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forcing is generally underestimated. This is con-
sistent with other studies indicating that models
undersimulate precipitation responses to external
forcing (13–16, 23).

The Arctic Oscillation (AO) is an important
contributor to Northern Hemisphere climate
variability (1, 3). The prolonged positive AO
phase during recent decades is in accord with
precipitation changes over Europe and the
Arctic (3, 24, 25). Although modeled AO re-
sponses to anthropogenic forcing are generally
weaker than observed (26, 27), some studies
suggest anthropogenic influences may have
been a factor (9). To test the sensitivity of our
detection results to the possible effect of AO
fluctuations, we repeated our detection analy-
ses on observed precipitation series that ex-
clude variability linearly related to the AO. We
did so by linearly regressing the observed
gridded monthly precipitation anomalies onto
the AO index, defined as the first principal
component of the monthly mean sea level
pressure anomalies north of 20°N (25) and by
retaining only the regression residuals for de-
tection analyses. The detection results obtained
in this way (Fig. 2B) are improved: The scaling
factors are closer to one, and model-simulated
variability agrees better with observed. This in-
creases confidence in our detection result be-
cause it demonstrates human influence on
aspects of Arctic precipitation change that are
not related to a component of circulation change
that has been associated with model structural
uncertainty. Nevertheless, it remains difficult to
assess the effects of model structural uncertainty,
as well as that of observational uncertainty, on
our results.

Our results indicate that anthropogenic forc-
ing from greenhouse gases and sulfate aerosols
combined has contributed to the observed high-
latitude precipitation increase during the lat-
ter half of the 20th century. We also find that
model-simulated precipitation responses to an-
thropogenic forcing are weaker than in the
observations. This implies that model-projected
future precipitation change may also be too
weak, which would have important implica-
tions for the development of adaptation strat-
egies: It is possible that future Arctic Ocean
freshening and MOC slowdown could occur
more quickly than indicated by currently avail-
able GCM simulations (7). Recent studies show
that Arctic sea ice is declining substantially
faster than indicated by model simulations
(28, 29).
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Efficient Inhibition of the Alzheimer’s
Disease b-Secretase by
Membrane Targeting
Lawrence Rajendran,1 Anja Schneider,2 Georg Schlechtingen,3,4 Sebastian Weidlich,4
Jonas Ries,5 Tobias Braxmeier,3,4 Petra Schwille,5 Jörg B. Schulz,6 Cornelia Schroeder,4
Mikael Simons,2 Gary Jennings,3 Hans-Joachim Knölker,3,4 Kai Simons1*

b-Secretase plays a critical role in b-amyloid formation and thus provides a therapeutic target
for Alzheimer’s disease. Inhibitor design has usually focused on active-site binding, neglecting the
subcellular localization of active enzyme. We have addressed this issue by synthesizing a
membrane-anchored version of a b-secretase transition-state inhibitor by linking it to a sterol moiety.
Thus, we targeted the inhibitor to active b-secretase found in endosomes and also reduced the
dimensionality of the inhibitor, increasing its local membrane concentration. This inhibitor reduced
enzyme activity much more efficiently than did the free inhibitor in cultured cells and in vivo. In
addition to effectively targeting b-secretase, this strategy could also be used in designing potent drugs
against other membrane protein targets.

Akey molecule in the pathogenesis of
Alzheimer’s disease (AD) is the b-
amyloid peptide (Ab), which, either in

its soluble oligomeric form or in the plaque-
associated version, leads to neurodegeneration
(1). Ab is liberated from the membrane-spanning
b-amyloid precursor protein (APP) by sequential
proteolytic processing using b- and g-secretases.
b-Secretase activity is conferred by a transmem-
brane aspartyl protease, also termed BACE-1
(b-amyloid cleaving enzyme 1), which cata-

lyzes the rate-limiting reaction in the genera-
tion of Ab (2). b-Secretase cleavage of APP
occurs predominantly in endosomes, and en-
docytosis of APP and b-secretase is essential
for b cleavage and Ab production (3–7). The
low pH of endosomes is optimal for b-secretase
activity. Conversely, a-secretase cleavage of
APP, which precludes production of the toxic
Ab peptide, occurs at the plasma membrane
(8). Both b- and g-secretase are thus propi-
tious therapeutic targets (1, 9). However, in
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view of the multiple functions of g-secretase,
b-secretase might be the preferred therapeutic
target (10).

Several transition-state inhibitors have been
designed to block the active site of the b-secretase
enzyme (11, 12). Many of these have shown
potent activity against the purified ectodomain
of b-secretase or the reconstituted enzyme
(11, 13). Nonetheless, many fail in cellular as-
says (14, 15). A critical issue in designing
inhibitors against the enzyme is to direct in-
hibition to the subcellular compartment where
the enzyme is active. Here, we tested the ef-
ficacy of a membrane-tethered version of an
otherwise soluble inhibitor that is targeted to
endosomes via endocytosis.

Endocytosis is essential for b-secretase ac-
tivity (3–7); we thus tested whether the inter-
nalization of b-secretase inhibitors was needed
for activity. To this end, we assayed the activity
of a nonpermeable transition-state peptide in-
hibitor of b-secretase in a cellular assay, where
the production of a-secretase, b-secretase–cleaved
ectodomains ofAPP (sAPPa, sAPPb, respectively)
and Abwas followed. The free inhibitor inhib-
ited both recombinant and soluble b-secretase
(11, 13) (fig. S1) but failed to inhibit b cleavage
in cells (Fig. 1 and fig. S2). Because most of the
b cleavage occurs in endosomes (3–7, 16), suf-
ficient amounts of the free inhibitor might not
reach this compartment.

We reasoned that membrane tethering
would render the soluble inhibitor competent
for endocytosis and deliver the inhibitor to en-
dosomes. Hence, we coupled a sterol moiety as
a membrane anchor via a polyglycol linker to
the C terminus of the inhibitory peptide (fig.
S3) via solid-phase synthesis (see supporting
online material). On the basis of the length of
the peptide cleavage domain of APP (b/A4 re-
gion of APP-770) (17), the appropriate length
of the linker for inhibition of b-secretase was
estimated to be about 89 Å. The sterol-linked
inhibitor was more active than the free inhibitor
in inhibiting b cleavage (Fig. 1, A and C) and
Ab production (Fig. 1D). Because the free in-
hibitor coupled to the polyglycol linker but
lacking the sterol moiety was inactive, we con-
cluded that the sterol moiety, not the polyglycol
linker, was critical for effective b-secretase
inhibition (fig. S4). Likewise, another control
where the sterol group was N-terminally linked
to the inhibitor was also inactive, ruling out a
direct influence of the sterol moiety (Fig. 1, A

and C). The failure of the N-terminally linked
inhibitor to inhibit b-secretase also suggested
that proper orientation of the inhibitory peptide
was essential for inhibition. Similar results were
obtained in a neuroblastoma cell line (fig. S5).
Thus, membrane anchoring of an otherwise sol-
uble inhibitor leads to a considerable increase
in efficacy.

Having shown that the membrane-anchored
inhibitor blocked b-secretase more efficiently
than did the free inhibitor in cultured cells, we
proceeded to demonstrate that the membrane-
anchored inhibitor was indeed transported to
the endosomes where b cleavage occurs. For
this purpose, we synthesized a fluorescent
derivative of both the sterol-linked and the
free inhibitor. This labeled inhibitor was equal-
ly active against b-secretase (Fig. 2A) and
was rapidly endocytosed (Fig. 2B). Inhibition
of endocytosis through the use of a mutant
dynamin (DynK44A) markedly reduced in-

ternalization of the inhibitor (Fig. 2C), whereas
overexpression of either soluble green fluo-
rescent protein (GFP; Fig. 2C) or wild-type
dynamin (fig. S6) did not alter internalization
of the inhibitor. The internalized inhibitor ac-
cumulated in endosomes that also harbored
APP and BACE-1 (Fig. 2D), which showed
that sterol-anchoring efficiently directed the
inhibitor to endosomes. Concentrations as low
as 0.1 mM were sufficient to block the ap-
pearance of the b-cleaved ectodomain of APP
in the cells (Fig. 2, E and F) (6). In contrast, the
free inhibitor was not internalized, nor did it
inhibit the production of b-cleaved ectodomain
(Fig. 2E). Although sterol-linked inhibitors de-
creased b cleavage of APP, they concomitantly
increased a cleavage (Fig. 1, B and C, and fig.
S4). Inhibition of endocytosis also produced the
same effect (3, 4, 8), suggesting that membrane-
anchored inhibitor targeted the active b-secretase
in endosomes.

Fig. 1. Sterol-linked inhibitor inhibits b-secretase cleavage of APP and Ab production. HeLa-swAPP
cells were treated with test compounds (200 nM) and the medium was analyzed for (A) b cleavage
(i.e., the b-cleaved ectodomain, sAPPb) and (B) a cleavage (i.e., the a-cleaved ectodomain, sAPPa)
by electrochemiluminescence (ECL) assay (6). Cell viability values in (B) are from Alamar Blue
assay. (C) sAPPb levels were detected by immunoblotting cell lysates from the samples, using the
sAPPb-specific antibody ANJJ (6). Full-length APP (FL-APP), sAPPa, and b-cleaved C-terminal
fragment (b-CTF) were analyzed by immunoblotting with 6E10 (lower and side panel). Longer
exposure (side panel) reveals a clear reduction in b-CTF levels in the sterol-linked inhibitor lane.
FL-APP levels serve as the loading control. (D) Sterol-linked inhibitor inhibited secretion of Ab
peptides (Ab40, Ab42) as measured by ECL assay. Inhibitor data are expressed with respect to
DMSO control; DMSO data are expressed as percent-untreated control. ECL results shown are rep-
resentative of more than four independent experiments and are expressed as means ± SD (sAPPb, P <
0.001; Ab40, P = 0.008; Ab42, P = 0.01; sAPPa, P = 0.003).
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An added advantage of using a sterol as a
membrane anchor is that the inhibitor not only
is inserted into the membrane plane, but may
also be enriched in sterol-rich domains. Cho-
lesterol appears to be a risk factor for AD (18),
and cholesterol-sphingolipid domains in cel-
lular membranes, termed rafts (6), function as
sites for the amyloidogenic cleavage of APP
(19, 20). b-Secretase is enriched in these mi-
crodomains (6, 19, 20). By linking the inhibitor
to a sterol, we may have not only targeted it to
endosomes, but also enriched the inhibitor in
raft domains in these compartments. To deter-
mine whether targeting to raft domains pro-
moted the inhibitory effect or was sufficient
to simply anchor the inhibitor to the mem-
brane, we synthesized inhibitors with differ-
ent anchors—palmityl, myristyl, and oleyl (fig.
S3)—with different affinities for membranes
and raft microdomains (21). The oleyl-linked

inhibitor was much less active in inhibiting b-
secretase than were the saturated chains, the
18-carbon palmitate being intermediate in action
between the sterol and the 14-carbon myristate
(Fig. 3A).

To test whether this inhibition correlated
with raft partitioning, we used scanning fluo-
rescence correlation spectroscopy (sFCS) and
avalanche photodiode (APD) imaging on sup-
ported bilayers exhibiting a raft-like liquid-
ordered (lo)/non–raft-like liquid-disordered (ld)
phase separation (fig. S7). Partition coefficient
measurements revealed that the sterol-linked
inhibitor and the palmityl-linked inhibitor par-
titioned into raft domains more readily than did
the oleyl counterpart (Fig. 3B). Thus, rafto-
philic anchors of b-secretase inhibitors enhance
their inhibitory potential.

To determine whether sterol-linked inhib-
itors were also effective in vivo, we used triple

transgenic Drosophila expressing human wild-
type APP, b-secretase, and presenilin as a model
system. These flies show age-dependent neu-
rodegeneration, a shortened life span, and semi-
lethality and can be rescued by pharmacological
treatment with secretase inhibitors (22). To
study whether the sterol-linked inhibitor at-
tenuated toxicity in these flies, we compared
the eclosion rates of transgenic larvae that had
been fed the sterol-linked inhibitor to those of
solvent-treated controls (Fig. 4A). Treatment
of larvae with the sterol-linked inhibitor in-
creased survival rates; hence, the compound
not only inhibited b-secretase effectively in
cell culture, but also reduced toxicity in vivo.
To test whether the sterol-linked inhibitor also
efficiently inhibited Ab production in mam-
mals, we injected the inhibitor stereotaxically
into the hippocampus of APPsw/PSDE9 mice
(23) and compared the result with mice in-

Fig. 2. Sterol-linked inhibitor is internalized into endosomes containing
APP/b-secretase. (A) Rhodamine-labeled, sterol-linked inhibitor also in-
hibits b cleavage and Ab production. Medium of HeLa-swAPP cells treated
with inhibitors (2 mM) was analyzed for b cleavage, Ab40, and cell
viability (percent survival) as described for Fig. 1. Results presented are
representative of three independent experiments and are expressed as
means ± SD (sAPPb, P < 0.001; Ab40, P = 0.014). (B) HeLa-swAPP cells
were treated with 2 mM rhodamine-labeled, sterol-linked inhibitor (red)
for various times indicated. (C) Dynamin mutant (DynK44A-GFP), but not
control GFP, inhibits internalization of the rhodamine-labeled sterol-linked

inhibitor. Arrows indicate reduced internalization of the inhibitor in
dynK44A-transfected cells. (D) Internalized sterol-linked inhibitor colocal-
ized with internalized APP (green) and b-secretase (white) in endosomes
(arrows indicate representative spots). (E) b-cleaved ectodomain staining
in free inhibitor- or the sterol-linked inhibitor-treated cells (white) (6). (F)
Cells were treated with different concentrations (inset) of the sterol-
linked inhibitor as shown. Note that b-cleaved ectodomain (white) levels
are already undetectable at 0.1 mM levels. DAPI (4´,6´-diamidino-2-
phenylindole) staining (blue) indicates nuclei in (B), (C), (E), and (F).
scale bar, 10 mm [(B), (C), (D), and (F)].
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jected with either the free inhibitor or the
solvent control, dimethyl sulfoxide (DMSO).
The sterol-linked inhibitor was indeed more
effective than the free inhibitor in inhibiting
Ab production (Fig. 4B).

Thus, membrane anchoring markedly in-
creased the potency of a b-secretase inhibitor.
By anchoring the inhibitor to the membrane,
we achieved two goals: (i) The inhibitor be-
came endocytosis-competent and gained ac-
cess to endosomal b-secretase; and (ii) we
reduced the dimensionality of the otherwise
soluble inhibitor, thereby enhancing the in-
teraction between the inhibitor and the en-
zyme (24). Reaction rates between solutes and
membrane receptors can be enhanced by re-
ducing the dimensionality of the solute via non-
specific adsorption (24), and here this model
has been realized in designing drug candi-
dates. This model also explains why such a
membrane-anchored version of the inhibitor
would be superior to a soluble but membrane-
permeable inhibitor. If tethered molecules (e.g.,

the enzyme and the inhibitor) were partitioned
within microdomains, both the concentration
and the interaction times of the components
would be increased (25), as we have observed.
By choosing sterol as a membrane anchor, the
inhibitor is enriched in the vicinity of raft-
associated b-secretase, thus enhancing their
interaction. The increased potency of the
sterol-linked inhibitor confirms that the lipid
environment and the subcellular localization
of b-secretase regulate its activity (6, 20). The
concomitant increase in production of the
neuroprotective a-cleaved ectodomain high-
lights the advantage of such an inhibitor, which
may explain the efficacy observed in the trans-
genic fly model (22).

This work represents a proof-of-principle
for a new approach in the design of more

effective b-secretase inhibitors for the treat-
ment of Alzheimer’s disease. Because we used a
transition-state analog against b-secretase, it
was imperative to target the inhibitor to endo-
somes where it was active. However, this prin-
ciple could also be used to design strategies to
develop inhibitors against other membrane pro-
tein targets that are active at the plasma mem-
brane and/or in intracellular compartments.
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Fig. 3. Raft partitioning of inhibitors enhances
their inhibitory potential. (A) HeLa-swAPP cells
were treated with 20 nM or 200 nM test com-
pounds for 4 hours; medium was harvested and
analyzed for sAPPb (6). Percent inhibition of b
cleavage is shown as mean ± SD (sterol versus
oleyl, P = 0.009). Palmityl, Myristyl, and Oleyl
represent the anchor modifications of the inhib-
itors via palmitylation, myristylation, or oleylation,
respectively. (B) Raft partitioning of oleyl-, palmityl-,
and sterol-anchored inhibitors. Partition coefficients
of inhibitors with different linkers and BODIPY-
cholesterol (Bodipy-Chol.) into non–raft-like liquid
disordered (ld) and raft-like liquid ordered (lo)
phase were obtained by scanning FCS and APD
imaging.

Fig. 4. Sterol-linked inhibitor rescues the le-
thality of transgenic flies and inhibits the pro-
duction of Ab in transgenic AD mice. (A) The
eclosion numbers of flies, treated with either
sterol-linked inhibitor (4 mM) or DMSO, were de-
termined and their ratio versus the total amount
of eclosed flies was calculated (percent hatched
flies). Results are expressed as means ± SD of
four experiments (**P < 0.01 for APP/BACE flies,
***P < 0.001 for APP/BACE/PRESENILIN flies; c2

test). (B) Transgenic mice were stereotaxically
injected with solvent alone (DMSO), inhibitor
without sterol anchor (free inhibitor), or sterol-
anchored inhibitor into the hippocampus. Hippo-
campal Ab levels were measured after 4 hours.
Results are expressed as means ± SD of Ab values
[student t test; P = 0.0068 for free inhibitor and
sterol-linked (**P < 0.01) and P = 0.9389 for
DMSO and free inhibitor].
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