


Ab42 and Ab38 being the most prominent forms. The under-

lying mechanism for this regulation is uncertain, but altera-

tions in Ab production may be reflected by the dynamic



G37A and G38A distal to the central GxxxG motif did not

cause any effects. The influence of the juxtamembrane resi-

due G25 could not be measured by this system as only TMS

sequences can be analyzed. To separate the effects of APP



in FRETefficiency by 7% correlates to an increased dimeriza-

tion of about 30%. Accordingly, it may be inferred from the

APPwt FRET efficiency that approximately half of the APPwt

molecules are homodimeric complexes. Thus, a significant



nor interfered with maturation and surface expression of

APP as analyzed by Western blots. The mutant L17C pro-

duced 47% less sAPPa compared with the wt. Western

blot analysis of this mutant revealed the presence of APP

and Ab dimers under non-reducing conditions and the

amount of total Ab generated remained comparable with

the wt (Figure 3C).

GxxxG mutations reduce Ab42 levels and increase Ab38

levels

We quantified the levels of different Ab species by the ELISA

using monoclonal antibodies specific for Ab42, Ab40 and

Ab38. Strikingly, we observed significant differences in Ab
levels between the GxxxG mutants compared with the wt

sequence. Whereas the single alanine mutants G25A, G29A
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and G33A did not show altered Ab40 levels, Ab42 was

significantly reduced by 28, 67 and 60%, respectively, com-

pared with cell lines expressing APPwt (wt set as 100%;

Figure 4A and B). As the G25A mutant significantly reduced

Ab42 levels, this extracellular juxtamembrane position ap-

pears to be part of an extended GxxxG dimerization motif.

For the double mutant G29/33A, Ab40 generation was

slightly reduced and the Ab42 level dropped to the back-

ground of mock-transfected cells. The generation of Ab40 or

Ab42 was abolished for the mutant G33I (Figure 4A and B).

Although the amount of total Ab levels remained constant

for all mutations as indicated by Western blots (Figure 3B and

E), we suspected shorter Ab species to be produced at the

expense of longer forms of Ab, which comigrated with Ab42

and Ab40. First, we determined the level of Ab38 by ELISA

and found an increase of Ab38, whereas Ab42 levels were

decreased (Figure 4C). The mutations G29/33A and G33I

showed the highest amount of Ab38 produced (mutation

G29/33A was set as 100%) corresponding to their abolished

Ab42 generation and reduced Ab40 levels. The single mu-

tants G29A and G33A reduced Ab42 levels and increased

Ab38 secretion to a similar extent, whereas in the ToxR assay,

G33A attenuated dimerization of the TMS more efficiently

than G29A (Figure 1B). This slight variation from the con-

sistency between effects on dimerization and Ab production

of these GxxxG mutants is most likely due to the position of

bacterial membrane insertion of Ab residues 29–42 with G29

located at the boundary of the constructs used in the ToxR

assay (Figure 1B). Note that the mutant G33I led to decreased

Ab38 levels compared with G29/33A (Figure 4C), which is in

favor of detection of increasing amounts of even shorter Ab
species (see MALDI-MS analysis; Figure 5).

To investigate whether the altered quantity of Ab species

depends on altered dimerization strength or a possible struc-

tural effect, we have performed ELISAs to quantify Ab40 and

Ab42 produced from I31V, I32Vand L34A. As shown in Figure

4G and H, none of the mutants significantly affected Ab40

or Ab42 production in either direction.

To reverse the effects of the GxxxG mutants, we have

also analyzed the engineered APP dimer L17C. This mutant

produced 136% of Ab42 and 100% of Ab40 (Figure 4G

and H). The specific increase of Ab42 production without

affecting Ab40 levels confirms the effects of G29A and G33A

mutants, which attenuated dimerization and decreased Ab42

levels, but also left Ab40 levels unimpaired.

Effects of GxxxG mutants on Ab production are

independent of the APP ectodomain

To exclude any influence of the b-secretase or of the APP

ectodomain on Ab generation caused by the APP GxxxG

mutants, we analyzed Ab



ism, which is particularly evident from the single alanine

mutants (Figures 3 and 4 and Supplementary Figure 2C).

Thus, we conclude that there is an inter-relationship

between TMS dimerization and the production of shorter

Ab species including the inverse production of Ab42 and

Ab38. The gradually decreasing or increasing levels of Ab42

and Ab38 clearly depend on the individual glycine substitu-

tions and can be attributed to conservative or non-conserva-

tive mutations. Also, conservative or non-conservative

mutations decide if Ab40 production is additionally affected

or not. The data indicate that Ab38 production is intimately

linked to the dimerization strength of the TMS–TMS inter-

action as indicated by the ToxR assay.

GxxxG mutants increase Ab37 and Ab35/Ab34 levels

To gain further information about the cleavage sites of

g-secretase following the production of Ab38, we used

MALDI-MS analysis. Ab from conditioned media of APP-

transfected cells was immunoprecipitated with the monoclonal

antibody W0-2, which recognizes amino-acid residues Ab5–8

(Figure 5). Note that the mass shift of Ab peaks of GxxxG

mutants is due to the individual amino-acid substitutions.

The increase of Ab38 and the concomitant decrease of

Ab42, as shown by ELISA, were confirmed by the relative

intensities of the corresponding mass peaks (Figure 5B and

C). Ab42 was hardly detected by MS from G29/33A and G33I

mutants, in agreement with the ELISA results (Figure 5C). In

addition to increased Ab38 generation, MS analysis revealed

a gradual increase of Ab37 peak intensities for those GxxxG

mutants that strongly disrupted helix–helix interactions

(Figure 5B). The mutant G33I primarily generated Ab38

and Ab37 in considerable amounts and littlec45ere1(c)1506(of)SAb



isoleucine, was deleterious for the stability of the APP TMS. A

more conservative mutation of G33 into alanine did not have

such a pronounced adverse effect. Although the steady-state

levels of Ab40 appeared not to be as significantly reduced by

single Ala mutations of G29 or G33, we observed that the

processing into Ab42 was clearly compromised in G29A and

G33A mutants. Specifically, we demonstrated that the APP

TMS bearing the mutation G33I was less able to support the

dimerization of APP TMS and that cells harboring this mutant

in APP or b-CTF displayed a reduced capacity to produce

Ab42 and Ab40 compared with the wt proteins. To exclude

the possibility that structural changes of residues within the

TMS could have an influence on recognition and cleavage by

the g-secretase, we have analyzed single point mutations

neighboring the key glycine residue 33, that is, I31V, I32V

and L34A. These results indicate that TMS dimerization

directly alters g-secretase processing rather than that proces-

sing is influenced by structural changes of GxxxG mutants.

Furthermore, GxxxG mutants led to an increased level of

shorter Ab species, that is, Ab37, Ab35 and Ab34. The



MBP and the ToxR transcription activator domain using a cassette
cloning approach.

APP695 with N-terminal Myc tag and C-terminal Flag tag or
SPA4CT with C-terminal Flag tag were used as a template to
introduce L17C, G25A, G29A, I31V, I32V, G33A, L34A, G29/33A or
G33I mutations by site-directed mutagenesis. The cDNAs were
inserted into pCEP4 (Invitrogen), which contains a hygromycine
resistance gene. For transient or stable expression, plasmids (2 mg)
were transfected into SH-SY5Y cell line (ATCC number: CRL-2266)
using Transfectine (Bio-Rad) following the manufacturer’s instruc-
tions. All sequences were confirmed by dideoxy sequencing.

ToxR assay
The TMS under study is fused between the MBP and the ToxR
transcription activator domain and inserted into the inner mem-
brane of FHK12 cells. The TMS-driven dimerization leads to close
proximity of the ToxR domains, which are able to initiate
transcription of the lacZ gene encoding b-galactosidase only in
the dimeric state. Aliquots of E. coli FHK12 cells expressing
chimeric constructs were transferred to 96-well dishes, lysed and
b-galactosidase activity was measured using the substrate ortho-
nitrophenyl-b-D-galactopyranoside (Langosch et al, 1996).

Molecular modeling
For both helices, five different, non-symmetrical starting conforma-
tions with identical backbone but varying random side-chain
conformations were generated. From each starting conformation,
65 000 structures were generated by randomly rotating the helix
0–3601 around the long axis; translating it �2 to þ 6 Å toward or
away from geometric center, respectively; translating each helix
710 Å along its long axis; and tilting the helices relative to the diad
axis by 7201. A dielectric constant of 20 was used for the
electrostatics. An energy map was created for the rotation, tilt,
longitudinal and translational shifts independently. The rotation
was sampled in 361 bins, the tilt in 2.51 bins, the longitudinal shift
in 2 Å bins and the translational shift was sampled in 0.8 Å bins.
The average energy of each bin was evaluated independently by
using Boltzmann averaging of all conformations within this bin.
The energy map was graphically evaluated and a symmetric
structure was assumed so that energy minima corresponding to
asymmetric structures were disregarded. A related procedure has
been shown to reliably model helix bundles (Gottschalk, 2004).

FRET
FRET efficiencies were determined using an acceptor photobleach
protocol essentially as described previously (Voigt et al, 2005).
HEK293 cells were transiently transfected with plasmids encoding
CFP and YFP fusions of APP using Fugene 6 transfection reagent
(Roche Molecular Biochemicals). For competition FRET experi-
ments, the amount of plasmid encoding fluorescent proteins was
reduced to allow addition of up to 1.5 mg of empty vector or plasmid
encoding the competitor. Expression plasmids were generated by

in-frame ligation of APP695 cDNA in custom-made vectors
pcDNA3-CFP and pcDNA3-YFP.

Sandwich ELISA, immunoprecipitation and Western blots
Stably or transiently transfected cells were plated at a density of
2�106 cells per 60-mm dish or 3.6�106 cells per 12-well dish. The
day after splitting, 3 ml or 350 ml of fresh media was added and
incubated for 24 h. For Ab40- and Ab42-specific ELISAs, 50 ml of
media was analyzed according to the manufacturer’s instructions
(The Genetics company). The same protocol was applied to
determine Ab38 and sAPPa levels, except that the antibody BAP-
29 (provided by M Brockhaus, Roche) or the anti-Myc antibody
(Cell Signaling Technology) was used. For Western blot analysis, Ab
was precipitated from equal volumes of conditioned media with
polyclonal rabbit anti-serum (generated against residues 1–40).
Aliquots of conditioned media were directly analyzed for sAPP. For
full-length APP, cells were lysed in a buffer containing 50 mM Tris,
pH 7.4, 150 mM NaCl, 2 mM EDTA, 2% NP-40 and 2% Triton X-100.
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