studies with the anticipated changes in the
energy and water balances from AGCM in-
vestigations in order for a complete picture of
the total environmental response to increased
CO, to emerge.

In the tropics, it is projected that the
value of A for the terrestrial biosphere is
inversely related to changes in T under 2 X
CO, conditions (see the RPV-RP axis in
Fig. 4A). For the northern latitudes, this is
true for the growing season but, because of
the lower winter temperatures associated
with the RPV case, the mean annual A and
T values appear to be correlated (Fig. 4B).
For the globe, the net result is that total A
varies widely for little variation in the glob-
al mean value of T (Fig. 4C).

We performed these simulations using ob-
served vegetation conditions for 1987, as ob-
tained from satellite data. We did not consid-
er morphological responses (that is, changes
in leaf area index or greenness) or changes in
vegetation type (migration of biomes) in re-
sponse to altered climate or plant physiology.
Human impacts on the distribution of vege-
tation are likely to be important but are dif-
ficult to predict. The potential effect of plant
physiology on climate is simulated to be sub-
stantially larger when physiology is down-
regulated than when it is not (PV versus P
and RPV versus RP). However, there is a large
uncertainty as to whether the aggregate ter-
restrial biospheric response will be closer to
the unadjusted (RP) case or the down-regu-
lated (RPV) case.
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The Amyloid Precursor Protein of Alzheimer’s
Disease in the Reduction of Copper(ll) to Copper(l)

Gerd Multhaup,* Andrea Schlicksupp, Lars Hesse, Dirk Beher,
Thomas Ruppert, Colin L. Masters, Konrad Beyreuther

The transition metal ion copper(ll) has a critical role in chronic neurologic diseases. The
amyloid precursor protein (APP) of Alzheimer’s disease or a synthetic peptide represent-
ing its copper-binding site reduced bound copper(ll) to copper(l). This copper ion-me-
diated redox reaction led to disulfide bond formation in APP, which indicated that free
sulfhydryl groups of APP were involved. Neither superoxide nor hydrogen peroxide had
an effect on the kinetics of copper(ll) reduction. The reduction of copper(ll) to copper(l)
by APP involves an electron-transfer reaction and could enhance the production of
hydroxyl radicals, which could then attack nearby sites. Thus, copper-mediated toxicity
may contribute to neurodegeneration in Alzheimer’s disease.

The major component of Alzheimer’s dis-
ease (AD) amyloid A4 is derived from the
transmembrane protein APP (1). The cen-
tral role of APP has emerged from the iden-
tification of genes that cosegregate with the
disease and influence BA4 formation (2).
The normal cellular function of APP is
unknown. Work with different cell lines has
shown that the secreted or membrane-asso-
ciated forms of APP regulate cell growth
and neurite length and participate in cell-
cell and cell-matrix adhesion (3). APP
binds to collagen, laminin, and heparan
sulfate side chains of proteoglycans (4).
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APP isoforms (containing the Kunitz pro-
tease inhibitor domain) that form complex-
es with extracellular proteases are internal-
ized by the apolipoprotein E receptor LRP
(low density lipoprotein receptor-related
protein) (5). A Zn(Il)-binding site resides
within APP residues 181 to 200 (6), and a
Cu(Il)-binding site resides within APP res-
idues 135 to 155 (6, 7). Zn(II) and Cu(II)
binding influence APP conformation, sta-
bility, and homophilic interactions (6, 7).
In the APP gene family, both binding sites
are conserved in APLP2, whereas in APLP]
only the Zn(II) site is present (6, 7).

In neurons, APP is first delivered from
the cell body to the axonal cell surface and
then to the dendritic plasma membrane (8).
If APP undergoes transcytosis from axons to
dendrites, APP could function as a transcy-
totic receptor in neurons and could facili-
tate the transcellular transport of cerebral
Zn(Il) and Cu(Il). Copper is an important
component of various redox enzymes. Free
Cu is also a toxic ion, as exemplified by its
ability to inactivate proteins through ty-
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Fig. 1. (A) Reduction of Cu(ll) to Cu(l)
by APP. The production of Cu(l) was
quantitated by recording the com-
plex formation of Cu(l) with BC, as
described (25). Wavelength scans
from 380 to 700 nm revealed an ab-
sorbance maximum of the Cu(l)-BC
complex at 480 nm. The spectra of
samples containing the Cu(l) indica-
tor molecule BC (360 uM), APP (12
pg/ml), and Cu(ll) (10 uM) in phos-
phate-buffered saline (PBS) are
shown after incubation at 37°C for
60 min. Incubations contained BC
and Cu(ll) (¢); BC, Cu(ll), and KLH
(12 wg/ml) (O); BC, Cu(ll), and SOD
(12 pg/ml) (m); BC, Cu(ll), and
ovalbumin (12 pg/ml) (#); or BC,
Cu(ll), and hs-APP (12 pg/ml) (A).
For each incubation, a single spec-
trum representative of two indepen-
dent experiments is shown; hs-APP
was purified as described (5, 7).
Chemicals used in all experiments
are described in (26). (B) Reduction
of Cu(ll) to Cu(l) by TP-APP,,, and TP-APP,.,. Absorbance spectra of
samples containing combinations of BC, TP-APP,,, (20 pg/ml), TP-
APP, 6, (20 pg/ml), and Cu(ll) were recorded as described in (A). After
carboxymethylation, TP-APP,,, and TP-APP 4, failed to reduce Cu(ll) to
Cu(l). Incubations contained BC, Cu(ll), and carboxymethylated TP-
APP,,6, (®); BC, Cu(ll), and TP-APP ¢, (O); or BC, Cu(ll), and TP-APP_,
(M). For each incubation, a single spectrum representative of three inde-
pendent experiments is shown. Carboxymethylation was performed as
described (27). (C) Reduction of Cu(ll) to Cu(l) by APP, 55 _,56- A synthetic
peptide corresponding to APP residues 135 to 156 was able to reduce
Cu(ll) to Cu(l). Absorbance spectra of samples containing combinations of
BC, APP, 55_156 (5 pg/ml), control peptides (5 wg/ml), and Cu(ll) are shown.
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Incubations contained BC and Cu(ll) (A) or BC, Cu(ll), and the synthetic
peptides representing APP residues 435 to 456 (), 327 to 348 (O), 303 to
324 (<€), or 135 to 156 (M). APP, 55 _, 5 Was identified to bind Cul(ll) (7); other
peptides were used as controls. All failed to show Cu(ll) binding in LC-ESI
MS analysis. Peptides were synthesized by solid-phase fluorenyl methoxy
carbonyl chemistry. (D) Dependence of reduction of Cu(ll) to Cu(l) on a free
sulfhydryl group in APP, 55 _, 5. Absorbance spectra of samples containing
combinations of BC (360 uM), APP, . .. (40 pg/ml), APP 55,56 (40
ng/ml) pretreated with N-ethylmaleimide (10 mM for 30 min), and Cu(ll) are
shown. Incubations contained BC and APP, 5., pretreated with N-eth-
yimaleimide (¢); BC and Cu(ll) (#); BC, Cu(ll), and APP,,,_, s Pretreated
with N-ethylmaleimide (O); or BC, Cu(ll), and APP 55,5 (H).

rosine nitration, and both deficiency and
excess lead to disorders such as Wilson’s
disease, Menkes’ syndrome, and possibly fa-
milial amyotrophic lateral sclerosis (FALS)
(9-12). The candidate genes for these dis-
eases encode membrane proteins that are
homologous to bacterial membrane Cu(II)
and Cd(II) transporters and Cu-Zn super-
oxide dismutase (SOD) (13). Because trans-
membrane APP binds Cu(Il), our working
hypothesis was that APP is involved in Cu
homeostasis and that accumulation of APP
in neurites, such as occurs in AD (11, 14),
may lead to disruption of Cu compartmen-
talization and hence to Cu toxicity.

We incubated human APP (hs-APP; 12
pg/ml), bacterial fusion proteins of APP
(TP-APP,,q and TP-APPy,¢,; 12 pg/ml),
and a synthetic peptide that represents the
Cu-binding site of APP (APP,55_;5¢) with
physiological concentrations of Cu(II) (10
M) at 37°C for 60 min in the presence of
the Cu(l) indicator molecule bathocu-
proine disulfonate (BC; 360 wM). Incuba-
tion of Cu(Il) with APP resulted in reduc-
tion to Cu(l), as indicated by the formation
of a peak with maximal absorbance at 480
nm, which is characteristic of the BC-Cu(I)
complex (Fig. 1A). In contrast, after incu-
bation of other Cu(Il)-binding proteins
such as SOD, keyhole limpet hemocyanin

Fig. 2. Copper-dependent oxidative modification of TP-APP_,.. Dur- A B

ing the incubation of TP-APP,_ with Cul(ll) (Fig. 1A) and the following Cu?t + - cu2t 4 -
redox reaction, formation of APP dimers was not observed, as as- kD kD

sessed by electrophoretic mobility of APP on SDS gels. TP-APP,,,  195— o=

(20 pg/ml) was incubated in PBS at 37°C for 1 hour without (=) or 12— JF 12—
with (+) Cu(ll) (10 wM). Electrophoretic mobility was measured in the gl—= Ba=
presence (A) or absence (B) of mercaptoethanol. Copper-treated 23: gg:
TP-APP.,, (0.6 ng) was precipitated (24) and untreated protein (0.6

wg) was loaded directly, separated on an 8% polyacrylamide gel, and 35— 35—
stained with silver (28). This finding also implies that disulfide bonds 32— 32—

did not occur randomly in the recombinant TP-APP_, (29).

(KLH), or ovalbumin (12 jg/ml of each)
with Cu(ll) for 60 min, no increase in
absorbance at 480 nm was observed (Fig.
1A). The wavelength scans for the interac-
tion of TP-APP;,, and TP-APP,,,, showed
the same reduction of Cu(II) to Cu(I) (Fig.
1B). Carboxymethylation of TP-APP,,,
prevented Cu(I) formation, which suggested
that the oxidation of cysteines was necessary
for the reduction of Cu(Il) (Fig. 1B). Thus,
the NH,-terminal 262 residues of APP are
sufficient for this catalytic activity. To lo-
calize further the active site responsible for
the redox reaction, we tested a peptide cor-
responding to APP residues 135 to 156
(APP,;5_;s¢)- This peptide was able to re-
duce Cu(Il) to Cu(l) (Fig. 1C). Preincuba-
tion of APP ;5 |5 with N-ethylmaleimide
abolished the reduction of Cu(Il), which
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indicated that the free sulfhydryl group of
APP, 55 ;56 was involved (Fig. 1D).

To differentiate between inter- and in-
tramolecular formation of disulfide bonds, we
examined an aliquot of Cu(Il)-oxidized TP-
APP,,, for dimer formation with SDS—poly-
acrylamide gel electrophoresis (SDS-PAGE)
under nonreducing and reducing conditions
(Fig. 2). APP dimer formation, which may
result in the formation of intramolecular di-
sulfide bonds during the production of the
cuprous ions by TP-APP.,,, was not observed.
Thus, in full-length APP the second cysteine
required for the redox reaction would be from
within the same molecule.

Having identified a Cu(II)-binding site in
APP and ascertained that APP had an in-
trinsic redox potential specific for Cu(II), we
next investigated the involvement of cys-
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20 Fig. 3. Determined mass of the Cu-oxidized synthetic peptide APP ;5,55 by MALDI and LC-ESI MS analysis. (A) The
10- MALDI MS spectrum is shown for APP, 5. _, 54 after Cu(ll) treatment, as described in Fig. 1C. The molecular mass of
5484.1 2743.2 corresponds to the native peptide; the molecular mass of 5485.2 corresponds to the disulfide-linked dimer.
2000 4000 6000 Methods were as described (30). (B) Under the same conditions for incubation as in (A) with Zn(ll), Ni(ll), Co(ll), and Mg(ll),
mlz almost no doubly charged masses were observed. The molecular mass of 2743.7 corresponds to the monomeric form

of the native peptide. (C) lllustrative spectra of LC-ESI MS analysis (29) for a control sample without Cu(ll) pretreatment.
The charge states (+2) to (+5) are shown, followed by the m/z value. (D) The full-scan spectrum, showing a mutant peptide of APP 5. -+ with a serine instead
of cysteine with one bound Cu. (E) ESI spectra showing the dramatic difference in intensity and m/z values for APP . _, . before addition of Cu(ll). (F) After
addition of Cu(ll), the stoichiometry of Cul(ll) binding is 1:1 for the monomer, and (G) consequently, 2:1 for the APP,55_,5¢ dimer. For methods see (29).

teines (6, 7). The candidate region in APP
for Cu(Il) binding (residues 135 to 155)
contains a single cysteine at position 144
that may represent one of the cysteines in
the active site. Preliminary studies with sur-
face plasmon resonance analysis indicated a
structural change of APP initiated by Cu(II)
(7). Because Cu(II) was reduced to Cu(I) by
APP, this conformational change may have
resulted from cystine formation involving
Cys'*. Thus, we used matrix-assisted laser
desorption mass spectrometry to analyze di-
rectly the possible participation of this cys-
teine in Cu(Il) reduction. This analysis
showed that Cu(II) specifically induced ox-
idation of the single cysteine residue con-
tained within peptide APP,;5_;55. The incu-
bation of the peptide with Cu(II) [synthetic
peptide (200 pg/ml); 1 mM divalent ions],
but not with Zn(II), Ni(Il), Co(Il), or
Mg(II), led to dimerization of peptides con-
taining Cys'** (Fig. 3, A and B). In contrast
to full-length APP (Fig. 2), which did not
dimerize during the reaction, APP ;5 56
peptides formed intermolecular disulfide
bridges, most likely because of the lack of a
second intramolecular cysteine. Electrospray
mass spectrometry also revealed that a pep-
tide with a serine replacement at position
144 still bound Cu(Il) but did not have the
catalytic activity (Fig. 3, C and D).
Preformed APP, 55 5, dimers had Cu
ion-binding properties similar to those of
the monomeric peptide. The stoichiometry
of Cu(Il) binding was 1:1 for the monomer
(Fig. 3, E and F) and 2:1 for the dimer of
APP 55,54 (Fig. 3G). Thus, the Cu-binding
site remained intact after dimer formation,
and formation of one intermolecular disul-
fide bridge did not interfere with Cu bind-
ing. Also, Cu-coordinating histidines (7)
remained available in the dimers for inter-
action with Cu ions. Analyses of Cu(Il)
reduction by APP, 55 ;5 and variants there-
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Fig. 4. (A) Dependence of Cu(ll) reduc-
tion on concentration of APP,g5_156-
APP,45_1s6 Was incubated in PBS at
37°C for 60 min with Cu(ll) (10 wM) and
BC (360 M), without ((J) and with GHL
(5 wg/ml) (M). Cu(l) formation was moni-
tored as the increase in absorbance at
480 nm. Each point represents the mean
of at least two independent experiments.
(B) Effects of SOD and catalase on Cu(ll)
reduction by APP4z5_156. Cu(ll) (10 M)
and APP,g5_155 (20 pg/ml) were incu-
bated in PBS at 37°C for 60 min with BC
(360 M) in the absence (M) or presence
of either SOD (1000 U/ml, ) or catalase
(1000 U/ml, A). Cu(l) formation was
monitored as the increase in absorbance
at 480 nm. (C) Lack of Fe(lll) reduction by
APP. Absorbance at 535 nm was mea-
sured for various combinations of BP
(360 uM), hs-APP (12 wg/ml), APP 55 _156
(20 pg/ml), and Fe(lll)-citrate (10 wM) in
PBS and is shown after incubation at
37°C for 60 min. Incubations contained
BP, Fe(lll)-citrate, and hs-APP (); BP and
Fe(lll)-citrate (M); BP, Fe(lll)-citrate, and
APPias_1s6 ()  BP, Felll)-citrate,
APP35_156 and the hypoxanthine (1.5
mM)-xanthine oxidase (0.02 U/ml) MFO
system (®); or BP, Fe(lll)-citrate, hs-APP,
and the hypoxanthine (7.3 mM)-xanthine
oxidase (0.2 U/ml) MFO system (@). Fe(ll)
formation was monitored as the increase
in absorbance at 535 nm. Each point rep-
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resents the mean of at least two independent experiments. Fe(ll) was quantitated according to (76).

of corroborated these findings. Peptides
that did not contain Cys'** (7) failed to
show a reduction of Cu(Il), and rates of
Cu(I)-BC complex formation were at the
background level. Peptides that carried ami-
no acid substitutions at histidines (7) but
contained Cys'** showed a diminished po-
tential for Cu(Il) reduction that varied de-
pending on the position of the altered res-
idue. The variant peptide N3 (7) reached
only 30% of the redox activity of wild-type

SCIENCE e« VOL.271 e« 8 MARCH 1996

APP, 55 ;5. The His substitution N13
showed a slightly reduced redox activity of
78% compared with that of APP| 55 ;s
Thus, more than one histidine residue was
required for binding and subsequent reduc-
tion of Cu(Il). The corresponding peptide
of APLP2 (7), the most closely related
member within the APP superfamily, had
60% of the activity of APP;5_ ;5 This
difference implies an influence of residues
that are not conserved between APP and

WY



APLP2 for Cu(Il) binding and reduction.

To investigate the dependence of
APP, 55 s concentration on Cu(Il) re-
duction, we incubated 10 wM Cu(II) for 60
min at 37°C with BC (360 uM) in the
presence of increasing concentrations of
APP 35 156 (O to 80 pg/ml). Maximal
amounts of Cu(l) (about 7.5 wM) were ob-
served at APP 55 ;5o concentrations of 10
pM (25 wg of peptide per milliliter) (Fig.
3A). Below this concentration, APP, ;5 ;56
reduced Cu(Il) in a dose-dependent manner.

" Cu(I)-BC complex formation was observed
at 0.4 pM (1.0 pg of peptide per milliliter)
(Fig. 4A). The human plasma copper-bind-
ing growth factor glycyl-L-histidyl-L-lysine
(GHL) (15) was a potent inhibitor of
APP, 55 ;56 oxidation by Cu(Il). At concen-
trations as low as 5 wg of GHL per milliliter,
a 70% inhibition of APP,55_, 54 activity was
observed, independent of the APP 55 ;56
concentration used (Fig. 4A). GHL pre-
sumably acts by converting GHL into
GHL-Cu, thus chelating ionic copper and
preventing its binding to APP;5 ;s¢. The
reduction of Cu(Il) by APP|;5_;s5c was not
inhibited by SOD or by catalase (Fig. 4B).
Thus, the redox reaction did not require
superoxide and hydrogen peroxide.

In contrast to the ability of APP to
reduce Cu(II) to Cu(I), APP did not reduce
Fe(IlI) to Fe(Il) (Fig. 4C). The latter was
analyzed as complex formation of Fe(II)
with the indicator molecule bathophenan-
throline disulfonate (BP). Even after 5
hours of incubation, a BP-Fe(II) complex
was not formed when hs-APP was incubat-
ed either with Fe(Ill)-citrate (10 uM) and
BP (360 wM) or with peptide APP |55 ;5.
However, when a standard mixed-function
oxidase system [MFO; 1.5 mM hypoxan-
thine with xanthine oxidase (0.19 U/ml)]
was added as a source of superoxide (16),
Fe(Il1) was reduced rapidly to Fe(II), inde-
pendently of the presence of hs-APP or
APP 55 56 (Fig. 4C).

Thus, Cu(II) binding led to oxidative
modification of APP, giving rise to cystine
and Cu(l) formation. Accordingly, in
vitro APP has a function in electron trans-
fer to Cu(II). Once Cu(l) is formed, in the
presence of peroxides it may produce ac-
tivated oxygen species (*OH, O,7). The
Cu(Il)-reducing activity of APP may oc-
cur on or near the cell surface because the
redox state of cytosol in viable cells is
reducing in the absence of exogenous re-
ductant (17). APP-Cu(I) complexes on
the surface of neurons may be particularly
vulnerable to peroxides generated by ex-
tracellular SOD and by various mecha-
nisms including activated microglia.

In Down syndrome a gene dosage effect
involving Cu-Zn SOD and APP may be re-
sponsible for premature onset of AD (I8).
Copper homeostasis could be adversely affect-

that

ed in an interplay of APP and SOD, as has
been suggested for a similar mechanism of Cu
toxicity with mutant SOD in FALS (13).
Copper reaches concentrations in body fluids
of about 10 uM and has been discussed as a
possible effector of A4 aggregation in AD
(19, 20). Also, in cerebrospinal fluid of AD
patients, concentrations of Cu were as much
as 2.20 times the concentrations in control
groups (19, 21). Two major hypotheses have
been proposed concerning the mechanism of
amyloid deposition in AD (11, 14). In one
hypothesis, synaptic and axonal injury leading
to the formation of dystrophic neurites with
accumulations of APP may precede the dep-
osition of BA4 (14). The alternative view is
amorphous  BA4 deposits  (diffuse
plaques) constitute the first abnormality (18).
A mechanism of disease mediated by disrup-
tion of vesicular-mediated APP-Cu(I) com-
plex trafficking is consistent with both hy-
potheses. In the presence of hydrogen perox-
ide, the key feature of such an APP-Cu(I)
accumulation would be the gain of Cu-medi-
ated toxicity. The final common pathway in
AD may be oxygen radical-induced cellular
damage and radical-mediated aggregation of
BA4 monomers, which produce toxic forms of

BA4 (22).
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