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Trans-Dominant Negative Effects of Pathogenic PSENI
Mutations on y-Secretase Activity and A3 Production
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Mutations in the PSENI gene encoding Presenilin-1 (PS1) are the predominant cause of familial Alzheimer’s disease (FAD), but the
underlying mechanisms remain unresolved. To reconcile the dominant action of pathogenic PSENI mutations with evidence that they
confer aloss of mutant protein function, we tested the hypothesis that PSENI mutations interfere with y-secretase activity in a dominant-
negative manner. Here, we show that pathogenic PSENI mutations act in cis to impair mutant PS1 function and act in trans to inhibit
wild-type PS1 function. Coexpression of mutant and wild-type PS1 at equal gene dosage in presenilin-deficient mouse embryo fibroblasts
resulted in trans-dominant-negative inhibition of wild-type PS1 activity, suppressing y-secretase-dependent cleavage of APP and Notch.
Surprisingly, mutant PS1 could stimulate production of AB42 by wild-type PS1 while decreasing its production of A340. Mutant and
wild-type PS1 efficiently coimmunoprecipitated, suggesting that mutant PS1 interferes with wild-type PS1 activity via physical interac-
tion. These results support the conclusion that mutant PS1 causes wild-type PS1 to adopt an altered conformation with impaired catalytic
activity and substrate specificity. Our findings reveal a novel mechanism of action for pathogenic PSENI mutations and suggest that

dominant-negative inhibition of presenilin activity plays an important role in FAD pathogenesis.

Introduction
Presenilins are the catalytic subunits of y-secretase, which pro-
teolyzes type I transmembrane protein substrates, such as Notch
and APP. The pathogenic mechanism by which PSENI and
PSEN2 (PSEN) mutations cause familial Alzheimer’s disease
(FAD) is a major unresolved problem with important therapeutic
implications. Any tenable hypothesis to explain FAD pathogen-
esis must account for several fundamental properties of PSEN
mutations: PSEN mutations are dominant, cause FAD in the
heterozygous state, are missense in nature, display extreme allelic
heterogeneity (>180 PSENI mutations affecting ~20% of PS1
residues have been identified in FAD), impair the activity of the
mutant protein, and cause cerebral deposition of B-amyloid (AB)
peptides (for review, see Shen and Kelleher, 2007).

PSEN mutations have been presumed to cause FAD by en-
hancing the mutant protein’s production of AB42 (Hardy and
Selkoe, 2002). Such a “gain-of-normal-function” (i.e., hyper-
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morphic) mechanism is compatible with the dominance of PSEN
mutations and their ability to promote A deposition. However,
increased AB342 production is not a consistent property of prese-
nilins bearing FAD mutations (Shioi et al., 2007; Heilig et al.,
2010). Moreover, this hypothesis does not account for the allelic
heterogeneity of PSEN mutations, the failure of AB42 overpro-
duction to cause neurodegeneration in mouse models (Irizarry et
al., 1997; Takeuchi etal., 2000), and growing evidence that patho-
genic PSEN mutations impair protein function.

Asan alternative view of FAD pathogenesis, we have proposed
that a dominant-negative (i.e., antimorphic) mechanism offers
the most straightforward explanation for the properties of PSEN
mutations (Shen and Kelleher, 2007; Kelleher and Shen, 2010).
The allelic heterogeneity of PSEN mutations implies that they
cause FAD by impairing protein function, consistent with their
deleterious impact on presenilin activity. However, the missense na-
ture of PSEN mutations argues against a simple loss-of-function
disease mechanism (i.e., haploinsufficiency). Rather, the absence of
inactivating mutations implies that the mutant protein must
be expressed to exert its pathogenic effect. Collectively, these
features are most compatible with a “gain-of-negative-function”
(i.e., dominant-negative) mechanism in which mutant presenilin
with impaired function interferes with the activity of wild-type (WT)
presenilin. Interestingly, we recently described a PSENT mutation in
FAD that causes nearly complete loss of the mutant protein’s activity
(Heilig et al., 2010), suggesting that inactive mutant PS1 may also
interfere with WT PS1 activity in a manner that promotes A3 depo-
sition in affected individuals.

The functional impact of PSEN mutations has generally been
interpreted in terms of their cis (i.e., intramolecular) effects on



Heilig et al. ® Dominant-Negative Mechanism of PSENT Mutations

the activity of the mutant protein. However, PSEN mutations
cause FAD in the heterozygous state, raising the possibility that
they could also interfere in trans with the function of WT prese-
nilin. Here, we test the hypothesis that pathogenic PSEN muta-
tions can influence WT PSI activity in a dominant-negative
manner by comparing the cis and trans effects of PSEN1 muta-
tions on y-secretase activity. Our results demonstrate that mu-
tant PS1 can inhibit the y-secretase activity of coexpressed WT
PS1 while also enhancing its ability to produce A42. These find-
ings identify a novel dominant-negative mechanism through
which PSENI mutations can perturb y-secretase function in
FAD.

Materials and Methods

DNA constructs. WT PS1 cDNA expression vector (pCZ-PS1) and ex-
pression vectors for PS1 bearing C410Y or Aex9 mutations were kindly
provided by W. Xia (Brigham and Women’s Hospital) and have been
previously described (Citron et al., 1997). Additional PS1 mutations
(L166P, R278I, L435F, G384A, and L392V) were introduced into the PS1
coding sequence by site-directed mutagenesis of pCZ-PS1 using the
GeneTailor system (Invitrogen). 3xHA and 3xFLAG epitope tags were
appended to the N terminus of PS1 by insertion of a consensus Kozak
sequence (GCCACCATG) followed by epitope tag sequences into pCI-
PS1. This strategy resulted in insertion of four additional amino acids
(Val-Asp-Ala-Thr) at the junction between epitope tag sequences and the
PS1 coding sequence. Correct introduction of mutations and epitope
tags was verified by bidirectional sequencing. Recombinant myc-tagged
APP C99 and NotchAE constructs were kindly provided by A. Goate
(Washington University) (Kopan et al., 1996; Wang et al., 2004).

Cell culture. Psen-null mouse embryo fibroblasts (MEFs) lacking en-
dogenous PS1 and PS2 (provided by B. DeStrooper, K.U. Leuven, Bel-
gium) (Herreman et al., 2003) were maintained in DMEM (Invitrogen)
supplemented with 10% FBS (Hyclone) and transiently transfected with
expression vectors encoding PS1 variants and substrates using Lipo-
fectamine 2000 (Invitrogen). The concentrations of expression vectors
were quantitatively determined by spectrophotometry (Nanodrop) and
gel electrophoresis. Cell lysates were collected 20—22 h after transfection
in modified RIPA buffer (50 mm Tris pH 8.0, 150 mm NaCl, 1% NP-40,
0.5% sodium deoxycholate, 1 mm DTT, CompleteMini protease inhibi-
tor mixture, Roche). Insoluble material was removed by centrifugation
(16,000 X g, 10 min., 4°C). Protein concentration was determined by
Bradford assay (Bio-Rad). For experiments examining PS1 protein turn-
over, cells transiently transfected with WT or mutant PS1 were treated
24 h after transfection with 100 ug/ml cycloheximide (Sigma), and cell
lysates were subsequently collected at 6, 12, and 24 h time points.

Gel electrophoresis and Western blotting. Cell lysates were subjected to
SDS-PAGE, and proteins were transferred to nitrocellulose membranes.
After blocking in TBST/5% Blotto (Santa Cruz Biotechnology), mem-
branes were incubated overnight with primary antibodies and developed
the following day with HRP-linked anti-mouse or anti-rabbit secondary
antibodies and LumiGLO chemiluminescent reagent (Cell Signaling
Technology). To control for loading, membranes were stripped and re-
probed with anti-a-tubulin antibody. Band intensity was quantified us-
ing ImageJ software (National Institutes of Health), and results were
normalized to a-tubulin levels. Antibodies used included mouse anti-
PS1-CTF (Millipore Bioscience Research Reagents, clone 5232), rat anti-
PS1-NTF (Millipore Bioscience Research Reagents, clone 1563), rabbit
anti-cleaved Notch (Val1744) (Cell Signaling Technology), mouse anti-
myc (Sigma, clone 9E10), and mouse anti-a-tubulin (Sigma, clone
B512).

ELISA. Psen-null MEFs were cotransfected with expression vectors
encoding WT and/or mutant PS1 and APP C99. After transfection, MEFs
were cultured in DMEM/10% FBS supplemented with 10 um phosphor-
amidon (Sigma). Conditioned medium was collected 20-22 h after
transfection and centrifuged to remove insoluble material (10,000 X g,
10 min, 4°C). Sandwich ELISA was performed as previously described
(Sun et al., 2005) with the following modifications. ELISA plates (Corn-
ing #3577) were coated with monoclonal antibodies recognizing AB340
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(11A50-B10) or AB42 (12F4) (Covance Research Products) and blocked
with 1% BlockACE (AbD Serotec). For detection of total A, plates were
coated with monoclonal antibody recognizing residues 3—-14 (6E10, Co-
vance). A biotinylated monoclonal anti-Af secondary antibody recog-
nizing an internal sequence of both AB40 and AB42 (4G8, Covance) was
used for simultaneous capture of AB in conditioned medium. Samples
were diluted 1:3 in PBST containing 4G8 (1:2000) for detection of A340,
or 1:1in PBST containing 4G8 (1:200) for detection of Af342, and imme-
diately applied to precoated, blocked plates. Bound biotinylated anti-
body was detected with a streptavidin-conjugated alkaline phosphatase
reporter system (Promega) and AttoPhos reagent (GE Healthcare). Syn-
thetic AB40 and AB42 peptide standards diluted in cell culture medium
were routinely included as quantification standards.

Membrane preparation and coimmunoprecipitation. HEK 293T cells
were transiently transfected with expression vectors encoding WT PS1
and PS1-L435F modified with N-terminal 3xHA and 3xFLAG epitope
tags using Lipofectamine 2000 (Invitrogen). All subsequent steps were
performed on ice or at 4°C. At 24 h after transfection, cells were washed
twice in PBS, scraped in breaking buffer (20 mm HEPES, pH 7.3, 50 mm
NaCl, 250 mm sucrose, 1 mm EDTA, 1 mm PMSF, 10 uM leupeptin, 1 um
pepstatin A, 1 uM aprotinin), and collected by centrifugation at 800 X g
for 5 min. The resulting pellet was resuspended in breaking buffer and
lysed using a Dounce homogenizer. Nuclei were removed by centrifuga-
tion at 800 X gfor 5 min. The resulting supernatant was then subjected to
centrifugation at 180,000 X g for 30 min to collect cell membranes.
Pellets were resuspended in breaking buffer to a final protein concentra-
tion between 25 and 50 ug/ul, aliquoted, and snap-frozen in liquid ni-
trogen for subsequent analysis. Membranes were solubilized in
solubilization buffer (50 mm Bis-Tris, pH 7.2, 50 mm NaCl, 10% glycerol
(w/v), 1 mm PMSF, 10 uM leupeptin, 1 uMm pepstatin A, 1 um aprotinin)
containing CHAPSO detergent at 4 g/g protein for 1 h at 4°C. Samples
were then centrifuged at 16,100 X g for 30 min to remove insoluble
material. For coimmunoprecipitation of PS1-containing complexes, su-
pernatants were immediately incubated with antibody-coated magnetic
beads at 4°C for 1.5 h. Beads were prepared in advance by conjugation of
mouse anti-FLAG (clone M2, Sigma) or chicken anti-HA (Aves Labora-
tories) antibodies according to the manufacturer’s instructions (Dyna-
beads, Invitrogen). After incubation at 4°C, beads were washed 3 times in
solubilization buffer, followed by a 5 min wash at room temperature in
solubilization buffer containing 0.02% Tween 20. Immunoprecipitates
were eluted in 1X SDS gel-loading buffer (Bio-Rad) by heating at 55°C
for 10 min. Proteins were subjected to SDS-PAGE, transferred to nitro-
cellulose membranes, and analyzed by Western blotting with mouse anti-
FLAG (M2, Sigma), mouse anti-HA (HA-11, Santa Cruz Biotechnology),
mouse anti-PS1-CTF (5232, Millipore Bioscience Research Reagents),
rabbit anti-Pen2 (Zymed), or rabbit anti-Nct (1660, Sigma).

Statistical analysis. Data are presented as mean * SE. Statistical signif-
icance at the 95% confidence interval was determined by Student’s ¢ test
(two-tailed, unequal variance).

Results

Development of a quantitative cell-based assay for the
functional effects of pathogenic PSENI mutations

We sought to develop a cell-based assay that would enable accu-
rate assessment of the impact of pathogenic mutations on
y-secretase activity. First, we expressed WT and/or mutant PS1 in
Psen-null MEFs (Herreman et al., 2003) to eliminate any con-
founding contribution of endogenous PS1 or PS2 to measured
y-secretase activity. Second, N-terminally truncated forms of
APP and Notch (APP C99 and NotchAE) that constitute the
substrates for +y-secretase-mediated cleavage were coexpressed
with WT and/or mutant PS1 to measure y-secretase activity di-
rectly (Kopan et al., 1996; Wang et al., 2004). Third, our analysis
used WT APP C99 because pathogenic APP mutations can exert
independent effects on APP processing, potentially confounding
assessment of the effects of PS1 mutations (Cai et al., 1993).
Fourth, a key element of our approach is the expression of limit-
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Figure 1.  Development of a linear dose—response assay for y-secretase activity. A, Psen-null MEFs were transfected with
increasing amounts of vector encoding WT PS1, and Western analysis was performed with antibody recognizing the PS1 N
terminus. untrans, Untransfected MEFs. B, Quantification of PST-NTF levels demonstrates linear nonsaturating expression as a
function of increasing vector transfected. (~F, Psen-null MEFs were cotransfected with increasing amounts of vector expressing

in the expression levels of PST NTF when 7 ps1 and a constant amount of vector expressing APP (99-myc (€,D) or Notch AE-myc (E,F ). Western analysis was performed
Psen-null MEFs were transfected with in- ity antibody recognizing the C-terminal myc epitope () or the cleaved N terminus of NICD (E). *y-Secretase-independent band.
creasing amounts of vector encoding WT  Quantification of AICD (D) and NICD (F) production demonstrates that the activity assays saturated with respect to PS1 expression
PS1 (Fig. 1A,B). At higher levels of PS1  at >25 ng of PS1 vector transfected. Data are expressed as percentage of maximum NTF level == SEM (n = 3 independent

expression, accumulation of PS1 holopro-  experiments).

tein was also observed. This dose-re-

sponse relationship was linear across a 64-fold range of the
amount of PS1 vector transfected, although PS1 NTF expression
began to plateau at the highest amount transfected. These results
indicate that PS1 expression is not saturable and that cofactors
required for PS1 endoproteolysis are not limiting within the
range of PS1 expression tested.

Cleavage of substrates by +y-secretase requires prior cleavage
by an accessory protease to remove the N-terminal extracellular/
luminal ectodomain (Vassar et al., 1999; Yan et al., 1999; Brown
et al.,, 2000; Kopan and Ilagan, 2009). APP undergoes initial
cleavage by B-secretase, which yields a C-terminal fragment
termed B-CTF or C99, and subsequent cleavage by y-secretase at
the y- and e-cleavage sites within the transmembrane region re-
leases AB and the APP intracellular domain (AICD), respectively.
Notch is sequentially cleaved by the metalloprotease ADAM-10
and 7y-secretase to release the Notch intracellular domain (NICD).
We evaluated the dose-response relationships for +y-secretase-
mediated cleavage of APP C99 to produce AICD, and NotchAE
(equivalent to ADAM-10-cleaved substrate) to produce NICD, as a
function of increasing PS1 expression (Fig. 1C-F). Production of
both AICD and NICD increased linearly across the lower amounts of
PS1 vector transfected, but saturated at higher levels. These results
suggest that substrate is present in excess at lower levels of PS1 ex-
pression but becomes limiting at the higher levels of PS1 expression
tested. All subsequent experiments analyzing the effects of FAD mu-
tations were conducted under conditions of limiting PS1 and excess
substrate within the linear range of these dose-response curves for
y-secretase activity.

Assessment of the cis and trans effects of FAD PSEN1
mutations on PS1 activity

PSENI mutations cause FAD in the heterozygous state, and the
mutant PSENT] allele exerts its pathogenic effect in the presence of
a WT PSENT allele. It is therefore important to consider the cis
(intramolecular) and trans (intermolecular) effects of FAD mu-
tations on PS1 function. Whereas the pathogenicity of PSENI
mutations has typically been viewed in terms of their cis effects on
the function of the mutant protein, we examined the possibility
that PSEN1 mutations can act in trans to interfere with the activ-
ity of WT PS1. Our strategy is based on comparison of the effects
of mutant PS1 on y-secretase activity when expressed in the ab-
sence or presence of WT PS1. If PSENI mutations caused a simple
gain or loss of protein function, and thus affected PS1 function
only in cis, coexpressed mutant and WT PS1 would contribute to
the total observed y-secretase activity in an additive manner. In
the case of a dominant-negative interaction, however, mutant
PS1 would exert a negative effect in trans on the activity of WT
PS1, resulting in an infra-additive summation of their individual
y-secretase activities. This phenomenon would be most clearly
illustrated in situations where mutant PS1 decreases total
y-secretase activity below the level displayed by WT PS1 alone.
This difference between the expected effects of simple and
dominant-negative loss-of-function mutations on WT PS1 activ-
ity provides a biochemical counterpart to the classical genetic
observation that the phenotypic effects of a dominant-negative
(i.e., antimorphic) allele are more severe than those of a null (i.e.,
amorphic) allele (Muller, 1932).



Heilig et al. ® Dominant-Negative Mechanism of PSENT Mutations

J. Neurosci., July 10, 2013 - 33(28):11606 11617 = 11609

A 2 < 8 120 *
5§ S333%3IR g I
EERCNT2®3D 100/
52003039 X
- S - # }PS1 holo [ 80/
2 60
e
- = - o=  «—NTF z 0
IB: PS1-NTF o 201
. N
IB: PS1-CTF - - .- - <-—CTF 0 " Y 5
- N\
IB: Tub e —— ————— '\$ (ﬁs\?:\con q,/\‘b b"\Q b‘:bogrb%b‘:q% §9
L v OO
C 1:1 D - .
<o —=>uwI> — ]
FEEEE T cw|
oo exod0dg > 1601
I_++++++++ S 1401
Ss5:5s::5:58 g 120
o 100{-gr-----B-- SENVSIERNE B [EPTE
= = = } PS1 holo w804
= 60 -
— 40
n
- o 00 ot = oo an'@» «» <+— NTF o 20
IB: PS1-NTF '
IB: Tub —— s — — — —
Figure2.  FAD PSENT mutations inhibit presenilinase activity of mutant PS1.n cis and WT PS1 in trans. A, B, To assess the cis effects of PSENT mutations on presenilinase activity, Psen-null MEFs

were transfected with vector encoding WT or mutant PS1. PS1 endoproteolysis was assessed by Western analysis with antibodies recognizing PS1 holoprotein and NTF, or CTF. Quantification of
PS1-NTF levels demonstrates significantly reduced presenilinase activity with all mutations. untrans, Untransfected MEFs. , D, To assess the trans effects of PSENT mutations on presenilinase
activity, Psen-null MEFs were transiently transfected with vector encoding WT and mutant PS1in a 1:1 ratio. PS1 endoproteolysis was assessed by Western analysis. Coexpression of several PS1
mutants (R2781, L435F, Aex9) with WT PSTssignificantly reduced PS1-NTF levels compared with the level observed for WT PS1 alone, indicating dominant-negative inhibition of WT endoproteolysis,
whereas coexpression of the remaining PS1 mutants did not interfere with WT endoproteolysis. Data are expressed as percentage of WT level == SEM (n = 3 independent experiments). *p << 0.05

relative to WT.

We first tested a series of FAD mutations for their cis effects on
PS1 endoproteolysis by expressing either WT or mutant PS1 in-
dividually in Psen-null MEFs. The mutations selected for analysis
are distributed throughout the PS1 coding sequence and have
been previously reported to impair y-secretase-dependent pro-
cessing of APP and/or Notch (Shen and Kelleher, 2007; Heilig et
al., 2010). An artificial PS1 mutation in which one of the catalytic
aspartate residues is replaced by alanine (D257A) was used as a
negative control. Western analysis with antibodies recognizing
PS1 NTF and CTF revealed that all mutations analyzed decrease
presenilinase processing of the mutant protein relative to WT PS1
(Fig. 2A,B). NTF and CTF were not detectable for R278I and
1L435F, and were reduced to <10% of WT levels for C410Y. The
mutations L166P, G384A, and L1392V reduced presenilinase
cleavage to 50-60% of WT levels. The Aex9 mutation is not
subject to presenilinase cleavage because it lacks the cleavage site
encoded by exon 9. To exclude the possibility that impaired pro-
duction of NTF and CTF by mutant PS1 proteins might be the
result of decreased holoprotein stability, we assessed the stability
of WT and mutant PS1 bearing either the L435F or C410Y mu-
tations in Psen-null MEFs following translational inhibition with
cycloheximide. Consistent with prior results (Wang et al., 2004),

no differences were observed in the stability of mutant PS1 holo-
protein relative to WT PS1 (data not shown).

We next examined whether PS1 mutations can interfere in
trans with presenilinase cleavage of WT PS1. To model the 1:1
gene dosage ratio in FAD patients heterozygous for PSENI mu-
tations, Psen-null MEFs were transfected with equal quantities of
vectors expressing WT and mutant PS1. In control experiments,
transfection of Psen-null MEFs with equal quantities of vector-
expressing WT PS1 and empty vector was used to determine the
level of y-secretase activity contributed by WT PS1 alone, and to
model the effect of a heterozygous PSENI null mutation causing
complete loss of function. Coexpression of WT PS1 with each of
the three mutants (L166P, G384A, and L392V) that displayed a
partial reduction in intrinsic presenilinase activity resulted in
PSI-NTF levels that were ~150—170% of the level displayed by
WT PS1 alone, consistent with an additive contribution of WT
and mutant PS1 to total presenilinase activity (Fig. 2C,D). How-
ever, coexpression of WT PS1 with mutants displaying little or no
intrinsic presenilinase activity (R2781, L435F, and Aex9) de-
creased PSI-NTF levels to ~70% of the level displayed by WT
PS1 alone, suggesting that these mutations interfere with the pre-
senilinase activity of WT PS1 in a dominant-negative manner.
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FAD PSEN1 mutations inhibit y-
secretase-mediated proteolysis of APP
in cis and in trans

We first assessed the cis effects of PSENI
mutations on y-secretase-mediated cleav-
age of APP by expressing the APP C99
substrate together with either WT or mu-
tant PS1 in Psen-null MEFs. The use of
APP (C99 as substrate eliminates the
requirement for prior cleavage by B-
secretase, and fusion of a myc epitope tag
to the C terminus facilitated detection of
AICD by Western analysis. All seven of the
FAD mutations analyzed caused a signifi-
cant loss of function in the APP cleavage
assay, with the degree of impairment vary-
ing among mutations (Fig. 3A, B). Several
mutations (L166P, R2781, C410Y, L435F,
and G384A) imparted a severe impair-
ment in AICD production to <10% of
WT levels. For the L435F and R2781 mu-
tations, AICD production was at or below
the limit of detection, comparable with
the effect of the catalytically inactive
D257A mutation, indicating complete
inactivation of APP proteolysis. The
L392V and Aex9 mutations caused
moderate reductions in APP cleavage
activity (~55% and 80% of WT AICD
levels, respectively).

We next sought to determine whether
mutant PS1 could interfere with the abil-
ity of WT PS1 to process APP. To model
heterozygosity for a pathogenic PSENI
mutation in FAD patients, Psen-null
MEFs were transiently transfected with
APP-C99 substrate and equal amounts of
vectors expressing WT and mutant PS1.
In control experiments, empty vector was
substituted for vector expressing mutant
PS1 to determine the level of y-secretase
activity conferred by WT PS1 alone and to
model heterozygosity for a PSENI null
mutation. Strikingly, coexpression of mu-
tant PS1 with WT PS1 suppressed AICD
production below the level displayed by
WT PS1 alone in the case of several patho-
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Figure 3.  FAD PSENT mutations inhibit APP processing by mutant PS1 in cis and by WT PS1 in trans in a dominant-negative

manner.A, B, Toassess the cis effects of PSENT mutations on APP processing, Psen-null MEFs were transfected with vector encoding
WT or mutant PS1 together with vector encoding APP (99-myc substrate. (99 and AICD were detected by Western analysis with
anti-myc antibody. untrans, Untransfected MEFs. *y-Secretase-independent band. Quantification of AICD production shows that
all mutations tested significantly reduced intrinsic PS1 activity. €, D, To assess the trans effects of PSENT mutations on APP
processing, Psen-null MEFs were transfected with vectors encoding WT and mutant PS1ina 1:1ratio together with vector encoding
APP €99-myc substrate. Quantification of AICD levels shows that mutant PS1 antagonized WT PS1 activity, indicated most clearly
by suppression of AICD production below the level displayed by WT alone in the case of several mutations (L166P, R278l, C410Y,
L435F). E, F, Psen-null MEFs were cotransfected with a constant amount of vector encoding WT PS1 and increasing amounts of
vector encoding either L435F or (410Y mutant PS1, together with constant amount of vector encoding APP (99-myc. PS1 was
detected by Western analysis with antibody recognizing the C terminus; (99 and AICD were detected with anti-myc antibody.
Quantification of AICD production shows that PS1 bearing the L435F or C410Y mutations produced similar gene dosage-dependent
suppression of AICD production by WT PS1, consistent with dominant-negative inhibition of -y-secretase activity. Data are ex-
pressed as percentage of WT level = SEM (n = 3-5 independent experiments). *p << 0.05 relative to WT.

activity when coexpressed with WT PS1 was only ~140% of the

genic mutations (L166P, R2781, L435F, and C410Y) (Fig. 3C,D).
Whereas an additive contribution of mutant and WT PS1 to total
y-secretase activity would be expected to yield =100% of the
AICD level produced by WT PS1 alone, each of these mutants
reduced total AICD production to <80% of the WT level. Inter-
estingly, these four mutations also displayed the most severe loss
of intrinsic catalytic activity toward APP when assayed individu-
ally (Fig. 3A,B). These results show that pathogenic PS1 muta-
tions can act in trans to exert a dominant-negative effect on the
y-secretase activity of WT PS1.

PS1 bearing the G384A and L392V mutations contributed
approximately additively to total AICD production when coex-
pressed with WT PS1. However, the Aex9 mutation also appeared
to exert a trans-dominant-negative effect on APP processing by
WT PS1. Specifically, PS1 with the Aex9 mutation displayed
~80% of WT activity when expressed alone (Fig. 3B), but total

level displayed by WT PS1 alone. This infra-additive contribution
of mutant PS1 to AICD production also suggests dominant-
negative suppression of WT PS1 activity, paralleling the reduc-
tion in WT PS1 NTF level observed when PS1 with the Aex9
mutation was coexpressed (Fig. 2C,D).

An important property of dominant-negative mutations is
that their inhibitory effect on the WT gene product is a function
of the dosage of the mutant allele and the resulting expression
level of the mutant protein (Muller, 1932; Herskowitz, 1987). We
cotransfected Psen-null MEFs with a constant amount of vector
encoding WT PS1 and increasing amounts of vector encoding
PS1 carrying the L435F or C410Y mutations (Fig. 3E). The total
amount of vector transfected was maintained within the linear
range for PS1 expression and APP C99 cleavage (Fig. 1A-D). For
both the C410Y and L435F mutations, transfection of increasing
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Figure 4.

FAD PSENT mutations inhibit Notch processing by mutant PS1.in cis and by WT PS1.in trans in a dominant-negative manner. 4, B, To assess the cis effects of PSENT mutations on Notch

processing, Psen-null MEFs were transfected with vector encoding WT or mutant PS1 together with vector encoding Notch AE-myc substrate. NICD was detected by Western analysis with antibody
recognizing the cleaved N terminus (V1744), and both full-length NotchAE and NICD were detected with anti-myc antibody. Quantification of NICD production shows that all mutations tested
significantly reduced intrinsic PS1 activity. untrans, Untransfected MEFs €, D, To assess the trans effects of PSENT mutations on Notch processing, Psen-null MEFs were transfected with vectors
encoding WT and mutant PS1in a 1:1 ratio together with vector encoding NotchAE-myc substrate. Quantification of NICD levels shows none of the mutations was able to elevate NICD production
above the level displayed by WT PS1 alone, with some mutations significantly suppressing NICD production below this level (e.g., C410Y, L435F), consistent with dominant-negative inhibition of
Notch processing. Data are expressed as percentage of WT level == SEM (n = 5- 6 independent experiments). *p < 0.05 relative to WT.

amounts of vector led to a corresponding increase in the level of
PS1 holoprotein. Consistent with the results in Figure 2C, D,
overexpression of L435F mutant PS1 progressively impaired the
endoproteolysis of coexpressed WT PS1, whereas overexpression
of C410Y mutant PS1 had no effect on endoproteolysis of
WT PSI1. Nevertheless, both mutations caused a gene dosage-
dependent suppression of APP processing by WT PS1, consistent
with dominant-negative inhibition of y-secretase activity. More-
over, the similar inhibitory profiles of the L435F and C410Y mu-
tations with respect to APP processing despite their differential
effects on WT PS1 endoproteolysis argue that the observed
dominant-negative inhibition is the result of interference with
the catalytic activity of WT PS1 rather than its expression or
endoproteolysis.

FAD PSENI mutations inhibit y-secretase-mediated
proteolysis of Notch in cis and in trans

We next analyzed the cis effects of the same series of FAD muta-
tions on y-secretase-dependent processing of Notch by express-
ing the Notch substrate (NotchAE) together with either WT or
mutant PS1 in Psen-null MEFs. The use of NotchAE as substrate
eliminates the requirement for initial cleavage by ADAM-10, and
release of NICD therefore depends on cleavage by y-secretase

alone. All seven pathogenic mutations tested significantly im-
paired the ability of PS1 to support y-secretase-dependent Notch
processing and NICD production (Fig. 4A, B). The rank order of
inhibitory effects caused by mutations was similar for the APP
and Notch substrates, with the R2781, C410Y, and L435F muta-
tions again causing nearly complete loss of y-secretase product
generation. The L166P and G384A mutations produced less se-
vere impairment of NICD production than observed with AICD
production. The moderate inhibition of y-secretase activity pro-
duced by the L392V and Aex9 mutations was similar for both
substrates.

To determine whether PSENI1 mutations act in trans to inhibit
Notch processing by WT PS1, we transfected Psen-null MEFs
with Notch substrate (NotchAE) and equal amounts of vector-
expressing WT and mutant PS1. When coexpressed with WT PS1
at equal gene dosage, none of the PS1 mutants elevated Notch
cleavage activity above the level displayed by WT PS1 alone, even
though several PS1 mutants retained substantial intrinsic Notch
processing activity (Fig. 4C,D). For example, PS1 carrying the
G384A, 1392V, and Aex9 mutations produced NICD at 40-70%
of the WT level when expressed alone (Fig. 4B), and yet total
NICD production when these mutants were coexpressed with
WT PS1 did not differ from the level produced by WT PS1 alone,
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indicating an infra-additive summation
of activities. Moreover, several PS1 mu-
tants suppressed total NICD production
below the level generated by WT PS alone,
clearly illustrating a negative effect of mu-
tant PS1 on the ability of WT PSI1 to sup-
port Notch processing. For example,
coexpression of PS1 carrying the C410Y
or L435F mutations with WT PS1 dimin-
ished total NICD production to ~65%
and 50%, respectively, of the level pro-
duced by WT PS1 alone. Thus, the FAD
mutations analyzed appeared to exert a
trans-dominant-negative effect on Notch
processing by WT +y-secretase.

FAD PSENI mutations act in trans to
inhibit A 340 production and stimulate
AB42 production by WT PS1

To determine the cis effects of FAD muta-
tions on the ability of PS1 to support A
production, mutant or WT PS1 was ex-
pressed in Psen-null MEFs together with
APP-C99, and levels of secreted AP pep-
tides were quantified using AB40- and
AB42-specific ELISA. Production of A 340
was reduced by all mutations tested, with
five of the pathogenic mutations (L166P,
R2781, C410Y, L435F, G384A) decreasing
AB40 production to <5% of WT levels
(Fig. 5A). Production of AB42 was dra-
matically decreased by several mutations
(L166P, R2781, C410Y, L435F) that also
caused severe deficits in generation of
AICD and AB40 (Fig. 5B). Indeed, the lev-
els of AB40 and AB42 produced by PS1
bearing the L435F and R2781 mutations
were at or below the limit of detection,
indicating virtually complete loss of pro-
teolytic activity. In contrast, the L392V
mutation, which caused a milder reduc-
tion in total APP cleavage activity and
AB40 production, significantly increased
A42 production.

To determine whether mutant PS1 can
act in trans to influence AB production by
WT PS1, we analyzed AB40 and Ap42
production in Psen-null MEFs cotrans-
fected with APP-C99 and equal amounts
of vectors expressing WT PS1 and mutant
PS1.In control experiments, empty vector
was substituted for vector expressing mu-
tant PS1 to establish the level of activity
displayed by WT PS1 alone. Mutant PS1
bearing several pathogenic mutations
(R278I, C410Y, L435F) compromised the
ability of WT PS1 to produce AB40, as
indicated by total AB40 production that

fell significantly below the level produced by WT PS1 alone (Fig.
5C). With two additional mutations (L392V, Aex9), an infra-
additive contribution of mutant PS1 to total AB40 production
similarly suggested trans-dominant inhibition of WT PSI activ-
ity. The cis and trans effects of each mutation on total A corre-
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Figure5.  FAD PSENT mutations inhibit A3 production by mutant PS1n cis and modulate A3 production by WT PS1in trans. A,
B, To assess the cis effects of PSENT mutations on A3 production, Psen-null MEFs were transfected with vector encoding WT or
mutant PS1 together with vector encoding APP (99-myc. Production of A340 and A342 was assayed by sandwich ELISA with
isoform-specific antibodies. All PST mutants exhibited significantly impaired production of A340. PS1 bearing the L166P, R278I,
(410Y, and L435F mutations displayed significantly reduced A342 production, whereas PS1 carrying the L392V and Aex9 muta-
tions showed elevated A342 production. €, D, To assess the trans effects of PSEN T mutations on A3 production, Psen-null MEFs were
transfected with vectors encoding WT and mutant PS1ina 1:1 ratio together with vector encoding APP (99-myc. Coexpression of mutant
PS1 antagonized A/340 production by WT PST, illustrated most clearly by significant reduction of A340 production below the level pro-
duced by WT PS1 alone in the case of several mutations (R278l, C410Y, L435F). In contrast, several PS1 mutants stimulated A342 produc-
tion by WT PS1, as indicated by their supra-additive effect on A342 production (e.g., L166P, C410Y, L435F). E, To assess the cis effects of
PSENT mutations on total AB production, Psen-null MEFs were transfected with vector encoding WT or mutant PS1 together with vector
encoding APP (99-myc. Total secreted A3 levels were measured in culture supernatants by sandwich ELISA detecting all A3 species
ranging from A338 through A346. All PSENT mutations tested significantly impaired total A3 production by the mutant protein, with
several pathogenic mutants producing <<10% of WT levels. F, To assess the trans effects of PSENT mutations on total A3 production,
Psen-null MEFs were transfected with vectors encoding WT and mutant PSTin a 1:1 ratio together with vector encoding APP (99-myc. The
effects of mutant and WT PS1 coexpression on total A3 production were qualitatively similar to those observed for A340 production (C),
indicating that A340is the major A B species produced by WT and mutant PS1 under these conditions. Data are expressed as percentage of
WT level == SEM (n = 4—6independent experiments). *p << 0.05 relative to WT.

sponded closely to the observed effects on AB40, confirming that
AB40 is the major A species produced under these conditions
(Fig. 5E, F).

Remarkably, mutant PS1 appeared to stimulate AB42 produc-
tion by WT PS1 in the case of several pathogenic mutations
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(L166P, C410Y, and L435F) (Fig. 5D). Coexpression of each of
these PS1 mutants with WT PS1 resulted in AB42 levels that were
greater than would be expected if mutant PS1 contributed to
AB42 production in an additive manner. This trans-dominant
stimulatory effect of mutant PS1 was most clearly illustrated by
the L435F mutation, which suppressed AB42 production by the
mutant protein to <10% of WT levels, and yet coexpression of
L435F mutant PS1 with WT PS1 significantly enhanced AB42
production to 140% of the level generated by WT PS1 alone. In
contrast, several mutations that potentiated AB42 production by
mutant PS1 when tested alone (G384A, L392V, Aex9) neverthe-
less resulted in infra-additive AB42 production when coex-
pressed with WT PS1. For example, the L392V mutation elevated
AB42 production by mutant PS1 when tested alone to 212% of
WT level, but coexpression of L392V mutant PS1 and WT PS1
did not further augment total AB42 production. Collectively,
these results suggest complex modulation of AB42 production
when mutant PS1 is coexpressed with WT PS1, with some muta-
tions exerting a trans-dominant stimulatory effect and others a
trans-dominant inhibitory effect on WT PS1 activity. Due to
combined effects on AB42 and AB40, co-expression of mutant
and WT PS1 elevated the AB42/AB40 ratio relative to expression
of WT PS1 alone, with this elevation ranging from 1.5- to 2.2-fold
among the mutations tested. Notably, the trans-stimulatory ef-
fects on AB42 and trans-inhibitory effects on AB40 exerted by
mutations (e.g., L166P, C410Y, and L435F) that severely impair
catalytic activity of the mutant protein may help to explain how
such mutations can nonetheless promote AB42 deposition in the
FAD brain.

Physical interaction between mutant and WT PS1 provides a
mechanistic basis for the dominant-negative effects of PSEN1
mutations

A physical interaction between WT and mutant PS1 proteins
would provide the most straightforward explanation for the ob-
served trans-dominant effects of PS1 mutants on WT PS1 and
y-secretase activity. We examined this possibility by performing
coimmunoprecipitation experiments with differentially epitope
tagged mutant and WT PSI. First, we confirmed that FLAG- and
HA-tagged WT PS1 displayed normal 7y-secretase-dependent
processing of APP and Notch, demonstrating that the presence of
N-terminal epitope tags did not compromise PS1 activity (Fig.
6A). Next, we determined whether HA-tagged WT or L435F mu-
tant PS1 stably interacted with FLAG-tagged WT PS1. To main-
tain y-secretase complex integrity, we prepared membrane
fractions from cells coexpressing differentially tagged PS1 pro-
teins and solubilized proteins in CHAPSO detergent immediately
before carrying out coimmunoprecipitation experiments. Im-
munoprecipitation of FLAG-tagged WT PS1 resulted in coim-
munoprecipitation of either HA-tagged WT or HA-tagged L435F
mutant PS1, accompanied by the y-secretase subunits Nct and
Pen2 (Fig. 6B). The interaction between WT PS1 and differen-
tially tagged WT or L435F mutant PS1 was also detected in recip-
rocal experiments in which immunoprecipitation was performed
with anti-HA antibody (Fig. 6C). Interestingly, WT PS1 holopro-
tein and NTF coimmunoprecipitated with differentially tagged
WT PS1, suggesting that the interaction occurs before PS1 endo-
proteolysis. By contrast, the L435F mutation abrogates endopro-
teolysis of mutant PS1, and mutant holoprotein alone was
therefore observed in coimmunoprecipitates with WT PSI.
These results demonstrate that WT and mutant PS1 can stably
interact in the context of the y-secretase complex.
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Discussion

Pathogenic PSENI mutations are invariably dominant and cause
FAD in the heterozygous state. A complete picture of how PSEN1
mutations cause FAD therefore requires understanding how PS1
function is altered when mutant and WT PS1 are coexpressed as
in FAD patients. However, the pathogenic effects of PSENI mu-
tations have typically been viewed in terms of their impact on the
activity of the mutant protein. Here, we examined the possibility
that pathogenic PSENI mutations compromise the activity of
WT PS1 by evaluating a series of FAD-causing PSENI mutations
for their cis effects on mutant protein activity and their trans
effects on coexpressed WT protein activity.

We assessed the cis effects of mutations by expressing either
WT or mutant PS1 alone in Psen-null MEFs and comparing their
abilities to reconstitute ry-secretase activity. To obtain accurate
estimates of the intrinsic activity of mutant PS1, our analysis
relied on limiting expression of PS1 in the presence of excess
substrate, thereby avoiding factors that could lead to overestima-
tion of mutant PS1 activity, such as saturation with excess PS1 or
depletion of substrate. All seven pathogenic mutations analyzed
significantly impaired presenilinase cleavage and vy-secretase-
dependent proteolysis of Notch and APP substrates. Notably,
several mutations caused severe deficiencies in the y-secretase
activity of the mutant protein, including marked diminution of
AB40 and AB42 production. These findings illustrate that patho-
genic PSENI mutations generally impair PS1 function and, in
some cases, virtually abolish the ability of mutant PS1 to support
y-secretase activity (Heilig et al., 2010).

We evaluated the possibility that PSENI mutations perturb
PS1 function in trans by measuring y-secretase activity in Psen-
null MEFs expressing WT PS1 in either the absence or the pres-
ence of mutant PS1. If WT and mutant PS1 contributed
independently to total y-secretase activity when coexpressed, ad-
ditive summation of their individual activities would be expected.
Remarkably, however, all seven clinical PSENI mutations tested
interfered in trans with the +y-secretase activity of WT PS1, as
indicated by less-than-additive contribution of mutant PS1 to
total APP and/or Notch processing activity. The dominant-
negative effect of PSENI mutations was demonstrated most
clearly when coexpression of mutant PS1 with WT PS1 depressed
y-secretase activity below the level displayed by WT PS1 alone.
For example, PS1 bearing the L166P, R2781, C410Y, or L435F
mutations made a negative contribution to <y-secretase activity
toward APP and/or Notch when coexpressed with WT PS1. In
such cases, the contribution of mutant PS1 was effectively worse
than nothing (i.e., empty vector). This behavior of PSENI muta-
tions corresponds to the classical genetic observation that
dominant-negative (“antimorphic”) mutations confer a more se-
vere loss-of-function phenotype than null (“amorphic”) muta-
tions in the same gene (Muller, 1932). Another defining
characteristic of dominant-negative mutations is that their inhib-
itory potency is directly related to the mutant allele dosage
(Muller, 1932; Herskowitz, 1987). Consistent with this property,
we found that the extent of trans-dominant inhibition of APP
processing by WT PS1 progressively increased as a function of
increasing mutant gene dosage. Collectively, these findings dem-
onstrate that PSENI mutations do not cause a simple loss of the
mutant protein’s function, but rather confer a gain of negative
function that impairs the activity of both mutant and coexpressed
WT proteins. The demonstration of a dominant-negative effect
of PSENI mutations on WT PS1 bolsters the hypothesis that loss
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Figure 6.  Physical interaction between mutant PS1 and WT PS1. 4, To confirm that the epitope tags did not compromise
y-secretase activity, the ability of HA- and FLAG-tagged WT PS1 to reconstitute APP and Notch processing was assessed relative to
untagged WT PS1. Psen-null MEFs were cotransfected with vector encoding untagged or tagged PS1 and vector encoding APP
(99-myc or NotchAE-myc substrate. AICD (left) and NICD (right) were detected by Western analysis with antibodies directed
against the myc epitope or the cleaved N terminus of NICD. No differences in APP or Notch processing activity were observed
between tagged and untagged PS1. B, WT and mutant PS1 bearing N-terminal FLAG or HA epitope tags were coexpressed in 293T
cells. Expression levels of epitope-tagged PS1, PS1-CTF, and the endogenous -y-secretase components Nicastrin (Nct) and Pen2
were evaluated by Western analysis of cell lysates (left). Inmunoprecipitation was performed on cell lysates with mouse anti-FLAG
antibody. Western analysis of immunoprecipitates from cells coexpressing HA-PS1-WT and FLAG-PS1-WT (right) revealed
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of presenilin function plays an important
role in FAD pathogenesis (Shen and Kelle-
her, 2007; Kelleher and Shen, 2010).

The dominant-negative mechanism
that we report here is fundamentally dis-
tinct from the reported ability of overex-
pressed mutant PS1 to inhibit y-secretase
activity by replacing endogenous PS1
(Thinakaran et al., 1996, 1997). Notably,
our activity assays were conducted within
a linear dose-response range for PS1 ex-
pression and activity, thereby avoiding
competition between mutant and WT PS1
for limiting cofactors. Indeed, mutant PS1
could exert dominant-negative effects
when expressed at equal gene dosage with
WT PS1 (i.e., in the absence of overex-
pression), without compromising the
expression or endoproteolysis of coex-
pressed WT PS1 (i.e., in the absence of
replacement). Moreover, PSENI muta-
tions acted in trans to enhance Af42 pro-
duction by WT PS1, whereas replacement
of WT PS1 by mutant PS1 would be ex-
pected to decrease all PSI activities. Col-
lectively, these observations provide
strong evidence that mutant PS1 exerts
dominant-negative effects by interfering
with the catalytic activity rather than the
expression or maturation of WT PSI1.

To account for the ability of patho-
genic PSENI mutations to inactivate A3
production by the mutant protein and yet
engender cerebral AB deposition, we pre-

<«

coimmunoprecipitation of HA-PST holoprotein and NTF,
PS1-CTF, Nct, and Pen2 with FLAG-PST-WT (lane 2). Coimmuno-
precipitation of HA-PST or -y-secretase components with anti-
FLAG antibody was not observed in the absence of FLAG-PS1
(lanes 1and 3). *Background bands resulting from interaction
of primary antibodies with mouse IgG in immunoprecipitates.
Analysis of immunoprecipitates from cells coexpressing FLAG-
PS1-WTand HA-PS1-L435F (lane 4), or conversely HA-PST-WT
and FLAG-PS1-L435F (lane 5), revealed coimmunoprecipita-
tion of mutantand WT PSTin association with endogenous Nct
and Pen-2. Epitope-tagged NTF is not detected for the PS1-
L435F mutant because of its impaired presenilinase cleavage.
€, To confirm the specificity of the interaction between WT and
mutant PS1, the reciprocal experiment was performed with
the epitopes used forimmunoprecipitation and Western anal-
ysis reversed. Left, Expression of HA- and FLAG-tagged PS1in
cell lysates used for immunoprecipitation was evaluated by
Western analysis. Right top, Immunoprecipitation was per-
formed with chicken anti-HA antibody and confirmed by
Western analysis with mouse anti-HA antibody. Right bottom,
Western analysis with mouse anti-FLAG antibody revealed co-
immunoprecipitation of HA-PS1-WT with either FLAG-
PS1-WT holoprotein and NTF or FLAG-PS1-L435F holoprotein.
FLAG-holo and HA-holo, PS1 holoprotein appended with the
designated epitope tags; FLAG-NTF and HA-NTF, PS1 NTF ap-
pended with the designated epitope tags; PS1-C, antibody
recognizing the PS1 C terminus; Nct-m and Nct-imm, the ma-
ture and immature forms of Nct, respectively; untrans, lysate
from untransfected cells.
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Dominant-negative model for inhibition of PST activity and stimulation of A342 production by PSENT mutations and -y-secretase inhibitors. Schematic representation of possible

interactions between WT and mutant or inhibitor-bound PS1 is shown. If PSENT mutations caused a simple loss of mutant protein function (i.e., a hypomorphic or amorphic mechanism),
coexpression of WT and mutant PS1 as in FAD patients would be expected to result in additive summation of their individual activities, yielding total PST activity = 100% of the level contributed by
WTPS1alone (left). In contrast, areduction in total PS1 activity below the level displayed by WT PS1 alone would indicate dominant-negative inhibition of WT PS1by mutant PS1 (i.e., an antimorphic
mechanism) (middle). Our data suggest that mutant PS1 antagonizes WT PST activity through an allosteric physical interaction and that dominant-negative inhibition of WT PS1 can alter its
substrate specificity to enhance its production of A342. At low to moderate concentrations, active site-directed y-secretase inhibitors can decrease A340 production yet increase A 342 production,
analogous to the effect of dominant-negative PSENT mutations (right). We suggest that inhibitor-bound (and thus catalytically inactive) PS1 can interact allosterically with unbound PS1, altering

its substrate specificity to favor production of A342.

viously proposed that mutant PS1 might stimulate A342 produc-
tion by WT PS1 (Shen and Kelleher, 2007; Heilig et al., 2010;
Kelleher and Shen, 2010). Our results provide strong empirical
support for this proposal, as evidenced by the synergistic effect on
AB42 production observed when mutant PS1 was coexpressed
with WT PS1. Remarkably, coexpression of L435F mutant PS1
with WT PS1 elevated AB42 production by ~40% relative to the
level produced by WT alone, even though the L435F mutation
rendered the mutant protein itself incapable of producing A42.
By contrast, mutant PS1 with a simple loss of function would not
be expected to increase either AB42 production or the AB42/
AB40 ratio when coexpressed with WT PS1, consistent with ob-
servations in Psenl ™/~ mice (Qian et al., 1998). Thus, our
findings strongly imply that the excess AB42 observed under
these conditions is produced by WT PSI1 under the trans-
dominant influence of proteolytically inactive mutant PS1. This
phenomenon may help to explain the seemingly paradoxical abil-
ity of PSENI mutations that abrogate y-secretase activity to pro-
mote A deposition in the FAD brain (Heilig et al., 2010). Our
observations suggest that PSEN1 mutations may further contrib-
ute to elevation of the AB42/AB40 ratio and AP deposition
through dominant-negative inhibition of AB40 production by
WT PS1.

We suggest that the capacity of PSENI mutations to stimulate
AB42 production by WT PS1 is a manifestation of dominant-
negative impairment of PS1 function. Consistent with this view,
we found that PSENI mutations could stimulate AB42 produc-
tion in trans while inhibiting all other PS1 activities analyzed both
in cis and in trans. Further support for this interpretation comes
from the widely reported yet enigmatic ability of transition-state
analog inhibitors of y-secretase to stimulate AB42 production
while inhibiting AB40 production (Wolfe et al., 1999; Li et al.,
2000; Zhang et al., 2001). This effect occurs under conditions of
submaximal inhibition when the PS1 population is partially oc-
cupied by inhibitor, suggesting that PS1 molecules with active

site-bound inhibitor stimulate AB42 production by PSI mole-
cules without bound inhibitor. Thus, the ability of both PSEN1
mutations and active site-directed y-secretase inhibitors to stim-
ulate AB42 production may be similarly explained by a trans-
dominant effect of catalytically impaired PS1 on catalytically
intact PS1. Notably, our observation that PS1 bearing FAD mu-
tations that abolish its catalytic activity can nevertheless stimulate
AB42 production by WT PS1 argues against a model in which
mutant PS1 itself produces a relative or absolute excess of AB42
owing to purely cis-acting effects (Wolfe, 2007).

Results from mouse genetic studies support the view that ele-
vation of the AB42/AB40 ratio and brain A3 deposition are man-
ifestations of dominant-negative action of PSENI mutations. In
APP transgenic mice heterozygous for a Psenl M146V allele, de-
letion of the WT Psen1 allele markedly enhanced the A342/A340
ratio and AB deposition (Wang et al., 2006). Among the classes of
dominant gain-of-function mutations, only antimorphic muta-
tions cause phenotypic exaggeration upon deletion of the WT
allele from heterozygous individuals; by contrast, deletion of the
WT allele from heterozygotes ameliorates the phenotype of hy-
permorphic mutations and has no effect on the phenotype of
neomorphic mutations (Muller, 1932). Thus, the effect of the
M146V mutation on A production and deposition in the mouse
brain is most consistent with a dominant-negative mechanism.

Dominant-negative inhibition is commonly mediated by
physical interaction between mutant and WT proteins (Hers-
kowitz, 1987). Our demonstration of reciprocal coimmunopre-
cipitation of differentially tagged mutant and WT PS1 proteins
suggests that mutant PS1 can stably interact with WT PS1 to
interfere with its proteolytic activity. Consistent with these re-
sults, some prior studies have suggested that y-secretase may
form a stable higher-order assembly (Li et al., 2000; Edbauer et
al., 2002; Steiner et al., 2002; Farmery et al., 2003; Li et al., 2003;
Nyabi et al., 2003). Moreover, PS1 dimerization has been de-
tected in cross-linking studies (Schroeter et al., 2003), and recent
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crystallographic analysis of an archael presenilin homolog re-
vealed a tetrameric structure (Li et al., 2013). Our results provide
independent evidence that PS1 functions as a multimer within
the y-secretase complex, and further imply that multimerization
of mutant and WT PS1 could have strongly deleterious conse-
quences for y-secretase activity. For example, if mutant and WT
PS1 form homodimers and heterodimers according to a standard
binomial distribution, our results indicate that the L435F muta-
tion renders mutant-WT heterodimers completely inactive for
Notch processing.

The ability of mutant PS1 to interact with WT PS1 and thereby
influence its catalytic activity implies that PS1 can adopt multiple
conformations with distinct functional properties. Although mu-
tant PS1 could in principle directly block WT catalysis through an
orthosteric interaction (e.g., formation of a dimeric active site)
(Schroeter et al., 2003), we suggest that an allosteric interaction is
most compatible with the observation that mutant PS1 can in-
hibit WT PS1 activity while enhancing its production of AB42.
Specifically, we propose a model in which FAD mutations cause
PS1 to adopt an altered conformation with impaired catalytic
activity; interaction of mutant PS1 with WT PS1 in turn induces
an allosteric conformational change in the WT protein that
impairs its catalytic activity, in some cases altering its substrate
specificity to favor production of AB42 (Fig. 7). Recent struc-
tural analysis of related GXGD proteases supports the idea that
PS1 can assume multiple conformations with differing cata-
lytic properties (Hu et al., 2011). Both PSENI mutations and
transition-state analog inhibitors appear to induce conforma-
tional changes within PS1 that can affect catalytic and speci-
ficity subsites (Takagi et al., 2010). The prediction that such
conformational distortions can be transmitted allosterically
from mutant or inhibitor-bound PS1 to intact PS1 awaits ex-
perimental confirmation.
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