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Previously we huve shown that the COOH-terminal fragment (A4CT) of the Alzheimer amyloid protein precursor (APP), which at the NHterminus

curries the sequence of the umyloid A4 protein, forms highly insoluble uggregates [EMBO J. (1988) 7, 949-957]. Here we report that uggregation

is prevented it A4CT is expressed in vitro with u signul sequence at the NHy-teeminus (SPA4CT) under conditions which allow membrane insertion.
Aggregates from SPA4CT are ablained ufter removal of membrunes by ¢hloroform/methanol extruction or heating.

A4CT: In vitro translalion; Aggregation: Alzheimer's discuse

1. INTRODUCTION

The histopathological features of Alzheimer's disease
(AD) and the mechanisms underlying amyloid deposi-
tion in AD have been intensively investigated [2-7]. The
isolation and sequence analysis of 8A4 [3-6] from intra-
cellular and extracellular amyloid in AD and Down's
syndrome brains has led to the isolation and character-
ization of the family of amyloid protein precursors
(APP's) as glycosylated, tyrosine-sulfated transmem-
brane proteins [8-12). The SA4 protein is encoded
within the transmembrane and extracellular domains of
the APP's (8].

The normal route of APP processing involves cleav-
age of APP within the §A4 sequence [12~14). This sug-
gests that the NH,-terminus of the amyloid SA4 protein
is not preduced by the normal cleavage which leads to
shedding of the extraceliular part of cell-surfuce trans-
membrane APP's.

The exact amyloidogenic mechanism by which SA4
is cleaved from APP and deposited in AD remains un-
known, although our carlier [1] and recent studies [15]
suggest that the initial step of the abnormal processing
of full-length APP in Alzheimer’s disease may occur at
the NH,-terminus of the SA4 sequence and generale a
CQOH-terminal fragment of 100 residues (A4CT),
which includes the amyloid A4 sequence, and the
transmembrane and cytoplasmic domains of all known
transmembrane APP forms.

To study the amyloidogenic properties of this hypo-
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thetical intermediate in the process of amyloid forma-
tion, we expressed these COOH-terminal 100 residues
with (SPA4CT) and without (A4CT) the APP signal
sequence,

Here we show that expression of this APP fragment
in the rabbit reticulocyte lysate (RRL) resulted in an
aggregating protein. Membrane insertion of A4CT ob-
tained by expression of SPA4CT in the presence of dog
pancreas membranes prevents aggregation, Post-trans-
lational removal of the membranes led to aggregation.

2. EXPERIMENTAL

2.1, Cloning pracedures

Prepuration of plaxmid DNA, restriction enzyme digestion, ugurose
gel electrophoresis of DNA, DNA ligation and bacterial transformi-
tion were carried out as described by Muniatis ot al. [16).

2.2, Plusmid construction

Construct SPE5/A4CT [1] was obtained by cloning the 96} bp Sg/ll/
Hind111 frugment of the APPG25 ¢cDNA clone (8] Into pSP6S, The
resulting plasmid includes methionine codon 596 of APPG9S as initin-
tion codon, the amyloid A4 sequence (codons §97-639/640 of APP
G95) and the entire COOH-terminul domain,

For construction of SP65/SPAACT, plasmid SP6S/A4CTI, which
was obtained by cloning a NCOI oligolinker into Sphl/EcoRI-digested
SP65S/AACT, was digested with NCOI, incubated with Sl to create
blunt ends and further digested with HindIll. The resulting 960 bp
frugment carrying the A4CT sequence was cloned into SP65/695, di»
gested with Asp 718, incubated with S1 to creale blunt ends and
digested with Hindlll, The resulting plasmid SP65/SPA4CT encodes
the APP signal sequence and two additional residues from APPG69S in
frame with the amyloid A4 sequence and the entire COOH-terminal
domain of the amyloid precursor.

2.3, In vitro trauscription [[7)
DNA templates (100 up/ml) were trunseribed in 40 mM Tris, pH
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7.5, 6 mM MgCl;, 2 mM spermidine, 10 mM NaCl, 10 mM DTT,
RNAsin (i Ujul), 100 pg/ril BSA, 500 u4M cuch of ATP, CTP und
UTP, 50 4M GTP, and 500 uM m’G(5')ppp(5)G. Typically, | unit
of SP6 RNA polymeruse wus udded per ug DNA templite fora 1 h
synthexis at 40°C. DTT and rNTPs stoeks were prepared with dieth-
yipyracarbonutetreated water, The components of the transcription
reaction were mixed at room temperaiure to prevent DNA precipita-
tion.

Following RNA synthesis the DNA template was removed by the
addition of RNAsc-free DNAse, and after 1 10 min incubation at
APC, the reaction mixtures were phenol:ichloroform extructed ufter
addition of NuOAe (pH 5.5)t0 0.3 M. The RNA wus precipitated with
ethanol und wushed with 70% sthanal,

2.4, o virro transhuion

Trunslution of mMRNA in u ecll-free rabbit reticulocyte lysiute or o
wheat germ expression sysiem was Jone following the pracedures us
described in the supplier’s manuals (Promegs, Germany). The reucs
tions were carried out for 60 min at 30°C in the presence of 50 »Ci
of [*S)methionine und 0.5-1.0 ug mRNA,

Then the translution mixture was difuted with 2x Luemmli sumple
bufTer. After heating for 15 min at 70*C, labeled proteins were anal-

yzed by SDS-PAGE and (luorography with EN'HANCE (Du Pont).

2.5, lmnumaprecipitation [ 18)

For immunoprecipitation, 50-100 g of the cell lysate wus diluted
with 500 m! Sol bufTer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, {%
NP-40, 2 mM PMSF) und incubated for 30 min with § gl pre-immun-
serum und 30 221 (3 mp) protein A-Sepharose (Phurmacia, Freibury,
Germany). The sumples were briefly centrifuged und the supersatunts
were incubitted with § zl of untiserum for 60 min at room temperature,
Following incubation, 30 gl (3 mg) protein A-Sepharose wis added
for an additional 30 min at room temperature, The insoluble com-
plexes were wished onee with wash A (10 mM Tris-HCl, pH 2.5, 150
mM NuCl, 0.2% NP-30, 2 mM EDTA). once with wash B (10 mM
Tris-HCL, pH 7.5, 500 mM NuCl, 0.2% NP-40, 2 mM EDTA)und once
with wash € (10 mM Tris-HCL, pH 7.5). The pellet wus resuspnded
in 2x Luemmli sumple buffer. After boiling for 5 min at 100°C, la-
belled proteins were analyzed by SD5-PAGE and fluorogruphy with
EN'HANCE (Du Pant),

2.6, AMfembrane sedimentation and carbonate extvaction [19]

To selectively isolate integral membrane proteins, the trunslation
products (20 1) obtained in the presence of microsomul membrunes
were diluted with 100 gl ice-cold 0.1 M Na,CO, pH 11 und incubated
ut 0°C for 15 min, Then the sumples were luyered over u sucrose
cushion (80 x4l 0.25 M sucrose/0.1 M NuyCO;, pH 11) und centrifuged
for 10 min at 30 psi in a Beckman airfuge using the A-100/30 rotor
and ccllulose propionite centrifuge tubes. Allter centrifugation the
entire supernatant including the sucrose cushion wus removed and
precipitated with un equal volume of 20% trichloroucetic acid. The
pellet was resuspended in 10 g1 29% SDS. Samples used for protein
sequence analysis were dialysed against 0.01 M NH HCO; for 36 h
using membranes with a cut-off vilue of §,000,

2.7, Protein sequence analysis

Amino-terminal sequence analysis was performed on un Applied
Biosystems model 470A gas/liquid-phase sequencer, For riadiose-
quencing the PTH-amino acids were collected, dried and dissolved in
0.15 m} of methanol. After addition of 10 mi of Quickszint (Zinsser),
the radioactivity relensed at cach cyele was determined in 4 Kontron
liquid scintillation counter.

2.8, Lipid extraction: chloroform/methanol extraciion {2}

To | vol, of cell lysates or translation mixture were added 3.75 vols.
of methanol~chloreform (2:1, v/v). The mixture was shaken intermit-
tently for 1-2 h, centrifuged, and the supsrnatant extract was truns-
ferred to another tube, The remuinder wus then extracted ugain with
4.75 vols. of methanol~chloroform-water (2:1:0.8, v/v), und the mix-
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Fig. 1. In vitro expression of A4CT und SPA4CT. mRNA was tran-
scribed from the corresponding SP6 vectors, translated in the RRL in
the presence of [MSimethionine, immunoprecipitated and analyzed by
SDS.PAGE (12.5%). Lunes | and 9, in vitro trunslation of A4CT in
the RRL: lune 2. sume as lune 1, but translation in the presence of
microsomal membranes: lunes 3 and 8. same as fane 1, but post.
translutionat ineubation with 0.2% Triton X-100: lane 4, in vitro trans.
lation of SPA4LCT in the RRL: lane §, sume as lane 4, but translation
in the presence of microsomal membranes; lune 6, same us lane 4, but
post-trunsltional incubation with 0.2% Triton X-190: M, molecular
mass marker;

ture wis centrifuged, The combined extructs were diluted with 2.5
vals.. @iuch of chioroform und water and then centrifuged. The lower
chioroform phase was withdrawn and the upper water phase was used
for TCA precipitation,

29. SDS-PAGE

Analysis of in vitro trunsiation producis by SDS-PAGE was per-
formed according to Luemmli {21). Prior to SDS-PAGE the samples
were heated for § min at 100°C in Laemmli sample buffer (0.0625 M
Tris’HCL. pH 6.8, 2.5% SDS, 5% f-mercuptocthanol, 10% glycerol,
und 0.005% Bromophenol blue). The gels were unalyzed by flourogra.
phy with EN'HANCE (Du Pont, Bosion).

3. RESULTS

3.1. Expression of amyloid BA4-containing sequences in
rabbit reticulocyte Lysates

Previously we reported the in vitro expression of the
APP fragment termed A4CT in the rabbit reticulocyte
lysate (RRL). A4CT has the methionine residue preced-
ing the amyloid SA4 sequence at the NH,-terminus and
includes the complete SA4 sequence, the transmem-
brane domain and the cytoplasmic domain of APP. In
Fig. 1. lanes 2 and 3 show that translation of A4CT, in
the presence and absence of membranes, and subse-
quent analysis by immunoprecipitation and SDS-
PAGE did not result in a single band on SDS-PAGE
but gave rise to a broad band at 17 kDa, and additional
bands at approximately 20, 27, 40 kDa and higher mo-
lecular weights. This is in agreement with our previous
finding that A4CT has a high tendency for aggregation
[1.
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Fig. 2. Analysis of membrane insertion of A4CT und SPAYCT, Truns.

lution as in Fig. |. The transiation produsts were unulysed with the

sedimentution us:ay for integral membrane proteins, Lunes | and 2,

sedimentation of SPA4CT trunsluted in the ubsence (lane 1) or pres.

ence (lune 2) of membrunes. Lunes 3 and 4, sedimentation of ACT

translated in the sbsence ¢ane 3) or presence (line 4) of membrines,
M, fane with moleculir mass murker proteins.

As shown recently, post-translational incubation of
the A4CT translation products with 0.2% Triton X-100
prior to immunoprecipitation and aggregation analysis
by SDS-PAGE influenced the aggregation pattern (Fig.
1, lanes 4 and 8)[22]. The complex band pattern was
reduced into one consisting of only two prominent
bands at 17 and 26 kDu. Since A4CT curries the single
transmembrane domain of APP, and since we previ-
ously demonstrated that APP is indeed a transmem-
brane protein., we unalysed the properties of A4CT
when inserted into membranes. For this we expressed
plasmid SP65/SPAA4CT, which encodes A4CT with the
authentic signal sequence of APP. This protein is re-
ferred to as SPA4CT. Expression of SPA4CT in the
RRL should give rise to two different proteins depend-
ing on the presence or absence of dog pancreas micro-
somal membranes. In Fig. 1. lane § shows that in the
absence of membranes, SPA4CT-expression resulted in
an aggregation pattern similar to that of A4CT-expres-
sion. Only one additional band at 30 kDa was visible,
In the presence of microsomal membranes, expression
of the same construct SPG5/SPA4CT resulied in one
prominent broad band at 18 kDa on SDS-PAGE (Fig.
1. lane 6). Unlike expression in the absence of mem-
branes, no additional bands at higher molecular mass
were detectable. This suggests that membrane insertion
prevented aggregation of A4CT.

Treatment of SPA4CT translated in the absence of
membranes with Triton X-100 reduced the complex ag-
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gregation pattern into only the monomeric band at 18
kDa (Fig. 1. lane 7). Thus the aggregational behavior
of SPA4CT in the presence of Triton differs from that
of A4CT, which we propose to be due to the retained
signal sequence in the absence of membranes.

3.2, Analysis of membrane insertion

Because SPAACT translated in the presence of mem-
branes did not aggregase, we analysed whether this mol-
ecule indeed becomes inserted into the membrane and
thus protected from aggregation. Evidence for a tight
membrane association of SPA4CT was obtained with
the sedimentation assay for integral membrane proteins
(23], SPAACT translated in the presence of microsomes
could be selectively sedimentated with the sodium car-
bonate technique (Fig. 2, lanes | and 2), as expected for
proteins inserted into the lipid bilayer. A4CT translated
in the presence of membranes could also be sedimen-
tated with the sodium carbonate technique (Fig. 2, lunes
3 and 4). This shows that even in the absence of a signal
sequence, A4CT strongly interacts with the microsomal
vesicles. We attribute this effect to the presence of the
APP transmembrane domain.

Tu analyse whether the artificial signal sequence of
SPGS/ISPAACT was cleaved ufter membrane insertion.
we sequenced [¥S]Met-labeled SPA4CT protein synthe-
sized in the cell-free system, For sequencing, membrane-
inserted SPAACT was enriched by the sodium carbon-
ate technique. Radiosequence analysis revealed release
of radioactivity at degradation step 37. which corre-
sponds to methionine residue 54 of SPA4CT (Fig. 3).
This result was compatible with the expected removal
of the signul sequence of APP, which consists of 17
residues [1]. This cleavage gencrated an A4CT variamt
with two additional residues at the NH,-terminus. The
two extra amino acids were introduced by the cloning
procedure, The sequencing showed that if cloned in
front of the BA4 sequence, the signal sequence of the
amyloid 8A4 precursor protein functioned as a mem-
brane .nsertion signal,

3.3, Membrane removal

To study the effects of membrane damage on the
aggregational properties of SPA4CT, we removed the
membranes prior to the addition of SDS sample buffer,
SPA4CT was sedimentated with the sodium carbonate
technique, and the extraction of the membrane lipids
was done with chloroformy/methanol. The APP frag-
ment was found in the initial methanol/chloroform
phase. After further chloroform extractions, SPA4CT
partitioned with the water phase. From there it was
precipitated with trichloreacetic acid. This treatment
resulted in SPA4CT apgregates (Fig. 4, lane 2). Further-
more, heating of this extracted APP fragment enhanced
the aggregation process (Fig. 4, lane 3). Heating for 10
min at 100°C without prior membrane extraction also
led to aggregation of SPA4CT (data not shown).
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Fig. 3. Rudiesequence analysis of SPALCT trunsfated in the presence
of membranes. Translation was us deseribed for Fig. |. The peak of
radiaactivity ut degradation step 37 ix compatible with the expected
removal of the 17 residues of the signal sequence of APP encoded by
SPA4CT. The umina ucid sequence given is that for mature SPA4CT.

4. DISCUSSION

Previously we showed that expression of the COQOH-
terminal 100 residues of APP, termed A4CT. in the
RRL resulted in an aggregating protein [1]. In this re-
port we provide experimental evidence that membrane-
inserted A4CT does not aggregate.

As shown recently, the addition of detergent resolved
the complex aggregation pattern of A4CT into two
prominent bands at 17 and 26 kDa, We proposed that
without detergent, A4CT undergoes a hydrophobic in-
teraction with components of the RRL., and that the two
proninent bands in the presence of detergent represent
A4CT monomers and -dimers [22].

To analyse the role of membrane damage, which we
propose is the prerequisite for amyloid formation [1.8].
in A4CT aggregation, we expressed A4CT together with
a signal sequence (SPA4CT), which allowed us to syn-
thesize membranesinserted A4CT proteins.

Expression of SPA4CT without membranes resufted
in an aggregation pattern similar to the aggregation
pattern of A4CT. The slightly higher molecular mass of
the SPA4CT aggregates at approximately 30 kDa is
proposed to be due to the retention of the signal se-
quence, which was not cleaved in the absence of mem-
branes and which accounts for the additional 2 kDa. In
the presence of detergent only monomerics could be
detected, which indicates that in the absence of mem-
branes, all observed interactions of SPA4CT are
through hydrophobic residues. Since A4CT forms
dimers under the same conditions, the different behav-
ior of SPA4CT may be due to the additional hydrophio-
bic signal sequence.

By membrane sedimentation and subsequent radiose-
quencing, we could show that the signal sequence of
APP, if cloned in front of the fA4 sequence, is recog-
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Fig. 4. Chloroformvmethanol extraction of membrane-wnserica
SPAACT. SPAACT waus trunslated and sedimentated s described in
Fig. 2. Lane |, sedimentation of SPA4CT translated in the presence
of membranes, Lune 2, ¢hloroforn/methunol extracstion of the same
translation product, Lane 3, heating of the extrucied SPALCT for 10
min ut 100°C. M. lane with moleeular muss marker proteins.

nized by the signal peptidase and allows membrane in-
sertion of SPA4CT. Also, A4CT expressed without a
signal sequence did selectively sediment with mem-
branes. These data suggest that both proteins, A4CT
and SPA4CT. were tightly associated with the mem-
brane: SPA4CT due to the signal sequence and co-
translational membrane insertion, and A4CT probably
duc to post-translational hydrophobic interactions of
the transmembrane sequence with the membrane lipids.
Although both SPA4CT and A4CT cun associate with
membranes, their aggregational behavior is different.

Expression of SPA4CT in the presence of membranes
resulted in only the monomeric molecule. This is not the
case for membrane associated A4CT, which is still eapa-
ble of uggregating. This showed that membrane-inser-
tion driven by the signal sequence of APP interfered
with the process of aggregation,

Post-translational removal of the membrane lipids or
heating restored the aggregational properties of mem-
brane-inserted SPA4CT. Both procedures, heating and
lipid extraction. can lead to membrane disruption. Thus
SPA4CT may come in direct contact with the content
of the RRL. In the context of our novel findings that
the metal-catalyzed oxidation systems contained in the
RRL in the form of hemoglobin, hemin and iron trans-
formed non-uggregated A4CT into aggregated A4CT
by radical attack and protein crosslinking [22], we
would propose that membrane insertion protects the
part of SPA4CT relevant for aggregation from direct
contact with the radical generation system and thus
prevents the aggregation.

From our results we assume that two steps of the
process leading to amyloid formation in Alzheimer’s
disease require membrane damage. First. the COOH-
terminal part of the 8A4 sequence is contained within
the transmembrane domain of APP and is therefore
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protected by the lipid bilayer from aberrant proteolytic
processing which generutes the COOH-terminus of the
amyloidogenic fA4 sequence. Thus cleavage at the
CQOH-terminus of SA4 requires membrane damage.

Sccond., membrane insertion protects the amy-
loidogenic fragmem. A4CT from protein crosslinking
through radical attack. As we have shown recently, rad-
ical attack transformed non-aggregated SA4-bearing
APP fragments into stable aggregated and amy-
loidogenic molecules [22]. Also membrane damage is
required for this amyloidogenic transformation induced
by metal-catalyzed oxidation systems.

Because iron is considered to be the most probable
agent responsible for lipid peroaidative damage in the
brain, radical attack may be involved in several steps in
amyloidogenesis in Alzheimer's disease [23]. Radical at-
tack may release SA4-bearing APP-fragments from the
lipid bilayer by means of peroxidative damage of the
membrane lipids, and subsequent radicals may also
transform the released non-aggregated SA4 bearing
APP fragments into stable aggregated. and thus amy-
loidogenic. molecules.
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