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Abstract The neurotoxic Abeta peptide is derived by
proteolytic processing from the Alzheimer’s amyloid
precursor protein (APP), whose short cytoplasmic domain
contains several phosphorylatable amino acids. The latter
can be phosphorylated ‘in vitro’ and ‘in vivo,” and in some
cases phosphorylation appears to be associated with the
disease condition. Using APP-GFP fusion proteins to
monitor APP processing, the role of Tyr®®” was addressed
by mimicking its constitutive phosphorylation (Y687E)
and dephosphorylation (Y687F). Contrasting effects on
subcellular APP distribution were observed. Y687E-APP-
GFP was targeted to the membrane but could not be
detected in transferrin containing vesicular structures, and
exhibited a concomitant and dramatic decrease in Abeta
production. In contrast, Y687F-APP-GFP was endocytosed
similarly to wild type APP, but was relatively favoured for
beta-secretase cleavage. Overall, Tyr®®’ appears to be a
critical residue determining APP targeting and processing
via different pathways, including endocytosis and retro-
grade transport. Significantly, from a disease perspective,

mimicking Tyr®®” phosphorylation resulted in a hitherto
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undescribed inhibition of Abeta production. Qur results
provide novel insights into the role of direct APP
phosphorylation on APP targeting, processing and Abeta
production.
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Introduction

Alzheimer’s disease (AD) is progressive and multifacto-
rial. One of the major pathological hallmarks is the
presence of amyloid plaques, rich in Abeta peptides. The
latter range from 37-42 amino acids, and result from the
sequential proteolytic cleavage of the Alzheimer’s Amy-
loid Precursor Protein (APP). APP can be cleaved by «-
secretases [ADAM 10, ADAM 17 (TACE) and ADAM
9] at various subcellular locations, generating alpha
cleaved sAPP (,SAPP), but can also be processed by -
secretases (BACE1 and BACE2) to yield beta cleaved
SAPP (3sAPP). Further cleavage by the vy-secretase
complex (presenilin-1 or 2, nicastrin, aphl and pen2)
(Esler et al. 2002; Lee et al. 2000; Li et al. 2000a, b; Steiner
et al. 2002; Verdile et al. 2006) produces either p3 or Abeta
and the AICD (APP Intra-Cellular Domain) fragment
comprising 50 amino acids (Bennett et al. 2000; Vassar
et al. 1999; Yan et al. 2001). Abeta production can occur in
the Golgi complex, especially in the trans-Golgi network
(TGN), and to a lesser extent in the endoplasmic reticulum
(ER). Abeta can also be produced in the endocytic
pathway (Koo and Squazzo 1994; Nixon et al. 2001; Perez
et al. 1999).

Although the precise function of APP is unclear, it exhibits
characteristics of a signal transduction molecule. In fact,
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several proteins (e.g. FE65) interact with the cytoplasmic
domain of APP (Borg et al. 1999; Bressler et al. 1996; da
Cruz e Silva et al. 2004a; Kinoshita et al. 2002; McLoughlin
and Miller 1999; Sabo et al. 2001), forming large multimo-
lecular complexes. The adaptor proteins direct APP to
specific molecular pathways. Such interactions can be
regulated by protein phosphorylation, as described for
FE65 binding (Ando et al. 2001), and APP itself can be
phosphorylated ‘in vitro® and ‘in vivo’ (Ando et al. 2001;
Oishi et al. 1997; Tarr et al. 2002; Zambrano et al. 2001).
Lee et al. (2003) demonstrated that seven of the eight
potentially phosphorylatable residues in the intracellular
domain of APP were phosphorylated in AD patients, namely
Tyr®*, Ser®>, Thr®®®, Ser®”, Tyr®®?, Th®®® and Tyr®"’. The
latter lies within the “®**YENPTY®" domain, a typical
internalization signal for membrane-associated receptor pro-
teins (Chen et al. 1990; Koo and Squazzo 1994; Lai et al.
1995), which conforms to a consensus sequence for coated-
pit mediated internalization (Chen et al. 1990). This domain
is of significant biophysical importance, bearing a character-
istic type I B-tum (Kroenke et al. 1997; Ramelot et al. 2000),
and central to protein—protein interactions, as for example
with X11 (Ramelot et al. 2000) and Dab 1 (Homayouni et al.
1999). Thus, in the work here described we used a dynamic
model system (da Cruz e Silva et al. 2004b) to evaluate the
effect of mimicking Tyr®®” phosphorylation. The data pres-
ented indicates that APP subcellular localization and in-
corporation into vesicular structures is Tyr®®’ dependent. In
particular, the Y687E mutant, mimicking Tyr®*’ phosphory-
lation, failed to incorporate into visible endocytic vesicular
structures and exhibited greatly reduced Abeta production in
the conditioned media.

Materials and Methods
APP¢os Expression Vectors

APPgos ¢DNA mutants were prepared to mimic a phos-
phorylated or dephosphorylated Tyr®®” residue (glutamate
or phenylalanine, respectively), using site directed muta-
genesis (da Cruz e Silva and da Cruz e Silva 2003; da Cruz
e Silva et al. 2004b). APP phosphorylation mimicking
mutants and Wt-APP,9s cDNAs were subcloned into
appropriate vectors and their nucleotide sequences con-
firmed. Both mutant and Wt-APP¢os-GFP fusions were
engineered by PCR, removing the APP¢gs stop codon using
specifically designed primers. The fusion constructs were
produced by inserting the resultant fragments in frame into
the pEGFP-N1 mammalian expression vector (Clontech,
USA). The nucleotide sequences of the inserts were fully
verified by DNA sequencing.

Cell Culture and Endocytosis Assays

Monkey kidney COS-7 cells were grown at 37°C and 5%
CO; in Dulbecco’s Modified Eagle’s Medium (DMEM),
supplemented with 10% foetal bovine serum, 100 U/ml
penicillin, 100 mg/ml streptomycin and 3.7 g/l NaHCO;,
until 90% confluent (Rebelo et al. 2004). Transient trans-
fections were performed using a cationic lipid transporter
(Lipofect AMINE 2000, Invitrogen Life Technologies).
After 8 h, cells were divided into six-well plates with (for
endocytosis analysis) or without (for Abeta quantifica-
tion) coverslips pre-treated with 100 pg/ml polyornithine
(Sigma, Portugal), and left to recover for 4 h. Cells were
then incubated in serum-free DMEM supplemented with
a protein synthesis inhibitor, 50 pg/ml cycloheximide
(Sigma, Portugal), and processed as described below.
Transferrin endocytosis assays were performed on the
transiently transfected cells essentially as previously de-
scribed (Benmerah et al. 1998). Following a 2 h 15 min
incubation period under the conditions described above,
cells were washed with antimycotic/antibiotic-free DMEM.
The endocytosis experiment was initiated by incubating
cells for 30 min at 37°C with antimycotic/antibiotic-free
DMEM supplemented with cycloheximide and with 20 mM
HEPES, in order to eliminate endogenous transferrin. The
medium was replaced with fresh medium supplemented
with 1 mg/ml BSA and 100 nM Texas Red-conjugated
transferrin (Molecular Probes, USA), and the cells were
incubated for a further 15 min at 37°C (Benmerah et al.
1998). Cells were then immediately cooled to 4°C, washed
twice in ice-cold PBS and fixed as described below.
Altemnatively, an antibody uptake assay was also used to
monitor APP internalization. COS-7 cells were transiently
transfected, prepared as described above and incubated for
2 h. Cells were then washed twice with ice-cold PBS and
incubated for 20 min on ice in serum-free DMEM
supplemented with the 22C11 antibody (Chemicon, USA).
Cells were subsequently washed three times with ice-cold
PBS and then incubated at 37°C in DMEM supplemented
with 10% foetal bovine serum for 0, 10, and 20 min. At
each time point the cells were washed twice with PBS,
fixed in 4% paraformaldehyde and processed for immuno-
cytochemistry. Texas Red-conjugated anti-mouse IgG (Mo-
lecular Probes, USA) was used as a secondary antibody.

Abeta Analysis

Cells transfected with Wt or each of the mutant APP
constructs were incubated for 3 h as described above. Abeta
peptides were detected and quantitated essentially as previ-
ously described (Esselmann et al. 2004; Wiltfang et al.
2001). Conditioned media were immunoprecipitated using
25 ul dynabeads (Dynal, Germany) coated with 1E8 mAb
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(Schering AG, Berlin). Immunoprecipitates were separated
on 12% Bicine/Tris gels containing 8 M urea. Different
Abeta peptide species were revealed by immunoblotting
using mAb 1E8. Synthetic Abeta peptides were run in
parallel for the identification of the different Abeta peptide
species.

Immunoblots or the corresponding autoradiograms were
scanned in a Molecular Imager (Bio-Rad, Portugal) and
protein bands quantified using the manufacturer’s Quantity
One densitometry software. Data were expressed as mean +
SEM of determinations from at least three independent
experiments. Statistical significance was conducted by one-
way analysis of variance (ANOVA) with Tukey-Kramer
test. Unless otherwise noted, a level of statistical signifi-
cance is considered P < 0.05.

Results
Endocytosis Assays

Intracellular protein tracking was achieved by engineering
APPgos-GFP fusion constructs, and the saturation of
intracellular pathways due to protein overexpression was
avoided by using relatively low transfection levels and by
blocking ‘de novo’ protein synthesis (da Cruz e Silva et al.
2004b). In essence, COS-7 cells were transfected with wild
type (Wt-APP¢os-GFP) or either of the two Tyr687 mutant
human APP c¢DNAs (Y687E-APP4os-GFP and Y687F-
APPgo5-GFP). Endocytosis and processing of mutant and
wild type proteins was monitored as described above. Both
Wit-APP-GFP and Y687F-APP-GFP were efficiently endo-
cytosed, as demonstrated for both constructs by the
speckled vesicular-like green fluorescent structures ob-

Fig. 1 Transferrin Assays.
Internalization of Texas Red-
conjugated transferrin was
monitored in COS-7 cells
transiently transfected with
Wt-APP-GFP or either of the
phospho-mimicking APP-GFP
constructs. a APP-GFP fluores-
cence, b Transferrin-Texas red
fluorescence, ¢ Merged images
ofaand b

Wt-APP-GFP

served (Fig. 1a). The co-localization of APPggs-GFP green
fluorescence and transferrin-Texas red fluorescence ob-
served for Wt-APP-GFP and the dephospho-mimicking
Y687F-APP-GFP mutant (Fig. 1c) revealed that transferrin
was co-localizing with APP, thus reinforcing that both of
these APP species are readily internalized. Interestingly,
Y687F-APP-GFP appeared to be endocytosed approximate-
ly 1.5 x more efficiently than Wt-APP-GFP, as estimated by
counting the number of co-localizing yellow vesicles
detected (data not shown). In sharp contrast, the phospho-
mimicking Y687E-APP-GFP mutant could not be detected
in vesicular-like structures. This is evident in Fig. la, when
fluorescence due to Y687E-APP-GFP alone is analysed or
when the number of co-localizing yellow/orange vesicles
are scored (Fig. 1c). In fact, the number of yellow/orange
vesicles was dramatically reduced in cells transfected with
Y687E-APP-GFP, leading us to conclude that this mutant
protein is not efficiently endocytosed via clathrin-coated
pits.

In order to assess if the green fluorescence detected in
cytoplasmic vesicles was due to the presence of intact or
truncated APP species, the internalization of the three
proteins was further monitored by tracking their N- and C-
termini during endocytosis using the antibody uptake assay
described. At time 0 all cells revealed 22C11-staining at the
cell surface (red fluorescence), although with a stronger in-
tensity for Y687E-APP-GFP (Fig. 2A). Observation of the
cells after 10 min at 37°C indicated that both Wt-APP-GFP
and the Y687F-APP-GFP mutant were efficiently endocy-
tosed (Fig. 2B), and the red (22C11) and green (APP-GFP)
fluorescence co-localized extensively. Analysis of the GFP
fluorescence alone also revealed that the two APP species
are readily internalized. Noticeably, at this time point, many
of the endocytic vesicles observed for Y687F-APP-GFP

Y687F-APP-GFP

Y687E-APP-GFP
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A. 0 min were already organized near the Golgi complex, consistent

Wt-APP-GFP  Y687E-APP-GFP Y687F-APP-GFP with Tyr®®7 dephosphorylated APP being endocytosed more
efficiently/faster than Wt-APP-GFP. In contrast, the
Y687E-APP-GFP mutant (mimicking phosphorylation)
was not efficiently incorporated into vesicles and endocyto-
sis of this mutant was not evident under our experimental
conditions. Of note, the membrane staining remained
intense, supporting poor endocytosis for this mutant
(Fig. 2B). Unexpectedly, after 20 min at 37°C, Y687E-
APP-GFP green fluorescence and the 22Cl11 staining were
seen to co-localize in the vicinity of the TGN, suggesting
that the phosphorylated protein may eventually also be
internalized, albeit via a different route. On the other hand,
and as for earlier time points, the Wt-APP-GFP and the
Y687F-APP-GFP proteins continued to co-localize exten-
sively in endocytic vesicles at 20 min. (Fig. 2C). Again,
Y687F-APP-GFP appears to be more efficiently endocy-
tosed and targeted for retrograde transport, as co-localization
is clearly visible in the TGN. TGN co-localization for
Wt-APP-GFP was much less marked. The Y687E-APP-
GFP mutant, which as already mentioned is not visibly
endocytosed, exhibits intense fluorescence at the cell
membrane reinforcing that this mutant suffers impaired
internalization (Fig. 2C). During the course of the experi-
ment the vast majority of vesicles observed in cells
expressing Y687E-APP-GFP stained red due to 22Cl1
binding to endogenously expressed APP, again supporting
the hypothesis that this APP is not targeted to the vesicular
structures normally visible.

B. 10 min
Wt-APP-GFP  Y687E-APP-GFP Y687F-APP-GFP

Abeta Production

Abeta fragments secreted into the medium of cells trans-
fected with the three constructs were quantitated as previ-
ously described (Esselmann et al. 2004; Wiltfang et al.
2001, 2002). This methodology allows for the separation,
detection and quantitation of different Abeta species,
including Abeta,_3;, Abeta;_sg, Abeta,_ 39, Abeta; 49, and
Abeta,_49. The results obtained with the three constructs are
presented in Fig. 3. Y687F-APP-GFP and Wt-APP-GFP
yielded a similar profile of Abeta production. Namely the
Abeta species 1-37, 1-38, 1-39 and 1-40 were all clearly
evident. A lower doublet (Fig. 3B) was also observed with
the lower band co-migrating exactly with the Abeta, 49
standard and the upper band was not defined. The Y687E-

C. 20 min
Wt-APP-GFP

4Fig. 2 Antibody Uptake Assays. The uptake of the 22C11 mono-
clonal antibody recognizing an epitope in the extracellular N-terminal
domain of APP was monitored in COS-7 cells transiently transfected
with Wt-APP-GFP or either of the phospho-mimicking APP-GFP
constructs. Cells were monitored at 0 min (A), 10 min (B) and 20 min
(C) after stimulation of antibody uptake. a APP-GFP fluorescence,
b Transferrin-Texas red fluorescence, ¢ Merged images of a and b.
M—Plasma Membrane, TGN—Trans Golgi Network
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Fig. 3 Secretion of Abeta
peptides. Conditioned media A.

from cells transfected with one

of the three constructs (Wt-APP- APP PROTEINS STANDARDS
GFP, Y687E-APP-GFP and
Y687F-APP-GFP) were collect- Vector Wt Y687E Y687F

ed and analyzed for Abeta pro-
duction as described. Abeta
production from endogenous
APP was assessed from control
cells transfected with the empty
vector. Results were compared

against a standard synthetic mix
containing synthetic Abeta pep-

tides of known size (A). The gel
region corresponding to the

Abetay 4o doublet was amplified

(B). The intensities of the Abeta

species observed (C) were

quantified using a molecular

imager with image analysis

software (Quantity One) B.

1,00 +

Fold effect

1-37

APP-GFP protein, in contrast, produced significantly less of
all Abeta species measured: Abeta;_37 (P < 0.05), Abeta;_s5
and 1-39 (P <0.001) and Abeta; 49 (P < 0.05), with Abeta,_
40 being almost completely absent (Fig. 3A~C).

Discussion

Protein phosphorylation as a regulatory mechanism in APP
processing has been long been discussed (Gandy and
Greengard 1994), however the precise molecular contribu-
tions have only recently began to be unravelled. In the work
discussed here, low transfection levels and the use of
cycloheximide to inhibit ‘de novo’ protein synthesis were
vital to avoid overloading the normal APP processing
pathways, thus allowing direct comparison of the intracel-

44
*

BWt-APP-GFP OY687E-APP-GFP M Y687F-APP-GFP

1-38 and 1-39 1-40

Abeta species

lular localization of the Wt and Tyr®®’ phosphorylation site

mutant APP-GFP proteins by epifluorescence. It is well
established that APP has characteristics associated with cell
surface receptors, can be re-internalized via clathrin-coated
pits and be directed to the endosomal-lysosomal pathway.
In our experimental system both Wt-APP-GFP and Y687F-
APP-GFP were readily re-internalized via the endocytic
pathway, with the ‘dephosphorylated” mimicking protein
being processed somewhat faster and more efficiently than
the wild-type protein (Figs. 1, 2). In sharp contrast, the
mutant mimicking phosphorylation on Tyr®®’, Y687E-APP-
GFP, was not incorporated into detectable vesicular
structures (Figs. 1, 2), thus indicating that the membrane
recycling of Y687E-APP-GFP is impaired. Nonetheless, the
Y687E-APP-GFP protein was internalized, apparently via
an alternative pathway which does not involve its incorpo-
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ration into visible vesicles, as evidenced by the absence of
the yellow/orange vesicular like structures, although yellow
fluorescence could still be detected in the vicinity of the
TGN (Fig. 2C). From our results, given the antagonic
effects of mutating Try®®” to Phenylalanine and Glutamate
in comparison to the wild-type protein, it is reasonable to
deduce that the phosphorylation state of Tyr®®" results in
the formation of different multimeric complexes which are
differentially targeted. In fact, we have already initiated the
analysis of the phosphorylation dependent APP interac-
tome. An array of different APP binding proteins have been
identified (unpublished data), depending on the residue of
APP which is phosphorylated. This is not entirely unex-
pected if one considers for example that phosphorylation of
APP at Thr%® affects its binding to FE65 (Nakaya and
Suzuki 2006).

As a consequence of differential APP targeting, it
appears that Tyr®®’ phosphorylated APP undergoes in-
creased o-secretase processing, whereas its dephosphory-
lated counterpart appears to be relatively more favoured for
f-secretase cleavage, as determined from sAPP production
(data not shown). Direct measurement of Abeta secretion
entirely supports this hypothesis (Fig. 3). Y687E-APP-GFP
exhibited reduced Abeta production, with the almost
complete absence of Abeta, 4. Targeting and processing
of APP via different pathways is important for Abeta
production and the phosphorylation state of Tyr®®’ appears
to be a critical determining factor. Hence, if one accepts that
Y687E-APP-GFP mimics constitutive phosphorylation of
Tyr®®” and that Y687F-APP-GFP mimics its constitutive
dephosphorylation, then it is reasonable to conclude that
phosphoregulation of Tyr%®" is an important regulatory
mechanism not only for the incorporation of APP into
endocytic vesicular structures and in regulating its transport
from endosomes to the TGN, but this is also of conse-
quence to APP proteolytic cleavages and Abeta production.
Tyr®®” phosphorylation has been described in samples from
AD patients (Lee et al. 2003) where Abeta is found
deposited in senile plaques. Hence, this appears contrary
to what our results suggest, since Tyr(’87 phosphorylation
produces less Abeta. However, one can envisage a
protective endogenous mechanism at play, whereby Tyr%®
phosphorylation reduces Abeta production, in a brain
already producing excess of this toxic peptide. Notably,
although Y687E-APP-GFP is not incorporated into visible
vesicles, it is still processed, producing the other usual APP
cleavage fragments. In fact, this partly explains why until
now it has been difficult to detect differences in APP
processing associated with direct phosphorylation of this
intracellular domain. One is also forced to conclude that
Y687E-APP is targeted and processed via an alternative
pathway, potentially non-vesicular or otherwise involving
vesicular structures/complexes below our detection limit.

Of note, the simple measurement of APP proteolytic
products provides no information as to the subcellular site
of production and, indeed, they are likely to be produced
at different subcellular locations. From our data it would
appear that phospho-Tyr®®” APP, although re-internalized to
the ER and TGN, can still be cleaved by «-, - and y-
secretases. This observation is consistent with the sugges-
tion of Capell et al. (2005) that the y-secretase complex
could be completely assembled within the ER.

Our results showing that Abeta production can be
modulated by direct APP phoshorylation may be of specific
therapeutic relevance. It is interesting to note that the
retrograde transport of BACE 1, responsible for the f3-
cleavage, is also regulated by the phosphorylation state
of the protease (Wahle et al. 2005). Additionally, our con-
clusions favour the model that interaction of APP with its
binding proteins may also be mediated by the phosphory-
lation state of APP itself (da Cruz e Silva et al. 2004a).
Consequently, it may be possible to devise therapeutic
strategies leading to decreased Abeta production, as ob-
served here for Y687E-APP-GFP. Thus, signal transduction
based diagnostics and therapeutics represent important
future strategies of relevance to AD and other neurodegen-
erative diseases. The future identification of the kinases and
phosphatases that act upon each of the APP phosphorylat-
able residues will likely prove useful in this respect.
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