 151. Histidine residues are common ligands(Table 1). Thus, APPL and APL-1 resemble electron
for Cu(l) sites 81); thus, the specific stereochemistry of Cu- transport proteins which function by switching from Cu(ll)
(I) coordination most likely determines the strong redox to Cu(l) coordination with stereochemistries that lay between
potential of APRgp, APP-ugp N137, APLP2sp, and XAP- both preferred oxidation states. Drosophila flies deleted of
Pcusp Observed by SPR analysis. This is similar to redox- the Appl gene are viable, fertile, and morphologically normal,
active centers of proteins or enzymes where conversionbut they nevertheless exhibit subtle behavioral defigi.(
between the oxidation states Cu(l) and Cu(ll) can be achievedin contrast, theC. elegansAPL-1 molecule has an essential
when copper is coordinated in part by ligands favoring Cu- function. When sequences containing the CuBD of the apl-1
() and in part by others favoring Cu(Il)37). The redox gene are removed, the homozygous knockout worms show

DISCUSSION
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a larval phenotype representing a complete loss of function 16. Borchardt, T., Camakaris, J., Cappai, R., Masters, C. L., Bey-
(41). APL-1 could be truly essential for Cu transport or
protein sequestration of Cu(ll) ions#d—44). Our data

suggest that APL-1 and APPL can shift the Cu(ll)-binding
equilibrium from the exchangeable Cu(ll) pool to the tightly

bound nonexchangeable pool and, thus, prevent ROS forma-

tion.
APL-1 was predicted to be the closest to the ancestral

proteins (Figure 5), which shares many similarities with the 20

human APP 45). However, important functions of specific
APP domains will be different from the paralogs APLP1,
APLP2, APPL, and APL-1. In APP and higher evolved APP
homologues, there is a gain in activity toward promoting
Cu(ll) reduction. In so far, APP as a type-l transmembrane

protein resembles a membrane anchored Cu(ll)-reductase 24.

although there is no evidence of a catalytic activity.
Alternatively, APP may act in its secreted form as a Cu(l)
transport protein.

In any case, differing metal binding of APP may contribute
to the etiology of Alzheimer’s disease, such as aberrant metal
binding by prion protein in human prion diseas&0)
Because of an impairment of copper balance which predis-
poses neuronal cells to apoptosis by oxidative strégy (
an altered metal ion occupancy of APP and its paralogs
APLP1 and APLP2 may play a pivotal role in the patho-
genesis of AD.
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