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Previously we have shown that the COOH-terminal
100 residues (A4CT) ofthe amyloid protein precursor
(APP), which carry the sequence of the amyloid BA4
protein of Alzheimer’s disease at N-terminal position,
form highly insoluble aggregates if expressed in the
rabbit reticulocyte lysate and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(Dyrks, T., Weidemann, A., Multhaup, G., Salbaum, J.
M., Lemaire, H.-G., Kang, J., Muller-Hill, B., Masters,
C. L., and Beyreuther, K. (1988) EMBO J. 7, 949967).
Here we report that aggregation of this COOH-terminal APP fragment A4CT and also of BA4 itself depends on additional factors. In contrast to the reticulocyte expression system, expression of A4CTand BA4
in the wheat germ expression system resulted in only
monomeric forms. We have identified the factors which
are capable of transforming both soluble A4CT and
BA4 into insoluble and aggregating molecules. Monomeric A4CT or BA4 expressed in the wheat germ lysate
could be transformed into aggregating molecules by
the addition of metal-catalyzed oxidation systems. The
addition of radical scavengers such as ascorbic acid,
trolox, andamino acids prevented the aggregation
process inducedby the radical initiators. Thus, the
aggregation of amyloidogenic APP fragments if analyzed bysodium dodecyl sulfate-polyacrylamide gel
electrophoresis requires amino acid oxidation and
protein cross-linking induced by radical generation
systems.

Alzheimer’s disease is a human cerebral degenerative disorder characterized by a gradual loss of memory, reasoning,
orientation, and judgment affecting 1%of the population of
the Western world (Katzman, 1986). The impairment of
memory and intellectual function is correlated with the appearance of amyloid deposits mainly in the hippocampus and
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association cortex of the brain (Roth et al., 1966). The major
protein component isolated from these amyloid deposits is a
small polypeptide of 4-4.5 kDa, which is called PA4 protein
due to its relative molecular mass and partial&pleated sheet
structure (Glenner and Wong, 1984a, 1984b; Masters et al.,
1985a, 1985b, 1988). The same amyloid PA4 protein was
isolated from brains of aged individuals with Down’s syndrome (Glenner and Wong, 1984a; Masters et al., 198513;
Beyreuther et al., 1986) and from patients with hereditary
cerebral hemorrhage with Amyloidosis-Dutch type (Prelli et
al., 1988; VanDuinen et al., 1987). The PA4 subunit consists
of up to 42-43 residues and is proteolytically derived from a
larger transmembrane protein precursor therefore called pA4
amyloid protein precursor (APP)’ (Kanget al., 1987; Tanzi et
al., 1988; Kitaguchi et al., 1988; Ponte et al., 1988).
The gene coding for APP maps to the long arm of chromosome 21 (Kang et al., 1987; Goldgaber et al., 1987). Different transcriptswhich arise through alternative splicing have
been identified. The corresponding proteins of the major
transcripts have 695 residues, 751 residues, and 770 residues
(APP695, APP751, and APP770) (Kang et al., 1987; Ponte et
al., 1988; Tanzi et al., 1988; Kitaguchi et al., 1988). The two
longest forms carry an additional domain with protease inhibitorfunction and homology tothe Kunitz type I1 serine
protease inhibitors. This domain also functions in vitro as an
inhibitor of several proteases (Kitaguchi et al., 1988; Oltersdorf et al., 1989).
We have previously shown that the APPs are synthesized
as N - and 0-glycosylated integral transmembrane proteins
which span the lipid bilayer once. They consist of three to
five extracellular domains followed by a tlansmembrane domain and a 47-residues long cytoplasmic domain (Dyrks et
al., 1988; Weidemann et al., 1989). The 28 NH2-terminal
amino acids of the PA4 sequence are partof the extracellular
domain of APP, and the remaining 15-16 amino acids are
part of the APPtransmembrane domain.
Proteolytic processing of transmembrane APP leads to the
shedding of the extracellular part of APP (Weidemann et al.,
1989). The proteolytic cleavage leading to this release of the
extracellular domains has recently been determined by deletion analysis and protein sequencing and was found to occur
within the amyloid PA4 sequence (Sisodia et al., 1990; Esch
et al., 1990). The precise COOH-terminal site of cleavage has
been shown to be the amino acid 16 of PA4 (Anderson et al.,
1991). This suggests that the NH2 terminus of the amyloid
PA4 protein is not produced by the normal cleavage event
which leads to secretory APPs.
Recently, Estus et al. (1992) identified two APP fragments
’The abbreviations used are: APP, amyloid protein precursor;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Hb, hemoglobin; RRL, rabbit reticulocyte lysate; PBS, phosphate-buffered saline.
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reaction was performed in the presence of20 PM hemin and 1 mM
HzO,, or 0.5 mg/ml hemoglobin and 1 mM H,O, in PBS at 37 "C for
1 h. The reaction was terminated by the addition of 2 X Laemmli
sample buffer (10% P-mercaptoethanol, see SDS/PAGE) andheating
for 5 min at 100 "C.
Iron-catalyzed Oxidation (Halliwell and Gutteridge, 1984; Minotti
a n d A u t , 1987)"Stock solutions ofFeC12 were prepared daily by
adding the solid iron chloride to 50 mM NaCl (pH 7.0) exhaustively
bubbled with argon. The solution was kept in capped tubes, protected
from light, and used within 4h. Unless otherwise specified, the
reactions were initiated by the addition of0.2 mM FeCI,,0.1 mM
EDTA, and 0.1 mM H20,. All reactions were performed in PBS, at
37 "C for 1 h. The reaction was terminated by the addition of 2 X
Laemmli sample buffer (10% (3-mercaptoethanol, see SDS-PAGE)
and heating for 5 min at 100 "C.
Immunoprecipitation (Boshart et al., I985)"For immunoDrecipitation, 50-100 pl of the cell lysate was diluted with the same volume
of Sol buffer (50 mM Tris-HC1 (pH 7.5), 150 mM NaC1, 1% Nonidet
P-40,2 mM phenylmethylsulfonyl fluoride) and incubated for 30 min
with 5pl ofpreimmunoserum and 30 pl(3 mg) of protein A-Sepharose
(Pharmacia, Freiburg, Germany). The samples were briefly centrifuged, and the supernatants were incubated with 5 pl of antiserum
for 60 min at room temperature. Following the incubation, 30 pl (3
mg) of protein A-Sepharose was added for an additional 30 min at
room temperature. The insoluble complexes were washed once with
wash A (10 mM Tris-HC1 (pH 7.5), 150 mM NaCI, 0.2% Nonidet P 40, 2 mM EDTA), once with wash B (10 mM Tris-HC1 (pH 7.5), 500
EXPERIMENTALPROCEDURES
mM NaC1, 0.2% Nonidet P-40, 2 mM EDTA), and once with wash C
Cloning Procedures-Preparation of plasmid DNA, restriction en(10 mM Tris-HC1(pH7.5)).
The pellet was resuspended in 2 X
zyme digestion, agarose gel electrophoresis of DNA, DNA ligation,
Laemmli sample buffer. After boiling for 5 min at 100 "C, labeled
and bacterial transformation were carried out as described by Samproteins were analyzed by SDS-PAGE and fluorography with
brook et al. (1989).
Plasmid Construction-Construct SP65/A4CT (Dyrks et al., 1988) EN3HANCE.
SDS-PAGE-Analysis of in vitro translation products by SDSwas obtained by cloning a 961-base pair BglII/HindIII restriction
PAGE
was performed according to Laemmli (1970). Prior to SDSfragment of the APP695 cDNA clone (Kang et al., 1987) into pSP65
PAGE the samples were heated for 5 min at 100 "C in Laemmli
(Promega, Heidelberg, Germany). The resulting plasmid included
methionine codon 596 of APP695 as initiation codon, the amyloid sample buffer (0.0625 M Tris-HC1 (pH 6.8) 2.5% SDS, 5%P-mercapPA4 sequence (codons 597-638 of APP)andtheentire
COOH- toethanol, 10%glycerol, and 0.005% bromphenol blue). The gels were
terminal domain. The construction of SP65/PA4 was achieved by analyzed by fluorography with EN3HANCE.
Procaryotic Expression and Purification of Bacterial Expressed
polymerase chain reaction of the PA4 sequence and subsequent subcloning into SP65,digested with SmaI/HindIII. The resultingplasmid A4CT"The plasmid NCOIAICT was transformed in Escherichia coli
included methionine codon 596 of APP695 as initiation codon and SG-200-50 (kindly provided by M. Lanzer, ZMBH, Heidelberg, Gerthe amyloid PA4 sequence (codons 597-638 of the precursor) followed many), which is known to be lon-protease defective. The resulting E.
coli transformants were grown at 37 "Cin LB-medium containing 100
by a stop codon.
The procaryoticexpression vector NCO/A4CT was constructed
gg/ml ampicillin and 25 pg/ml kanamycin. At an ODsw of 0.7,
using the PDS56/RBSII/NCO expression vector (Certa et al., 1986). isopropyl-0-D-thiogalactopyranoside
was added to a final concentraFirst, SP65/A4CTI was generated by cloning a NCOI-oligolinker into tion of 2 mM, and the cultures were incubated overnight. Thereafter,
SphIIEcoRI-digested SP65/A4CT. Then the NcoI/HindIII fragment
the cultures were harvested by centrifugation, and the cells were
of SP65/A4CTI, carrying the A4CT sequence, was cloned in PDS56/
resuspended in 50 mM Tris-HC1 (pH 8.0), 25% sucrose, 25 mM EDTA,
RBSII/NCO partially digested with NcoI/HindIII.
1.6% Triton X-100, incubated for 10 min on ice, and sonified for 4
I n Vitro Transcription (Konarska et al., 1984)-DNA templates
min. Cell debris and insoluble material were then sedimented by
(100 pg/ml) were transcribed in 40 mM Tris, pH 7.5, 6 mM MgCl,, 2 centrifugation (10,000 X g, 30 min). The supernatant (soluble fracmM spermidine, 10 mM NaC1, 10 mM dithiothreitol, RNasin (1unit/
tion) was discarded, and the pellet (unsoluble fraction) was washed
p l ) , 100 pg/ml bovine serum albumin, 500 p~ each ATP, CTP, and
twice with Sol A (1 M urea, 1%Triton X-100, 0.1% P-mercaptoethaUTP, 50 p~ GTP, and 500 p~ m7G(5')ppp(5')G (Pharmacia, Frei- nol) and once with Sol B (1M urea) under sonification. The insoluble
burg, Germany). Typically, 1 unit of SP6 RNA polymerase (Boehrin- proteins were dissolved in 9 M urea under sonification (fraction 9M),
ger, Mannheim, Germany) was added per pg of DNA template for a and used for further purification. Fraction 9 M was further fraction1-h synthesisa t 40 "C. Dithiothreitol andribonucleotide stocks were
ated by a DEAE-Sepharose CL-GB anion-exchange column (Pharprepared with diethylpyrocarbonate-treated water. The components
macia, Freiburg, Germany). Chromatography was performed in 9 M
of the transcription reaction were mixed at room temperature to
urea, 100 mM Tris-HC1 (pH 8.0), 1 mM EDTA, 10 mM NaC1, and
prevent precipitation of DNA.
Following RNA synthesis the DNA template was removed by the proteins were eluted with salt (10-200 mM NaC1). The fractions
addition of RNase-free DNase and aftera 10-min incubationat 37 "C containing A4CT (A4CT-fraction, 40-120 mM NaC1) were collected,
the reaction mixtures were phenol-chloroform extracted after addi- and A4CT was purified from this fraction by preparative SDS-PAGE
and electroelution (Hunkapiller et al., 1983). Purified A4CT (1 pg)
tion of NaOAc (pH 5.2) to 0.3 M. The RNA was precipitated with
was used for protein sequence analysis.
ethanol and washed with 70% ethanol.
Western Blotting Procedure-For Western blot analysis, the proI n Vitro Translation-Translation of mRNA in a cell-free rabbit
teins were electroblotted from the polyacrylamide gel onto nitrocelreticulocyte lysate or a wheat germ extract followed the procedures
lulose filter paper. Thereafter,the filter was blocked with 0.25%
as described in the supplier's manuals (Promega, Germany).Typically
the reactions were carried out for 60 min at 30 "C in the presence of gelatine in TBST (Tris-HC1 (pH 8.0), 150 mM NaCl, 0.05% Tween
50 pCi of ["S]methionine and 0.5-1.0 pg of mRNA. The translation 20), incubated with the primary antibody for 1 h at room temperature,
and immunostained with the protoblot alkine phosphatase system
mixture was diluted with 2 X Laemmli sample buffer, After heating
for 5 min a t 100 "C, labeled proteins were analyzed by SDS-PAGE according to theprocedures suggested by the manufacturer (Promega,
Heidelberg, Germany).
and fluorography with EN3HANCE (Du Pont).
Hemin and Hemoglobin Promoted Peroxidation(Solar et al., 1990)Protein Sequence Analysis-Amino-terminal sequence analysis was
The heminstocksolution
was always freshly dissolved in 5 mM performed on an Applied Biosystems model 470A gas-liquid-phase
NaOHand centrifuged for 10 min at 12,000 X g. The oxidation sequencer.

in the human brainwhich have the entirePA4 sequence at or
near their amino terminus and arelikely to be intermediates
inthepathwayleadingto
amyloiddeposition. It isthus
suggested that the initial stepof the abnormal processing of
full-length APP inAlzheimer's disease may occur at the NH,
terminus of the PA4 sequence, generating a COOH-terminal
fragment which includes theamyloid PA4 sequence, the transmembrane, and cytoplasmic domains
of APP.
To investigate thebiochemical properties of this APPfragment, we expressed the COOH-terminal100 residues of APP,
et al., 1988).
which we originally referred to as A4CT (Dyrks
In addition to this putative precursor
for amyloid formation,
we also expressed thePA4 protein, which is the final product
of amyloidogenesis. The expression products were analyzed
for aggregation behavior by SDS-PAGE.
We were able to demonstrate that aggregation
the
of A4CT,
as well as of PA4, does not occur spontaneously but depends
on additional factors. We identified these factors as radical
generation systems (also referred to as metal-catalyzed oxidation systems (Stadtman and Berlett, 1991)) which are capable of transforming soluble A4CT and PA4 into insoluble
and aggregating molecules.
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RESULTS

In Vitro Expression of A4CT"Previously, we reported the
expression in the rabbit
reticulocyte lysateof a protein termed
A4CT, which comprises the COOH-terminal 100 residues of
APP (Dyrks et al., 1988). This protein has the methionine
residuepreceding the amyloid PA4 sequence at the NH2
terminus and includes the complete PA4 sequence, the transmembrane domain, and thecytoplasmic domain of the APP.
To further analyze the aggregational properties of A4CT,
we translated the corresponding mRNA in the rabbit reticulocyte lysate (RRL) andanalyzed the translation productsby
immunoprecipitation and SDS-PAGE. Fig. 1, lane 1, shows
a single
that translation of A4CT in the RRL
did not result in
band on SDS-PAGE, but gave rise to a band at 17 kDa, and
additionalbands at approximately 20,27,40
kDa and at
higher molecular masses. This is in agreement with our previous findings that in thissystem A4CT has a high tendency
t o aggregate (Dyrks et al., 1988).
To studywhether the aggregation results from hydrophobic
interactions of the APP transmembrane domain, we incubated the translation product with 0.2% Triton X-100prior
t o immunoprecipitation and aggregation analysis by SDSPAGE. Incubation with Triton X-100results in a change of
the aggregation pattern (Fig. 1, lanes 2 and 3). In thepresence
of detergent, the complex band pattern is reduced into one
with two prominent bandsat 17 and 26 kDa and a weak band
at 40 kDa. In addition to the strong bands,
higher aggregates
are also present as a smear at the top of the separating gel.
The intensity of the 20-kDa band is reduced in the presence
was obtained when Triton
of Trinton X-100.The same result
X-100was added cotranslationally.
The aggregation of A4CT obtained in the rabbit
reticulocyte
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lysate (Fig. 1, lanes 1 and 7) was also strongly reduced by
incubation with RNase A for 30 min at 37 "C (Fig. 1, lane 8).
This was, however, not the case for the A4CT aggregates in
the presence of Triton (data notshown).
Translation of the same A4CT mRNA in the wheat germ
extract resulted in only one band at 17 kDa (Fig. 1, lane 4).
No aggregation products were visible. The addition of Triton
X-100 did not have any effect on the expression pattern
obtained in this system. Thus, the same mRNA leads to a
different proteinbandpattern
if translatedin different
expression systems andanalyzed by SDS-PAGE.
To analyze the different properties
of the A4CT expression
products in the two in uitro expression systems, A4CT was
translated in the wheat germ extract, the RNA was digested,
and the translation products
were incubated withrabbit reticulocyte lysate for an additional 60 min at 30 "C. Fig. 1, lane
6, demonstrates, that A4CT translated in the wheat germ
extract and incubated
with RRL showed the same aggregation
pattern on SDS-PAGE asA4CT translated in the RRL
in the
presence of Triton X-100.This suggests that there must be
an aggregation-promoting factor in the RRL which transformed the monomeric A4CT into aggregated A4CT.
Radical Treatment-In contrast to thewheat germ extract,
the RRL contains hemoglobin, hemin, and iron, which have
thepotentialtofunction
invivo and in uitro as radical
generation systems (Halliwell and Gutteridge, 1984,1988).To
study whether the different oxidation potential in the two
expression systems was responsible for the different properties of the A4CT translation products, we incubated A4CT
translated in the wheat germ extract with different metalcatalyzed oxidation systems.
We found that amino acids contained in the translation
systems interfered with oxidation catalyzed
by bivalent metal
ions. Therefore, we precipitated the translationproducts with
trichloroacetic acid prior to the posttranslationalexposure to
the radical generation systems. Fig. 2, lanes 2 and 5,show the
results of the incubation of monomeric A4CT, translated in
the wheat germ extract, with hemoglobin and H202. Addition
of hemoglobin/H202 led to three prominent bands at17,26,
and 40 kDa. In additionto the strong
bands, higheraggregates
are also present as a smear at the top of the separating gel.
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FIG. 1. In vitro expression of A4CT. A4CT mRNA was transcribed from the corresponding SP6 vector, translated in the rabbit
reticulocyte lysate or in the wheat germ extract in the presence of
[:''SS]methione, immunoprecipitated, and analyzed by SDS-PAGE
(12.5%). Lane I, in uitro translation of A4CT in the RRL; lane 2,
same aslane I , but posttranslational incubation with 0.2% Triton X100; lane 3, same as lane I , but translation in the presence of 0.2%
Triton X-100;lane 4 , in uitro translation of A4CT in the wheat germ
extract; lane 5,same as lane 4, but the protein was precipitated with
trichloroacetic acid and thereafter incubated with PBS (0.2% SDS);
lane 6,same as lane 5, but the precipitated protein was incubated
with 10% RRL; lane 7 in vitro translation of A4CT in the RRL; lane
8 same as lane 6 but digestion with 2 mg/ml RNase A, M, molecular
mass marker.

L

FIG. 2. Radical treatment of A4CT expressed in the wheat
germ extract. Translation was as in Fig. 1. A4CT was expressed in
the wheat germ, precipitated with trichloroacetic acid and after
incubation with different radical initiators, proteins were immunoprecipitated and analyzed by SDS-PAGE (12.5%). Lane I, A4CT
incubated with PBS (0.2% SDS) for 1 h at 37 "C; lanes 2 and 5 same
as lane 1 , but incubation was performed in the presence of 5 mg/ml
Hb, 1 mM Hz02 (lane 2 ) or 0.5 mg/ml Hb, 1 mM Hz02 (lane 5);lane
3 same as lane I but in the presence of 20 PM hemin, 1 mM H&;
lane 4 , same as lane I but in the presence of 0.2 mM FeC12, 0.1 mM
HzOz.
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This demonstrated that incubation with hemoglobin/Hz02
can substitute for the putative factors introduced with the
rabbit reticulocyte lysate (Fig. 1, lane 6 ) .
Incubation of A4CT with 20 p M hemin, 1 mM H202 or0.2
mM Fe2+,0.1 mM H202 under the same conditions alsogave
rise toa band a t 26 kDa anda broad smearover the complete
higher molecular weight range (Fig. 2, lanes 3 and 4; Fig. 3,
lanes 3 , 4 , 6 , and 7). In the experiment shown in
Fig. 3, more
than 50% of the monomericA4CTwas
shifted to higher
aggregated forms after incubation with hemoglobin/HZOz or
hemin/HZO2(Fig. 3, lanes 3 , 4 , 6and
,
7).
Radical Scavenger-If
the aggregation of A4CT depended
t30
on radical attack and subsequent protein cross-linking, the
addition of radicalscavengers (Doba et al., 1985) should
inhibit theaggregation. Because it isknown that amino acids
are oxidized by the metal-catalyzed oxidation systems (Stadtman and Berlett,1991), we also analyzed whether amino acids,
could compete for the radical attack on A4CT. As radical
generation systems we used Hb/HZOz.
The analysis of the effect of radicalscavengers on the
FIG. 4. Inhibition of the A4CT aggregation by radical scavaggregation pattern of A4CT in theHb/H202 system is shown enger. Translation was as described in Fig. 1. A4CT was expressed
in the wheat germ, precipitated with trichloroacetic acid, and after
in Fig. 4. Incubation withhemoglobin and HzOz in the absence
of radical scavengers, as shown in Fig. 4, lane 3, resulted in incubation with0.5 mg/ml Hb, 1mM H202in thepresence of different
t h e above described aggregationpattern of A4CT. Fig. 4, lanes radical scavengers, proteins were immunoprecipitated and analyzed
SDS-PAGE (12.5%). Lane I, A4CT translated in the wheat germ,
5, 7,and 8, show that the additionof amino acids, vitamin C, by
precipitated with trichloroaceticacid, and incubated with PBS (0.2%
and trolox (a water-soluble S-tocopherol analogue) inhibited SDS) for 1 h a t 37 'C; lane 2, same as lane I, hut in the presence of 1
the aggregation process, induced by hemoglobin/HZOz. At 10 m M H202;
lane 3 same as lane I , hut in the presence of 0.5 mg/ml
Hb, 1 mM H202;
lanes 4-9 same as lane 3,but in the presence and
mM free amino acids, aggregation was completely abolished
(Fig. 4, lane 5); however, a t 200 p~ free amino acids, no 200 p M amino acids ( h e 4 ) , 10 mM amino acids (lane 51, 5 mM
inhibitory effect was detectable (Fig. 4, lane 4 ) . Addition of EDTA (lane 6),5 mM trolox (lane 7), 50 mM vitamin C (vit c, lane
20 mM manitol (lane9 ) . M,molecular mass marker; KD, kilodalEDTA and manitol had no effect if hemoglobin/HZOz was 8),
ton; aa, amino acid.
used for the generationof radicals.
Radical Treatment of A 4 C T Expressed in E. coli"A4CT
sition of the aggregation products obtained in the
presence of
expressed in E. coli was purified, and its identity was confirmed by protein sequence analysis. T o analyze the compo- hemoglobin and H202, thepurified bacterial A4CT was incubated with and without
radical initiators and analyzed by
SDS-PAGE and subsequent Western blot analysis using an
PBS hemin
lum&k4n
F.
antibody raised against purified A4CT. The control reaction
1 1 12
3 4 1 5 6 7 1 8 9 10 11 121 M
KD
without radical treatment (Fig. 5, lane 3 ) shows the monomeric band a t 17 kDa and aggregational bands at 26 and 45
kDa. The degree of aggregation varied from preparation to
preparation of bacterial A4CT and is probably due to oxidation of A4CT during the purification
procedure.
Western blot analysis
of A4CT incubated with hemoglobin/
H202revealed two prominent aggregation bands at26 and 40
kDa and a weakly stained monomeric band at 17 kDa (Fig. 5,
lane 2). Higher aggregates were also visible at the topof the
separating gel. Thus, the radical treatment
of bacterial A4CT
also led to an enhancementof the aggregation process.
Staining with an anti-hemoglobin antibody only showed
the aggregation pattern of hemoglobin, which clearly differed
from theaggregation pattern of A4CT obtained by incubation
with hemoglobin and stained with anti-A4CT. The hemoglobin dimera t 30 kDa migratedslightly abovethe 26 kDa A4CT
dimer, obtained by incubation with hemoglobin. This indiFIG.3. Radical treatment of A4CT expressed in the wheat cated that the band 26
at kDa is a homodimer of A4CT.
germ. Translation was as inFig. 1. A4CT was expressed in the wheat Incubation of purified A4CT with 20 p~ hemin, 1 mM H202
germ, precipitatedwith trichloroacetic acid, and after incubation with under the same conditions
gave rise to a broad smearover the
different radical initiators proteins were analyzed by SDS-PAGE
(12.5%). Lane 1, A4CT incubated with PBS (0.2% SDS) for 1 h a t complete higher molecular weight range, whereas incubation
mM H20n did not
37 "C; lane 2, same as lane I , but in the presence of 20 PM hemin, of purified A4CT with 0.2 mM Fez',0.1
lanes 3 and 4 same as lane I, but in the presence of 20 p~ hemin, 1 enhance the aggregation (data not shown).
mM H202;
lane 5, same as lane I, hut in the presence of 0.5 mg/ml
I n Vitro Expression of PA4"To study the aggregational
Hh; lanes 6 and 7 same as lane I hut, in the presence of 0.5 mg/ml properties of the amyloidogenic peptide PA4, we cloned the
Hh, 1 mM H&; lane 8, same aslane I, but in the presenceof 0.2 mM PA4 sequence into the SP6 expression vector. The resulting
FeCI2; lanes 9, 11, and 12 same as lane I, hut in the presence of 0.2
mM FeC12, 0.1 mM H202;lane IO, same as lane I hut in the presence vector codes for a protein which includes methionine codon
of 0.2 mM FeC12,0.1 mM EDTA, 0.1 mM H202;M ,molecular mass 596 of APP695 as initiation codon and the entire human
amyloid PA4 sequence. Expression of PA4 in the wheat germ
marker.
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Radical Treatment of PA4 Expressed in the Wheat GermTo analyze whether the metal-catalyzed oxidation systems
are also able to transform the non-aggregated PA4 into aggrek d M l M 2 3
gated PA4,we incubated PA4 translated in the wheat germ
extract with the same metal-catalyzed oxidation systems as
described for A4CT.
Fig. 7, lanes 6 and 7, show that incubation ofPA4 with
45
hemoglobin/H202 led to an aggregation pattern very similar
to the aggregation pattern of synthetic PA4 (Hilbich et al.,
1991) or PA4 isolated from amyloid plaque cores, when analyzed bySDS-PAGE (Masters et al., 1985a). After incubation,
three prominent bands at 4, 16, and 32 kDa were visible. In
addition to theprominent bands, higher aggregates were also
seen as a smear on top of the separating gel.
Incubation ofPA4 with 20 p M hemin, 1 mM H202 or 0.2
mM Fez+,0.1 mM H202 under the same conditions gave rise
to a broad smear over the whole higher molecular weight
range, in addition to a diffuse band pattern which resembled
the aggregation band pattern as observed with hemoglobin.
As demonstrated for A4CT, more than 50% of the monomeric
PA4 could be shifted to higher molecular weight forms by
incubation with hemoglobin/H202 or hemin/H202 (Fig. 7,
lanes 3 , 4 , 6, and 7).
SDS-PAGEin the Presence of 6 M Urea-To analyze
FIG.5. Western blot analysis of A 4 C T expressed in E. coli
and incubated with radical initiators. Antibodiesused were whether the aggregates generated by the metal-catalyzed oxrabbit anti-A4CT (1:3000) for lanes 2 and 3,and rabbit anti-hemoglo- idation systems are also stable in the presence of 6 M urea,
bin (1:3000 DAKO-immunoglobulins) for lane 1. Lane 3, bacterial- A4CT and PA4 were translated in the wheat germ extract,
expressed and purified A4CT incubated with PBS (0.2% SDS) for 1 incubated with hemoglobin/H202 or hemin/H2O2, and anah a t 37 "C; lanes 2 and I, A4CT incubated with 0.5 mg/ml Hb, 1 mM lyzed by SDS-PAGE in the presence (Fig. 8B) or absence or
HnOnfor 1 h a t 37 'C. Lane M ,molecular mass marker proteins.
6 M urea (Fig. 8A).
Fig. 8, lanes 2, 3, 5, and 6, show the above described
BA4
aggregation pattern of A4CT and PA4 when incubated with
KDI 1 2 3 4 1
the radical generation systems and analyzed by SDS-PAGE.
anti
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FIG. 7. Radical treatment of PA4 expressed in the wheat
germ. Translation was as described in Fig. 1. PA4 was expressed in
thewheat germ, precipitated withtrichloroacetic acid, andafter
incubation with different radical initiators, proteins were analyzed
by SDS-PAGE (15%). Lane 1, PA4 incubated with PBS (0.2% SDS)
for 1 h a t 37 "C; lane 2, same as lane 1, but in the presence of 20 p M
hemin; lanes 3 and 4 same as lane 1, but in the presence of 20 pM
lane 5,same as lane I, but in thepresence of
extract resulted in a single strong monomeric band a t 4 kDa hemin and 1 mM H202;
when analyzed by SDS-PAGE (Fig. 6, lanes 1-4). The expres- 0.5 mg/ml Hb;lanes 6 and 7 same as lane 1, but in the presence of
mg/ml Hb, 1mM H202;
lane 8,same as lane 1, but in thepresence
sion efficiency ofPA4 was comparable to that of A4CT. 0.5
of 0.2 mM FeC12; lanes9,I I, and 12 same aslane I , but in the presence
Translation of PA4 mRNA in the RRL was very inefficient, of 0.2 mM FeC12, 0.1 mM H202;
lane 10, same as lane 1, but in the
and the translation
products were barely detectable (data not presence of 0.2 mM FeCl,, 0.1 mM EDTA, 0.1 mM H202; M ,molecular
mass marker; KD, kilodaltons.
shown).

FIG. 6. In vitro expression of BA4. Translation was as described in Fig. l. PA4 wasexpressed in the wheat germ, and the
labeled proteins were analyzed by SDS-PAGE (15%).Lanes 1-4, PA4
translated in the wheatgerm extract.
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FIG.8. Urea-SDS-PAGE.
Translation was as described in Fig.

1. A4CT (lanes 1-3) and @A4(lanes 4-6) were expressed in the wheat

germ, precipitated with trichloroacetic acid, and after incubation with
0.5 mg/ml Hb, 1 mM H202(lanes 2 and 5) or 20 p~ hemin (hem),1
mM H202 (lanes 3 and 6 ) , proteins were analyzed by SDS-PAGE
(15%) without urea (panel A ) or with 6 M urea (panel B ) . Lanes 1
and 4 show the control reaction in the presence of PBS. M, molecular
mass marker; kd, kilodaltons.

Incubation with hemoglobin led to a well-defined aggregation
pattern (Fig. &I, lanes 2 and 5 ) ,while incubation with hemin
led rather toa smear over the whole higher molecular weight
range (Fig. 8A, lanes 3 and 6).
Aggregation analysis by SDS-PAGE in thepresence of 6 M
urea (Fig. 8 B ) revealed no difference for A4CT and A4CT
treated with radicals. The aggregates of A4CT are not dissociated by 6 M urea (Fig. 8B, lanes 2,3,5,and 6).PA4 aggregates
obtained afterincubation with hemoglobin or hemin are also
stable in the presence of 6 M urea (Fig. 8B, lanes 5 and 6).
Untreated PA4, however, showed a different behavior in the
presence of 6 M urea incomparison to analysis in theabsence
of urea. In thepresence of 6 M urea, PA4 revealed also without
radical treatment an aggregation band a t 16 kDa, and the
smear at theposition of the monomeric 4-kDa band is reduced
(Fig. 8B, lane 4 ) .
DISCUSSION

Since the proteolytic cleavage leading to shedding of APP
occurs within the amyloid PA4 sequence (Sisodia et al., 1990;
Esch et al., 1990), we hypothesized that the full-length amyloid protein precursor has to undergo abberant proteolytic
processing to generate the NH2- and COOH terminus of the
amyloidogenic PA4 sequence. To enableCOOH-terminal
cleavage, furthermore, membrane distortion has to be postucleavage
lated (Dyrks et al., 1988).T o mimic the NH2-terminal
and the membrane distortion we expressed the COOH-terminal 100 residues of the amyloid protein precursor (A4CT)
withouta signal sequence. This allowed ustostudythe
amyloidogenic properties of a molecule which may be generated as an intermediate in the process of amyloid formation
as has been suggested recently (Golde et al., 1992; Estus et al.,
1992).
Previously, we showed expression of A4CT in the rabbit
reticulocyte lysate to result in an aggregating protein. The
amyloid PA4 sequence, which has a predicted tendency for Psheet formation, was suggested to be responsible for this
aggregation (Dyrks et al.,1988). In thisreport we now provide
novel experimental evidence that both A4CT and PA4 form
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highly insoluble aggregates only after radical treatment. Both
molecules had no tendency to aggregate when expressed in
the wheat germ extractand analyzed by SDS-PAGE. In
contrast to this finding, A4CT translated in the RRL exhibited a typical aggregation pattern. The A4CT aggregates obtained in the reticulocyte lysate without detergent were not
stable against RNase A digestion and thus may be the result
of an interaction of RNA (for example tRNA) and A4CT.
The band at
12 kDadid not depend on thedetergent and may
be a translation product of reinitiation at the second methionine codon in the A4CT sequence.
Incubation of the reticulocyte translation products with
detergent reduced the complex RNase-sensitive aggregation
pattern. After the detergent treatment, two prominent bands
a t 17 and 26 kDa and higher aggregates at the topof the gel
were detectable, and the intensity of the 20-kDa band was
reduced. We therefore would propose that thetwo prominent
bands represent A4CT-monomer and A4CT-dimer. The same
aggregation pattern was obtained if non-aggregated A4CT,
translated in thewheat germ extract, was posttranslationally
incubated with the rabbit reticulocyte lysate.
These results suggest that threeaggregation pathways of in
vitro translated A4CT may exist. The first pathway may apply
for A4CT translated in thewheat germ extract andresults in
only monomeric A4CT, when analyzed by SDS-PAGE. For
A4CT translated in the rabbit reticulocyte lysate, a second
pathway may lead to aggregates which dissociated after treatment with Triton X-100 and RNase. The transmembrane
region of APP maybe responsible for this interaction of
A4CT because also other COOH-terminal APP fragments
comprising the APP transmembrane region led to such a
detergent-instable aggregation pattern (data notshown). The
third pathway may apply for A4CT translated in the wheat
germ extract and thereafterincubated with the rabbit reticulocyte lysate. It may also apply for A4CT, translated in the
RRL in the presence of detergent. This third pathway is
suggested to depend onfactors of the rabbit reticulocyte
lysate.
Since aggregation could be induced by the rabbit reticulocyte lysate, which in contrasttothe wheat germ extract
contains putative radical generation systems such as hemoglobin, hemin, and iron (Halliwell and Gutteridge, 1988), we
studied the effect of metal-catalyzed oxidation on A4CT
translated in thewheat germ extract.
Most of the radicals generated in vivo, except during excessive exposure to ionizing radiation, come from the metaldependent breakdown of hydrogen peroxide (Fenton reaction)
(Halliwell and Gutteridge, 1988), according to the general
equation

M”’+ H202-+ MI”+’)+
+ OH-radical + OHin which M”+ is a metal ion. When iron is the metal ion, the
reaction is termed “Fenton reaction.” Under physiological
conditions the amount of free iron salts is extremely low.
Most of the iron is bound to transferrin and hemoproteins,
such as hemoglobin and myoglobin and tointracellular storage
proteins. Hemoproteins such as hemoglobin and cytochromes
and also hemin are very potent in oxidation processes (Halliwell and Gutteridge, 1984; Winterbourn, 1990). The biological effects of radical treatment are amino acid modifications
(Stadtman and Berlett, 1991), protein cross-linking (Davies
and Delsignore, 1987) (bityrosine), and lipid peroxidation
(Braughler et al., 1986). In addition, the metal-catalyzed oxidation of proteins is implicated in enzyme inactivation and
intracellular protein turnover.
The structural
changes induced
by the metal-catalyzed oxidation sometimes lead to enzyme
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inactivation and subsequent enhanced proteolytic susceptibility (Levine et at., 1981; Rivett and Levine, 1990). The
implication of oxidative inactivationreactions in aging is
suggested by the fact that many of the enzymes inactivated
by metal-catalyzed oxidation systems are known to accumulate as inactive forms during aging (Fucci et al., 1983). In
regard to Alzheimer’s disease, a differentially reduced glutamine synthetase activity in the frontal pole in Alzheimer’s
disease is reported, and itis suggested that Alzheimer’s disease
may represent a specific brain vulnerability to age-related
oxidation (Smith et al., 1991).
The transformation of non-aggregated A4CT and PA4 into
aggregated molecules by hemoglobin, hemin, or iron in combination with hydrogen peroxide identified the aggregationpromoting factor in the RRL asa radical generation system.
Western blot analysis of purified bacterial A4CT after
incubation with hemoglobin and HzOZallowed us to analyze
the composition of the aggregation products. The staining
patterns produced by the anti-A4CT antibody and anti-hemoglobin antibody were different. This revealed that the
aggregation of A4CT is due to a homomolecular interaction
of A4CT molecules. The failure of the (0.2 mM Fez+,0.1 mM
H20z)catalyzed oxidation system to enhance the aggregation
process of purified A4CT may be due to the fact that under
the conditions used, the (0.2 mM Fez+,0.1 mM H202)system
is not as efficient as the hemoglobin system (see also Fig. 3),
and that some reactive sites of A4CT are already oxidized
during the purification procedure, leading to aggregation of
purified A4CT without additional radical treatment (Fig. 5,
lane 3).
To gain further support that the reported aggregation of
A4CT is brought about by radical attack and protein crosslinking, we studied the effect of radical scavengers on the
aggregation of A4CT induced by the metal-catalyzed oxidation systems. The inhibition of the aggregation by radical
scavengers, such as ascorbic acid and a vitamin E derivative,
supports our suggestion, that theaggregation involves radical
attackand protein cross-linking. Because the addition of
amino acids also had an inhibitory effect, the aggregation may
be due to oxidation of amino acids. This would be in agreement with the properties of metal-catalyzed oxidation systems
which are known to oxidize amino acids (Stadtmanand
Berlett, 1991).
The finding that theaggregates of PA4 and A4CT are stable
if analyzed by SDS-PAGE in thepresence of 6 M urea strongly
supports a very tight interaction of the aggregated molecules.
The transformation of monomeric PA4 to anaggregating band
at 16 kDa in the presence of 6 M urea suggests, furthermore,
that urea stabilizes a conformation of PA4 which is necessary
for the aggregation process and instable if separated on SDSPAGE in the absence of urea. Analysis of PA4 isolated from
postmortem brains of patients with Alzheimer’s disease as
well as synthetic PA4 reveals a similar aggregation pattern
(Masters et al., 1985a; Hilbich et al., 1991). The same putative
PA4 tetramer can also be generated by radical exposure of
PA4 and SDS-PAGEwithout urea. Thus, we assume this
radical attack to cross-link and stabilize already preformed
PA4 tetramers, which then may be able to aggregate further.
From these results we suggest that cross-linking of preformed aggregates of amyloidogenicAPP fragments by radical
attack may be a prerequisite for the formation of the proteaseresistant @A4deposits in Alzheimer’s disease. Thus, the aggregation of PA4 or APP-fragments induced by radical attack
may be the primary event that leads to amyloid formation.
After generation of a core of cross-linked amyloidogenic fragments, further APP fragments may extend the deposition

without involvement of metal-catalyzed oxidation systems.
The availability of metal-catalyzed oxidation systems
(which require iron, for example) to stimulate radical generation in uiuo is very limited, but tissue injury, by any mechanism, can accelerate radical reactions following microtrauma
or cell death by releasing catalytic metal ions into the surrounding environment. This maybe of significance in the
brain, since the cerebral spinal fluid has no significant iron
binding capacity (Bleijenberg et al., 1971). It has been known
for many years that mechanical disruption of the brain (for
example posttraumatic degeneration) releases iron ions that
canstimulate radical reactions such as lipid peroxidation
(Gutteridge et al., 1982; Halliwell and Gutteridge, 1985).
Recently, Conner et al. (1992) have shown an increased
iron and ferritin staining in the Alzheimer’s disease cerebral
cortex around blood vessels and plaques. The iron-positive
cells had iron-containing processes that extended into the
core of the plaque and are thought to be microglia. They
suggested adisruption of brain iron homeostasis in Alzheimer’s disease. Furthermore, iron is considered to be the
most probable agent responsible for lipid peroxidative damage
in the brain(Arai et al., 1987). This is of interest in regard to
the aggregational process discussed here since part of the PA4
sequence is embedded in the lipid bilayer. Membrane damage
seems, therefore, to be aprerequisite for exposure of the
complete amyloid sequence to potential proteolytic attack.
The ability of hemin to transform soluble A4CT and PA4 into
insoluble molecules, and the fact that hemin can cross the
membrane and is able to stimulate protein cross-linking ultimately resulting in membrane distortion (Solar et al., 1990),
could explain the highly selective formation of vascular amyloid around parenchymaland meningal blood vessels (Glenner
and Wong, 1984a).
The finding that in Alzheimer’s disease the brainiron
homeostasis may be disrupted (Conner et al., 1992), together
with our results that radical treatment transformed nonaggregated amyloidogenic APP-fragments into stable aggregated molecules, strongly suggest that metal-catalyzed oxidation systems areinvolved in the pathological events leading
to Alzheimer’s disease.
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