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The extent of proteolytic processing of the amyloid pre-

cursor protein (APP) into neurotoxic amyloid-b (Ab) pep-

tides is central to the pathology of Alzheimer’s disease

(AD). Accordingly, modifiers that increase Ab production

rates are risk factors in the sporadic form of AD. In a novel

systems biology approach, we combined quantitative bio-

chemical studies with mathematical modelling to establish

a kinetic model of amyloidogenic processing, and to eval-

uate the influence by SORLA/SORL1, an inhibitor of APP

processing and important genetic risk factor. Contrary to

previous hypotheses, our studies demonstrate that secre-

tases represent allosteric enzymes that require coopera-

tivity by APP oligomerization for efficient processing.

Cooperativity enables swift adaptive changes in secretase

activity with even small alterations in APP concentration.

We also show that SORLA prevents APP oligomerization

both in cultured cells and in the brain in vivo, eliminating

the preferred form of the substrate and causing secretases

to switch to a less efficient non-allosteric mode of action.

These data represent the first mathematical description of

the contribution of genetic risk factors to AD substantiat-

ing the relevance of subtle changes in SORLA levels for

amyloidogenic processing as proposed for patients carry-

ing SORL1 risk alleles.
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Introduction

According to the amyloid hypothesis, the extent of proteolytic

processing of the amyloid precursor protein (APP) into

amyloid-b (Ab) peptides is central to the pathology of

Alzheimer’s disease (AD) (Haass and Selkoe, 2007).

Support for this concept not only comes from familial cases

of AD in which mutations in the genes encoding APP and

presenilins profoundly alter APP processing fates (Hardy,

2009). This hypothesis is also supported by data from

sporadic forms of the disease where more subtle changes in

the activity of modifiers are believed to promote production

of neurotoxic Ab species. A number of modifier genes have

been shown to affect APP processing fates including LRP1

(Pietrzik et al, 2002), Nogo-66 receptor (Park and Strittmatter,

2007), or Bri2 (Matsuda et al, 2005), just to name a few.

However, their relevance for AD has mostly been investigated

in transgenic cell lines and in knockout mouse models. While

these studies were important to identify basic concepts in

APP processing, experimental systems with massive over-

expression or complete lack of modifier activity fall short of

modelling the in vivo situation in patients where modest

alterations in activity may affect neuropathology over the

course of a life time.

Sorting protein-related receptor with A-type repeats

(SORLA; also known as SORL1 or LR11) is a neuronal

receptor for APP that controls intracellular transport and

processing of the precursor protein (Andersen et al, 2005;

Offe et al, 2006; Schmidt et al, 2007). In cultured cells, SORLA

impairs the initial cleavage of APP by a- and b-secretases,

blocking amyloidogenic and non-amyloidogenic processing

pathways alike (Schmidt et al, 2007). Since expression of

SORLA is reduced in the brain of some patients with sporadic

AD (Dodson et al, 2006) and because SORL1 gene variants

are associated with occurrence of the disease (Rogaeva

et al, 2007), the receptor is considered a major risk gene

in late-onset AD (Bertram et al, The AlzGene Database;

http://www.alzgene.org).

To test the relevance of even subtle alterations in SORLA

levels for amyloidogenic processing, we developed a unique

cell system, where we can vary the molar ratio of APP and

SORLA over a continuous range of concentrations—a model

that more truly reflects the situation in AD patients than

knockout or overexpression experiments. In a systems biol-

ogy approach, we combined quantitative biochemical studies

with mathematical modelling to establish the first kinetic

model of APP processing and its influence by SORLA. Our

data demonstrate that a- and b-secretases are allosteric
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enzymes that depend on the formation of APP oligomers for

efficient processing. Cooperativity in APP binding enables

swift adaptive changes in enzyme activity with even small

alterations in substrate concentration. We also demonstrate

that SORLA does not affect the enzymatic activity of secre-

tases per se. Rather, it acts as inhibitor that prevents APP

oligomerization, thereby eliminating the preferred form of the

secretase substrate and reducing amyloidogenic processing.

Results

Application of Tet-off system to modulate SORLA and

APP expression levels

We have applied the tetracycline-controlled transactivator

(tTA) system to develop a cellular model with tightly con-

trolled expression of APP and SORLA over a wide range of

molar concentrations. In the Tet-off version of this system

(Gossen and Bujard, 1992), constitutive expression of trans-

genes (such as APP and SORLA) is driven from a regulatory

site composed of the modified tetracycline-response element

(TREMOD) and a minimal CMV promoter (Figure 1A).

Transcription requires binding of tTA to TREMOD. The appli-

cation of doxycycline releases tTA from the promoter and

shuts off gene transcription in a dose-dependent manner

(Figure 1A). The Tet-off system worked faithfully to vary

the molar concentrations of APP and SORLA in Chinese

hamster ovary (CHO) cells transfected with the respective

expression constructs. Thus, application of doxycycline re-

sulted in stable reduction of APP and SORLA protein levels in

cells after 24 h (Figure 1B). As shown by immunofluores-

cence microscopy (Supplementary Figure S1), the recombi-

nant proteins co-localized to the perinuclear (Golgi) region,

the main cellular compartment where both proteins interact

in cultured cells and in tissues in vivo (Offe et al, 2006;

Rogaeva et al, 2007; Schmidt et al, 2007). Doxycycline-

induced repression of one of the proteins (here APP)

did not affect expression and subcellular localization of

the constitutively expressed partner (here SORLA;

Supplementary Figure S1B).

Next, expression constructs for doxycycline-regulatable

expression of APP and SORLA were stably introduced into

parental CHO cells or into CHO cells constitutively expressing

human SORLA (CHO-S) or APP695 (CHO-A) (Schmidt et al,

2007). All in all, three types of cell lines were generated:

(i) CHO pTet-APP to control APP expression in the absence of

SORLA, (ii) CHO-S pTet-APP to regulate APP levels at con-

stant concentrations of SORLA, and (iii) CHO-A pTet-SORLA

to regulate SORLA levels at a fixed concentration of APP

(Figure 2A). Applying a range of doxycycline concentrations

from 0.025 to 10 ng/ml for 48 h enabled us to modify

the cellular concentrations of APP (from pTet-APP) and

of SORLA (from pTet-SORLA) in a dose-dependent manner

as shown by western blot analysis (Figure 2A) and ELISA

(Figure 2B). Down-regulation worked best for pTet-APP with

Figure 1 Tet-off system to modulate cellular expression of APP and SORLA. (A) Strategy for doxycycline-dependent repression of APP and
SORLA expression using the Tet-off system. tTA, tetracycline-controlled transactivator. (B) CHO cells were stably transfected with Tet-off
constructs for expression of SORLA and APP. Following treatment with 1 ng/ml doxycycline for the indicated periods of time, expression levels
of both proteins were determined by western blot analysis as exemplified in the inset. Intensities of the immunoreactive bands corresponding
to SORLA and APP were quantified by densitometric scanning in replicate blots (n¼ 3), and expressed as relative levels compared with
untreated cells (set at 100%). Error bars are smaller than the actual data symbols shown.
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a 90% reduction of expression at 10 ng/ml of doxycycline.

pTet-SORLA levels were reduced by B50% at maximal doxy-

cycline concentration (Figure 2B). The residual levels of APP

and SORLA seen in transfectants at 10 ng/ml of doxycycline

(Figure 2A) represented leaky expression from the Tet-off

constructs as no signals corresponding to the endogenous

proteins were seen in parental CHO cells (Supplementary

Figure S2). Accordingly, all analyses in this study relate to the

cellular interaction of human APP and human SORLA.

SORLA alters the mode of secretase action from

allosteric to non-allosteric

Initially, we applied cell lines CHO pTet-APP and CHO-S

pTet-APP to describe the kinetics of a- and b-secretase activ-

ities in our cell model in the presence or absence of SORLA.

Replicate cell layers were subjected to a range of doxycycline

concentrations and the concentration of the substrate APP in

the corresponding cell lysates was correlated with the rate

of production of soluble (s) APPa and sAPPb, the products

of a- and b-secretase activities, respectively. Surprisingly, in

cells without SORLA (CHO pTet-APP), the Michaelis–Menten

equation failed to correctly describe the enzyme kinetics as

shown by the deviation of data points from the calculated

hyperbolic curve (closed symbols, Figure 3A and B), and by

the high absolute error (Table IA). Instead, a more accurate fit

of the data points (closed symbols, Figure 3C and D) and a

reduction in absolute error (Table IA) was obtained when we

used a Hill equation. Hill kinetics describe cooperativity in

(allosteric) enzyme activity and are characterized by a sig-

moidal relationship of substrate concentration with enzyme

reaction rate. The Hill coefficient, describing the degree of

cooperativity, was 2 for both a- and b-secretases, suggesting

dimerization of enzymes or substrate (or both) as determi-

nant of enzyme kinetics (Table IA).

Figure 2 CHO cell models with regulatable expression of SORLA and APP. (A) Parental CHO cells or CHO cells constitutively expressing
human SORLA (CHO-S) or APP695 (CHO-A) were stably transfected with Tet-off constructs for APP (pTet-APP) or SORLA (pTet-SORLA). Protein
expression was detected in lysates from cells treated with the indicated concentrations of doxycycline for 48 h. (B) Quantification by ELISA of
APP and SORLA expressed from the Tet-off constructs following doxycycline treatment (four independent repeats). Protein levels are indicated
as percent of levels seen in the untreated conditions (set at 100%).
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The presence of SORLA (in CHO-S pTet-APP) reduced the

total amount of soluble APP products generated from APP

drastically as compared with CHO pTet-APP (Figure 4).

At half-maximal velocity (V0.5) of a-secretase, the amount

of sAPPa produced from 106.9 nM APP was reduced from

97.2 to 2.7 fmol/h in the presence of 120 nM SORLA (97%

reduction) (Figure 4A). Similarly, the amount of sAPPb
produced from 62.6 nM APP (V0.5 of b-secretase) was reduced

from 4.6 to 1.1 fmol/h in the presence of 120 nM SORLA

(75% reduction) (Figure 4B).

Surprisingly, the presence of SORLA also profoundly chan-

ged the mode of secretase action from allosteric to non-

allosteric. Thus, the requirement for cooperativity was lost

when cells expressed the receptor as shown by a similar

curve fit and identical absolute errors when applying

Michaelis–Menten (open symbols, Figure 3A and B;

Table IB) or Hill (open symbols, Figure 3C and D; Table IB)

equations. Lack of cooperativity in APP processing with

SORLA was also confirmed by Hill coefficients of 0.97 and

0.79 for a- and b-secretases, respectively (Table IB).

The necessity for cooperativity and loss thereof in the

presence of SORLA was also seen when studying the kinetics

of Ab production in CHO pTet-APP versus CHO-S pTet-APP

cells. As has been observed for a- and b-secretases above

(Figure 3), Hill but not Michaelis–Menten equations correctly

described the g-secretase kinetics in the absence of the

SORLA (closed symbols, Figure 5A versus B). In contrast

in the presence of SORLA, a similar curve fit was obtained

when applying Michaelis–Menten (open symbols, Figure 5A)

or Hill (open symbols, Figure 5B) equations. Overall, the

extent of Ab40 production at 35.4 nM APP (V0.5) was reduced

from 18.7 fmol/h in CHO pTet-APP to 0.77 fmol/h in the

presence of 120 nM SORLA in CHO-S pTet-APP (96% reduction)

(Figure 5C).

Inverse correlation between SORLA activity and APP

processing rates

Previous studies had demonstrated a 25% reduction in

SORLA levels in the brain of some patients suffering from

sporadic AD (Scherzer et al, 2004). Whether such modest

alterations in receptor level may have any functional con-

sequences for amyloidogenic processing remained controver-

sial. To unambiguously test the relevance of even small

variations in SORLA activity for APP processing, we applied

another cell line CHO-A pTet-SORLA. In this cell model, the

ratio of substrate APP and secretases is kept constant but the

Figure 3 Enzyme kinetics of soluble APP production in the presence or absence of SORLA. CHO pTet-APP (w/o SORLA) and CHO-S pTet-APP
(w/ SORLA) cells were treated with a concentration range of 0.025–10 ng/ml of doxycycline for 48 h. Subsequently, concentrations of APP in
cell lysates and total amount of soluble (s) APPa (A, C) and sAPPb (B, D) secreted into the medium within 24 h were determined by ELISA.
Enzyme kinetics of APP turnover into sAPP products was calculated using Michaelis–Menten (A, B) or Hill equations (C, D). Log scale
presentation was chosen to better illustrate the deviation of data points from the calculated curve for CHO pTet-APP (closed symbols) for
Michaelis–Menten kinetics (A, B) compared with the Hill equation (C, D).

Table I Comparison of Hill and Michaelis–Menten kinetics for
a- and b-secretases in cells without (A) and with (B) SORLA

Michaelis–Menten Hill

a-Secretase b-Secretase a-Secretase b-Secretase

(A) w/o SORLA
Absolute error 13 940.0 45.9 3306.8 19.0
Hill coefficient — — 2.21 2.09

(B) w/ SORLA
Absolute error 573.7 28.8 573.1 28.4
Hill coefficient — — 0.94 0.79
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molar concentration of the inhibitor SORLA is altered.

Although the molar ratio of doxycycline-regulatable SORLA

to constitutively expressed APP could only be varied 2.5-fold

(50% reduction in SORLA), a clear inverse correlation of

SORLA levels with rates of APP processing into sAPPa,
sAPPb, and Ab40 was seen along the entire concentration

range (Figure 6).

To test whether a similar inverse relationship between

SORLA activity and APP processing is also seen for the

endogenous proteins in neurons, we established siRNA

knockdown of receptor expression in the human neuroblas-

toma cell line SH-SY5Y that expresses endogenous levels of

SORLA and APP (Figure 7A, inset). As shown for CHO cells

above (Figure 6), a clear inverse correlation of SORLA levels

with production rates for sAPPa, sAPPb, and Ab40 was also

observed in SH-SY5Y (Figure 7). These data substantiated the

relevance of subtle changes in SORLA activity for the extent

of APP processing as proposed for patients carrying SORL1

risk alleles (Scherzer et al, 2004; Rogaeva et al, 2007).

Figure 4 Inhibitory effect of SORLA on soluble APP production.
CHO pTet-APP (w/o SORLA) and CHO-S pTet-APP (w/ SORLA) cells
were treated with a concentration range of 0.025–10 ng/ml doxycy-
cline for 48 h. Then, concentrations of APP in the cell lysates and
total amount of sAPPa (A) and sAPPb (B) secreted into the medium
within 24 h were determined by ELISA. Enzyme kinetics were
calculated using a Hill equation. These data are identical to the
data points shown in Figure 3 but linear presentation was chosen
here to better illustrate the dramatic decrease in APP processing in
cells expressing SORLA (open symbols) compared with parental
CHO cells (closed symbols).

Figure 5 Kinetics of Ab40 peptide production in the presence or
absence of SORLA. (A, B) CHO pTet-APP (w/o SORLA) and CHO-S
pTet-APP (w/ SORLA) cells were treated with a concentration range
of 0.025–10 ng/ml doxycycline for 48 h. Subsequently, concentra-
tions of APP in the cell lysates and the total amount of Ab40 secreted
into the medium within 24 h were determined by ELISA. Enzyme
kinetics of substrate APP turnover into Ab40 was calculated using
Michaelis–Menten (A) or Hill equations (B). Log scale presentation
was chosen to better illustrate the deviation of data points from
the calculated curve for CHO pTet-APP (closed symbols) for
Michaelis–Menten kinetics (A) compared with the Hill equation (B).
(C) Enzyme kinetics as in (B) were calculated using a Hill equation.
However, linear presentation of data points was chosen to better
illustrate the dramatic decrease in Ab40 production in cells expres-
sing SORLA (open symbols) compared with parental CHO cells
(closed symbols).
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SORLA does not directly impact enzymatic activity of

secretases

So far, our data provided evidence for cooperativity in

cleavage of APP by a-, b-, and g-secretases, and the ability

of SORLA to interfere with processing by preventing coopera-

tivity in a dose-dependent manner. Conceptually, these data

may be explained by direct binding of SORLA to APP or to the

secretases preventing oligomerization of substrate and/or

enzymes. The ability of SORLA to bind to APP had been

established in vitro and in cells by us and others before

(Andersen et al, 2005, 2006; Offe et al, 2006; Spoelgen

et al, 2006). Here, we explored whether the receptor may

also directly interact with secretases to block their enzymatic

activity. To do so, we subjected cell lysates of parental CHO

cells or CHO-S cells (containing 120 nM SORLA) to cell-free

secretase assays. The total amount of tumour necrosis factor

converting enzyme (TACE), of ADAM10, and of b-site of APP

cleaving enzyme (BACE1) expressed in both cell lines was

identical (Figure 8, insets). Also, both cell lines showed

similar activities for a-secretase (Figure 8A) and b-secretase

(Figure 8B) when applying artificial protease substrates

(as described in the Supplementary data).

We also tested the activity of g-secretase by transiently

transfecting expression constructs encoding the carboxyl

terminal fragments (CTFs) C83 and C99 into CHO and

CHO-S cell lines (Figure 9). C83 and C99 are g-secretase

substrates derived from cleavage of the APP holoprotein by

a- and b-secretase, respectively. Forty-eight hours after trans-

fection, cell extracts from CHO and CHO-S cells were gener-

ated and incubated for 2 h at 37 1C to determine turnover of

CTFs into the APP intracellular domain (AICD) (Figure 9A).

Densitometric scanning of replicate western blot experiments

Figure 6 SORLA is a dose-dependent inhibitor of APP processing in
CHO cells. CHO-A pTet-SORLA cells were treated with a concentra-
tion range of 0.025–60 ng/ml doxycycline for 48 h. Thereafter, the
concentrations of SORLA in cell lysate and of the total amounts of
soluble (s) APPa, sAPPb, and of Ab40 secreted into the medium
within 24 h were determined by ELISA. Linear regression analysis
demonstrates a statistically significant linear decrease in the pro-
duction of sAPPa (A), sAPPb (B), and Ab40 (C), with increasing
SORLA concentrations in the cells.

Figure 7 Endogenous SORLA is a dose-dependent inhibitor of APP
processing in neuronal cells. (A–C) Knockdown by siRNA approach
was used to modulate the levels of SORLA in the human neuro-
blastoma cell line SH-SY5Y that expresses SORLA and APP endo-
genously. Concentration of SORLA in replicate cell lysates and of
the respective levels of soluble (s) APPa, sAPPb, and of Ab40

secreted into the medium within 24 h were determined by ELISA.
Linear regression analysis demonstrates a statistically significant
linear decrease in the production of sAPPa (A), sAPPb (B), and Ab40

(C), with increasing SORLA concentrations in the cells. (Inset in A)
The amount of endogenous APP and SORLA in lysates of cells
treated with (w/) or without (w/o) siRNA is shown by western blot
analysis. Multiple immunoreactive bands for APP correspond to the
immature and mature precursor variants. Detection of actin was
used as a loading control.

SORLA in APP processing
V Schmidt et al

The EMBO Journal VOL 31 | NO 1 | 2012 &2012 European Molecular Biology Organization192



demonstrated identical g-secretase activities in cells with or

without SORLA (Figure 9B).

SORLA disrupts oligomerization of APP

Taken together, our data demonstrated that SORLA acts as

inhibitor of amyloidogenic processing mainly by functionally

interacting with APP. Given the requirement for cooperativity

in APP processing, we speculated that efficient proteolytic

breakdown of APP requires oligomerization of the precursor

protein and that binding of SORLA to APP may prevent this

from happening. Our hypothesis was confirmed when we

studied APP oligomerization in CHO cells in the presence or

absence of SORLA. Thus, we transiently expressed a fusion

protein of APP with enhanced green fluorescence protein

(EGFP) in CHO and CHO-S cells and subjected cell extracts

of the transfectants to native polyacrylamide gel electrophor-

esis (PAGE). Detection of APP–EGFP by fluorescence scan-

ning of the gels or by immunodetection using anti-GFP

antiserum demonstrated the presence of monomeric and

oligomeric variants of APP–EGFP in parental CHO cells.

However, no APP–EGFP oligomers were seen in CHO-S

(Figure 10A). The ability of SORLA to block APP homomer

formation was substantiated in neuronal cells using fluores-

cence correlation spectroscopy (FCS). FCS is an analytic tool

that enables both qualitatively and quantitatively, examin-

ing the molecular dynamics of protein–protein interactions

by determining the fluctuation in fluorescence intensities of

moving fluorescent molecules (Elson, 2001). When APP–GFP

and APP–RFP were co-expressed in parental SH-SY5Y cells,

the normalized cross-correlation curve indicated a substan-

tial extent of heterodimer formation between the two

APP variants (Figure 10B). In contrast, in SH-SY5Y cells

expressing a SORLA transgene cross-correlation represented

random noise, demonstrating independent fluctuation of

the two protein species (Figure 10C). Quantification of the

extent of cross-correlation showed that 30% of all APP

molecules represented APP–RFP/APP–GFP dimers in cells

without SORLA. Cells expressing the receptor exhibited

significantly reduced dimer formation (P¼ 0.0067; inset in

Figure 10C).

Finally, to also explore the relevance of SORLA activity for

APP dimerization in vivo, we applied Blue Native PAGE to

brain tissues from wild-type and SORLA-deficient mice

(Figure 10D). Remarkably, two immunoreactive bands likely

corresponding to monomeric and oligomeric forms of APP

were seen in wild-type brain extracts. In contrast, mainly the

higher-molecular weight complex of APP was detected in

tissue from Sorla�/� animals, suggesting increased APP

complex formation in the absence of SORLA.

Mathematical modelling of APP processing in the

presence or absence of SORLA

Based on the published findings and on our experimental

evidence discussed above, we established a biochemical

reaction network that describes the kinetics of APP proces-

sing and the effect of SORLA on these processes (Figure 11A).

The assumptions of the biochemical reaction network were

as follows: (i) APP as well as a- and b-secretases exist in

an equilibrium of monomeric and homodimeric forms;

(ii) SORLA can reversibly form a complex with mono-

meric APP to reduce the formation of substrate oligomers

(Figure 10A–C) and to impair processing efficiency; and

(iii) SORLA does not directly impact on enzymatic activity

of secretases (Figures 8 and 9).

The reaction network was translated into a system of

ordinary differential equations (ODEs), describing temporal

changes of network components as a function of interactions

and cleavage processes. The ODE model, its reduction and

Figure 8 Influence of SORLA on a- and b-secretase activities.
Extracts from parental CHO cells and from cells constitutively
expressing 120 nM SORLA (CHO-S) were subjected to cell-free a-
(A) and b-secretase (B) activity measurement using commercially
available assays (four independent repeats). (Insets) The amount of
proposed a-secretases TACE and ADAM10, and of b-secretase
BACE1 in both cell lines was evaluated in replicate samples by
western blotting. Detection of actin was used as a loading control.

Figure 9 Influence of SORLA on g-secretase activity. (A) Parental
CHO cells (lanes 1 and 2) and CHO cells expressing 120 nM SORLA
(CHO-S; lanes 3 and 4) were transiently transfected with expression
constructs for C99 or C83 for 48 h. Thereafter, cell lysates were
either kept on ice (0 h time point) or incubated for 2 h at 37 1C, and
the amount of substrates C99/C83 and of the product AICD in the
extracts were determined by western blot. (B) The intensity of
immunoreactive bands representing the indicated proteins were
quantified by densitometric scanning and expressed as relative
ratio at 2 versus 0 h of incubation. The stippled line indicates a
ratio of 1 (2 h/0 h), assuming the absence of g-secretase activity
(three independent repeats).
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the parameter values are presented in the Supplementary

data. The parameter values of the model are estimated by

optimization from dose-response series for sAPPa and sAPPb
as a function of APPtot for cells with or without SORLA.

Simulations of the parameterized mathematical model are

in good agreement with the experimental data (Figure 11B–E).

The model combines monomer and dimer processing. The

combined model has the lowest residual value (2.15�101 and

Figure 10 SORLA prevents oligomerization of APP in cultured cells and the brain in vivo. (A) Parental CHO cells (lanes 1 and 2) and CHO cells
expressing 120 nM SORLA (CHO-S; lanes 3 and 4) were transiently transfected with expression constructs for APP–EGFP for 48 h.
Subsequently, cell lysates were subjected to native PAGE and fluorescence scanning to detect EGFP activity (upper panel) or western blot
analysis using anti-EGFP antisera (middle panel). As a control, replicate cell lysates were subjected to denaturing SDS–PAGE and western
blotting with anti-GFP antisera (lower panel). Filled arrowheads indicate monomeric, open arrowheads present multimeric APP–EGFP forms.
(B, C) SH-SY5Y cells were co-transfected with expression constructs for APP–GFP and APP–RFP. Two days later, cells were subjected to live cell
imaging using FCS. Autocorrelation curves for APP–RFP (red lines) and APP–GFP (green lines) as well as for cross-correlation of fluorescence
intensities in APP–GFP/APP–RFP heterodimers (black lines) are shown. The normalized cross-correlation curve in the absence of SORLA
indicates substantial APP–GFP/APP–RFP heterodimer formation (B). In contrast, in SH-SY5Y cells expressing a SORLA transgene (SY5Y-S) (C),
cross-correlation represents random noise, suggesting independent fluctuation of the two protein species. Using the ZEN Software 2010, the
percent of dimer formation was shown to be reduced from 30 to 15% in the presence of SORLA (inset in C) (three independent repeats). (D)
APP was immunoprecipitated from replicate brain samples from wild-type (lanes 1 and 2) or SORLA-deficient mice (lanes 3 and 4) and resolved
by Blue Native PAGE. Immunoreactive bands corresponding to a low-molecular weight (filled arrowhead) and a high-molecular weight
complex of APP (open arrowhead) are detected in wild-type tissues. Only the high-molecular weight complex of APP is seen in brain lacking
SORLA (open arrowhead in lanes 3 and 4).

Figure 11 Mathematical modelling of APP processing and its influence by SORLA. (A) Biochemical network of the interaction of reactants APP
(blue symbol) with a- and b-secretases (green symbols) and the formation of amyloidogenic and non-amyloidogenic products (orange
symbols). Complexes of APP and secretases are indicated as white boxes and complexes of APP and SORLA as grey box. Processing of
monomeric (upper panel) and of dimeric forms of APP (lower panel) is indicated as separate pathways. The two modules are linked together by
the reversible dimerization-dissociation of APP and secretases. Interaction of SORLA with monomeric APP (grey box) has two consequences.
It prevents formation of APP dimers, the preferred secretase substrates, and it lessens the amount of APP monomers available for processing.
Note that dissociation of homodimers of APP (APPd), a-secretase (ad), and b-secretase (bd) results in two identical monomers of the respective
proteins. See Supplementary data for a detailed description of the variables used in the biochemical network. The diagram was produced with
Cell Designer 4.0 (Cell Designer, Tokyo, Japan: The Systems Biology Institute; 2008) (Kitano et al, 2005). (B–E) Simulation results of the
mathematical model (solid lines) for the various APP processing products are shown together with the actual data points obtained in
biochemical experiments. The total amount of products (black line) is the sum of the products produced in the monomer (red line) and dimer
processing (green line) pathways. In the absence of SORLA, the ‘dimer processing’ more closely resembles the combined model for sAPPa (B)
and sAPPb (C). In contrast, in the presence of SORLA, it is the ‘monomer processing’ that closely resembles the combined model for both
processing products (D, E). In (E), black and red lines are superimposed.
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3.10�101 for global-local and global parameter estimation,

respectively; see Supplementary Table SA.4) as compared

with a model with only monomer processing (best residual

value 1.12�102) or a model with only dimer processing (best

residual value 1.48�102). The comparison of models using

statistical criteria, like the Akaike information criterion,

requires standard deviations, which is why we used residuals

to compare the models. In the absence of SORLA, the

sigmoidal curve characteristic for dimer processing (green

lines in Figure 11B and C) has a strong impact on the

combined model (black lines in Figure 11B and C) that

very well describes the experimental data sets for sAPPa

SORLA in APP processing
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(black dots in Figure 11B) and sAPPb (black dots in Figure 11C).

In contrast, in the presence of the receptor, it is the monomer

processing (red lines in Figure 11D and E) in the combined

model (black lines in Figure 11D and E) that made the

combined model closely resemble the experimental data for

both sAPPa (black dots in Figure 11D) and sAPPb (black dots

in Figure 11E).

Up to this point, our model had considered the two most

extreme scenarios with either no (Figure 11B and C) or high

levels of SORLA activity (Figure 11D and E) as in CHO

pTet-APP and CHO-S pTet-APP, respectively. However in vivo,

subtle alterations in intermediary SORLA levels are likely

more relevant for determination of APP processing rates.

Accordingly, we next adapted our model to intermediary

concentrations of SORLA to define when exactly the switch

from cooperative to non-cooperative secretase activity may

occur. To do so, we applied several approaches to estimate

the relationship between SORLA concentration and quantita-

tive parameter values for secretase activity as detailed in the

Supplementary data. For these estimated parameter values,

we simulated the dose-response kinetics of total sAPPa and

sAPPb production in dependence of three intermediate

SORLA expression levels (3, 12, and 30% of SORLATot of

CHO-S pTet-APP; Figure 12A and B). Based on these simula-

tions, we predicted a switch from cooperative (dimer) to less

efficient non-cooperative (monomer) processing to occur

at a SORLA concentration that is 0.12� SORLATot of CHO-S

pTet-APP (where SORLATot equals 5.13�105 fmol) (Figure

12E and F).

Taken together, our quantitative biochemical data

(Figure 3) and the simulations shown in Figures 11 and 12

strongly support a model whereby SORLA prevents oligomer-

ization of APP, thereby shifting the mode of secretase action

from use of the preferred homodimeric substrate to the less

preferred monomer variant.

Discussion

Secretases are allosteric enzymes that require

cooperativity from APP oligomers

Quantitative and qualitative changes in APP processing into

Ab peptides are considered causative of AD pathology (Haass

and Selkoe, 2007). Using a combination of experimental data

and mathematical modelling, we developed the first kinetic

model describing proteolytic processing of APP through the

concerted actions of a-, b-, and g-secretases, and the influ-

ence of SORLA on these processes.

Remarkably, few experimental data exist describing the

kinetics of APP processing in cells or in vivo. Most data are on

cell-free assays with purified enzyme and artificial peptide

substrate. Adopting Michaelis–Menten kinetics, rather poor

kinetic constants for BACE1 were determined in these assays

(Km 4.5–7 mM) (Ermolieff et al, 2000; Gruninger-Leitch et al,

2002). Similarly, using Michaelis–Menten equation led to a

Km¼ 0.47 mM for g-secretase in cell extracts (Tian et al, 2010).

Contrary to previous studies, we developed an assay to

accurately describe the velocity of APP processing by all three

secretases in the context of an intact cell. The first surprising

finding came with the notion that a- and b-secretases do not

follow Michaelis–Menten kinetics but constitute allosteric en-

zymes that require cooperativity for efficient processing

(Figure 3). In the absence of SORLA, concentrations for APP

at 1
2 Vmax (K0) of 97.3 and 62.6 nM were determined for a- and

b-secretases, respectively. Allosteric enzymes are character-

ized by the existence of several substrate-binding sites where-

by occupation of the first site facilitates binding of the next

substrate molecule by increasing the affinities of the vacant

binding sites. As a consequence, the relationship between

substrate concentration and enzyme velocity follows a sigmoi-

dal rather than a hyperbolic relationship. Accordingly, allos-

teric enzymes act by an on–off switch mechanism enabling

rapid adaptation of enzyme activity to even subtle changes

in substrate concentration. This notion is exemplified for

a-secretase herein, where an increase from 10% of Vmax to

75% of Vmax is achieved with only 4.4-fold increase in sub-

strate concentration. Covering the same velocity range in the

absence of cooperativity would require a 27-fold increase in

APP concentration. Similarly for b-secretase in the absence of

SORLA, the sigmoidal curve increases from 10% of Vmax to

75% of Vmax with only an additional 4.8-fold rise in substrate

concentration. Use of APP (rather than CTFs) as the authentic

substrate in our cell assay precludes direct assessment of

g-secretase activity. Still, Ab40 production in the absence of

SORLA follows Hill characteristics, indicating that cooperativ-

ity also directly or indirectly determines the extent of Ab
production in the context of intact cells. This assumption is

supported by a report demonstrating cooperativity (Hill

coefficient¼ 2) for processing of C99-flag substrates in cell-

free assays (Serneels et al, 2009). Our findings are intriguing in

the light of previous observations implicating APP processing

products in neuronal signalling pathways such as activation of

NMDA receptors by sAPPa (Gakhar-Koppole et al, 2008) or

induction of apoptosis (Yaar et al, 1997; Sotthibundhu et al,

2008) and control of synaptic transmission by Ab (Kamenetz

et al, 2003)—pathways that may depend on swift adaptive

changes in signalling molecules.

SORLA blocks APP oligomerization and prevents

cooperativity in processing

In terms of cooperativity, the Hill constant represents the

combined effect of the actual number of ligand-binding sites

and the strength of their interactions. Thus, n¼ 2 for a- and

b-secretases (Table IA) may indicate two binding sites for

APP with relative strong cooperativity but there could also be

four sites with lesser cooperativity. Because homodimer

formation has been documented for BACE1 (Benjannet

et al, 2001; Schmechel et al, 2004; Westmeyer et al, 2004)

and for APP (Scheuermann et al, 2001; Munter et al, 2007),

we favour a model whereby pre-formed APP homodimers

represent the favoured substrate for BACE1 (and possibly

TACE or ADAM10) dimers (Figure 11A). This model is sup-

ported by the changes in K0 ([APP] at 1
2 Vmax) from 97.3 to

5140.0 nM for a-secretase and 62.6 to 695.5 nM for b-secre-

tase when comparing cells without (dimer processing) and

with SORLA (monomer processing) (Figure 4).

As well as elucidating the kinetics and mode of secretase

action, use of our cell model also enabled us to gain novel

insights into the molecular mechanism of SORLA in APP

processing. Thus, in the presence of SORLA, a- and b-

secretases switch from an allosteric to a non-allosteric

mode of action (Hill coefficient p1), resulting in an 80–

90% reduction in the production of soluble APPs and Ab.

Conceptually, SORLA may eliminate substrate cooperativity

by physical interaction with the enzymes or the substrate.
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However, the presence of high concentrations of SORLA in

CHO-S pTet-APP did not directly impact the activity of a-, b-,

or g-secretases on artificial substrates in a cell-free assay

(Figures 8 and 9), arguing that it is the interaction between

receptor and substrate APP that is particularly relevant for

inhibitory action.

Figure 12 APP processing at intermediate levels of SORLA. (A, B) Simulations of the influence of intermediate levels of SORLA on APP
processing into sAPPa (A) and sAPPb (B) are shown. The stippled black lines in (A, B) represent the values for maximum levels of SORLATot

(5.13�105 fmol) as in CHO-S pTet-APP (set at arbitrary value 1� SORLATot). The solid black lines represent the situation in the absence of
SORLA as in CHO pTet-APP (set at 0� SORLATot). Simulations of total processing for three intermediates levels of SORLA (3, 12, and 30% of
SORLATot) were calculated as detailed in the Supplementary data, and are shown as blue stippled lines. (C–H) Simulation curves for APP
processing into sAPPa and sAPPb for intermediate levels of 3% (C, D), 12% (E, F), and 30% of SORLATot (G, H) are given. Total processing
(black lines) as well as dimer (green lines) and monomer (red lines) processing are indicated for each simulation. A switch from preferred
dimer-to-monomer processing is seen at 0.12� SORLATot for both a-secretase (E) and b-secretase (F).
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Previous experimental evidence has highlighted the

pathophysiological importance of APP dimerization.

Approximately 30–50% of all APP molecules exist as homo-

dimers (Munter et al, 2007). Dimerization occurs through two

conserved homodimerization sites in the E1 and E2 domains

of the extracellular portion of APP (Scheuermann et al, 2001;

Wang and Ha, 2004; Kaden et al, 2008, 2009). That SORLA

blocks formation of APP dimers is supported by findings

that the interaction between both proteins proceeds via the

cluster of complement type repeats in SORLA that bind to

the carbohydrate-linked domain in the E2 region of APP

(Andersen et al, 2006), the region essential for APP dimeriza-

tion; and by the fact that APP and SORLA interact in a 1:1

stochiometric complex (Andersen et al, 2005). Finally, the

ability of SORLA to sequester the monomeric form of APP

thereby preventing dimer formation is confirmed by the lack

of APP multimers in neuronal and non-neuronal cell lines

expressing the inhibitor (Figure 10A–C) and by the accumu-

lation of APP oligomers in the brains of mice genetically

deficient for SORLA (Figure 10D).

With respect to the pathophysiological relevance, stabili-

zation of APP dimers by introduction of an intermolecular

disulphide bridge in the ectodomain results in a seven-fold

increase in Ab production (Scheuermann et al, 2001). More

importantly, APP homodimers have been proposed to repre-

sent the substrate to produce dimeric C99 and, subsequently,

dimeric Ab species, neurotoxic variants of the Ab peptide

(Dyrks et al, 1992; El-Agnaf et al, 2000; Munter et al, 2007).

Now, our data provide an explanatory model as they demon-

strate that sequestration of APP dimers by SORLA deplete

cells for the preferred secretase substrate resulting in 490%

reduction in Ab formation (Figure 5C). Whether or not the

requirement for dimerization shown for APP here also ap-

plies to other physiological substrates of a- or b-secretases

remains to be shown.

Minimal decline in SORLA activity contributes to

amyloidogenic processing

Previous experimental evidence has demonstrated an inverse

correlation of SORLA levels with APP processing rates.

However, all of these data have been generated in cell lines

overexpressing SORLA or in knockout models devoid of the

receptor (Schmidt et al, 2007; Dodson et al, 2008; Rohe et al,

2008). Thus, it remained unclear whether a modest decrease

of brain SORLA levels by 25% observed in patients may

explain the occurrence of sporadic AD (Scherzer et al, 2004).

Foremost, our studies confirmed a linear correlation between

receptor levels and APP processing rates even at changes as

small as those observed in humans. As shown both for CHO

(Figure 6) and SH-SY5Y cells (Figure 7), changes in SORLA

levels in our experimental models are modest and vary

between two- and four-fold. Similar variations in the receptor

levels are seen in patients with sporadic AD (two-fold)

(Scherzer et al, 2004). Still, subtle changes in SORLA expres-

sion translate into highly significant alterations in APP pro-

cessing rates over the entire concentration range as

documented by linear regression analysis. According to the

graphs for endogenous SORLA in SH-SY5Y cells, a two-fold

reduction in receptor levels translates into a 30% increase in

sAPPa and a 40% increase in sAPPb production (Figure 7).

Remarkably, similar increases in APP processing rates are

observed in patients with sporadic AD (45% increase in

sAPPa, 40% increase in sAPPb) (Lewczuk et al, 2010).

Likely, the allosteric mode of action of secretases ensures

that even small changes in the availability of APP oligomers

as determined by SORLA translate into major changes in

processing rates.

Mathematical modelling confirms SORLA-dependent

mode of secretase action

To this end, we have used the biochemical evidence gathered

in this study to develop the first mathematical model describ-

ing the combined action of secretases and SORLA in APP

processing. Obviously, this model represents a simplified

view of APP processing as it considers a single cellular

compartment. Clearly, regulated trafficking of APP by

SORLA through the intracellular compartments critically

affects amyloidogenic and non-amyloidogenic processing

(reviewed in Willnow et al, 2008). Also, the observation

that our model requires a local parameter estimate for

b-secretase activity in the presence or absence of SORLA to

closely resemble the experimental data (see Supplementary

data for details) suggests that additional indirect effects of the

receptor on this enzyme contribute to regulation of amyloi-

dogenic processing in the context of an intact cell. Whether

these effects entail interference of SORLA with the ability of

BACE to bind APP (Spoelgen et al, 2006) or other yet

unknown mechanisms remains to be elucidated.

Still, the fact that secretases switch their mode of action in

the presence of the receptor demonstrates that its function is

more complex than simply preventing transport of APP into

compartments where the enzymes reside. Good agreement of

the mathematical model with the experimental data strongly

argues that depletion of APP dimer processing represents a

major molecular mechanism whereby SORLA affects APP

processing fates. Conceptually, this model represents a

unique tool to map the quantitative contribution of addi-

tional cis-acting factors to APP processing and perhaps

even to stratify the amyloidogenic burden in individuals

with a given ratio of APP and SORLA.

Materials and methods

Materials
Antisera for detection of SORLA and of a carboxyl terminal peptide
in APP and its processing products (IgG 1227) have been described
before (Schmidt et al, 2007). Antibodies directed against mouse
APP (6E10; Covance), actin (Sigma), tubulin (Calbiochem), BACE1
(Biomol GmbH), TACE, and ADAM10 (Chemicon International), as
well as GFP (Abcam) were obtained from commercial suppliers.

Cell culture
CHO cells constitutively overexpressing human SORLA (CHO-S) or
human APP695 (CHO-A) have been published (Schmidt et al, 2007).
For doxycyline-regulatable expression, the respective cDNAs were
cloned into vector pTRE2pur and co-transfected with pTet-Off
vector pUHD15-1neo into CHO cells (Gossen and Bujard, 1992).
To control gene expression, 0.025–10 ng/ml doxycycline (Clonetech
Laboratories) was added to the culture medium for 24 h for CHO-
pTet-APP cells or for 48 h for CHO-pTet-SORLA. Quantification of
proteins by western blot and ELISA is described in the Supplemen-
tary data. Enzyme kinetics were determined using lsq nonlin in
Matlab 7.6.0. Knockdown of SORLA expression by siRNA as well as
FCS analysis in the neuroblastoma cell lines SH-SY5Y is described
in the Supplementary data.

Secretase assays
Commercially available assays were used to determine the activities
of a-secretase (SensoLyte 520 TACE Activity Assay Kit; AnaSpec)
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and b-secretase (BioVision). To quantify g-secretase activity,
constructs encoding C99 and C83 were transiently introduced into
CHO and CHO-S cells for 48 h. Thereafter, cells were lysed and
divided into two equal parts. Whereas one aliquot was kept on ice
(0 time point), the second aliquot was incubated at 37 1C for 2 h.
Thereafter, lysates were subjected to immunodetection of C99, C83,
and AICD using anti-APP IgG 1227 as described in the Supplemen-
tary data.

Native SDS–PAGE
For detection of APP dimers in cells, CHO and CHO-S cells were
transiently transfected with construct pcDNA3.1hyg APP695–eGFP.
After 48 h, protein lysates were generated using lysis buffer without
detergents (50 mM Tris, pH 8.0) and subjected to 6% native Tris-
Glycine polyacrylamide gels without SDS. Electrophoresis was
performed in running buffer (125 mM Tris, 960 mM Glycine) at
20–25 mA at 4 1C. Separated APP–eGFP proteins in the gels were
scanned by FLA-3000 Fujifilm with BAS Reader 3.14 software at
488 nm before subjecting them to transfer onto nitrocellulose
membranes in 1% SDS-containing buffer and standard western
blot analysis.

For detection of APP dimers in vivo, mouse brain tissue was
homogenized in lysis buffer (250 mM sucrose, 5 mM HEPES/NaOH,
pH 7.4, 1 mM MgCl2, 10 mM KCl). The cell membrane fraction was
collected by centrifugation (800 g, 10 min, 4 1C) and resuspended in
cross-linking buffer (150 mM NaCl, 20 mM HEPES/NaOH, pH 7.5)
containing 1 mM dithiobis (sulfosuccinimidyl) propionate (DTSSP)
(Pierce). After incubation for 1 h at room temperature, cross-linking
was stopped by adjusting the solution to 50 mM Tris–HCl (pH 7.5)
and further incubation for 30 min. Thereafter, detergents Nonidet
P-40 and Triton X-100 were added to a final concentration of 2%
each, and APP was immunoprecipitated using IgG 1227 and protein
G-agarose beads (Roche Molecular Biochemicals). Immunoprecipi-

tated proteins were analysed by Blue Native PAGE (Novex 3–12%
Bis-Tris Gels; Invitrogen) according to the manufacturer’s protocols.

Mathematical modelling of APP processing
A detailed description of mathematical modelling of APP processing
is given in the Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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