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Abstract
γ-Secretase, a multi-subunit transmembrane protease comprised of presenilin, nicastrin, presenilin
enhancer 2, and anterior pharynx-defective 1, participates in the regulated intramembrane
proteolysis of Type I membrane proteins including the amyloid precursor protein (APP). Although
Aph-1 is thought to play a structural role in the assembly of γ-secretase complex and several
transmembrane domains (TMDs) of Aph-1 have been shown to be critical for its function, the
importance of the other domains of Aph-1 remains elusive. We screened a series of Aph-1 mutants
and focused on 9 mutations distributed in 6 different TMDs of human APH-1aS, assessing their
ability to complement mouse embryonic fibroblasts lacking Aph-1. We showed that mutations in
TMD4 (G126) and TMD5 (H171) of Aph-1a prevented the formation of the Nct/Aph-1
subcomplex. Importantly, although mutations in TMD3 (Q83/E84/R85) and TMD6 (H197) of
APH-1aS did not affect Nct/Aph-1 subcomplex formation, both mutations prevented further
association/endoproteolysis of PS1. We propose a model that identifies critical TMDs of Aph-1
for associations with Nct and PS for the stepwise assembly of γ-secretase components.
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1. Introduction
γ-Secretase is an aspartyl-type protease membrane protein complex that catalyzes the
regulated intramembrane proteolysis of numerous type I membrane proteins, including
Notch and APP (Francis, et al., 2002). The requirement for γ-secretase processing of APP to
generate amyloid-β, a neurotoxic peptide involved in the pathogenesis of Alzheimer's
disease (AD) has lead to intense studies to understand the biology of γ-secretase and towards
the development of rationally designed drugs targeting this enzyme for prevention or
treatment of AD (Panza, et al., 2009).

The γ-secretase is comprised of PS (Takasugi, et al., 2003), the catalytic component of this
enzyme complex (Haass and Steiner, 2002), and three other essential subunits (Edbauer, et
al., 2003): Nct(Hu, et al., 2002), Pen-2 (Francis, et al., 2002), and Aph-1 (Francis, et al.,
2002). Nct is thought to be the receptor that initially recognizes the processed substrates ;
(Dries, et al., 2009;Shah, et al., 2005), although some studies challenged this view (Chavez-
Gutierrez, et al., 2008). Pen-2 is believed to control the endoproteolysis of PS to form a
stable heterodimer composed of N- and C-terminal fragments (PS-NTF and PS-CTF) (Luo,
et al., 2003;Prokop, et al., 2004). Current studies support the view that the formation of
mature, active γ-secretase requires the initial formation of Nct/Aph-1 sub-complex (LaVoie,
et al., 2003), and the subsequent sequential assembly of PS and Pen-2, which assembles with
the Nct/ Aph-1/PS ternary complex to initiate endoproteolysis of PS (Hu, et al., 2002).

In humans there are two APH-1 homologues, APH-1a and APH-1b, and APH-1a has two C-
terminal splicing variants: APH-1aL (long variant) and APH-1aS (short variant). There is an
additional homologue, Aph-1c in mice. Although the homologues are differentially
expressed in various tissues (Serneels, et al., 2005), Aph-1aL, APH-1aS, and Aph-1b are
functionally redundant in terms of their ability to form active γ-secretase complexes with the
other three subunits (Shirotani, et al., 2004b). Aph-1 has 7 TMDs with its N-terminus in
endoplasmic reticulum (ER)/extracellular space and its C-terminus in the cytosol (Fortna, et
al., 2004). Direct interaction between Aph-1 and Nct for the initial subcomplex has been
shown (Shirotani, et al., 2004a), and crosslinking experiments have also demonstrated close
proximity between Aph-1 and Ps and between Aph-1 and Nct (Steiner, et al., 2008). The
GXXXG motif (Kleiger, et al., 2002) in TMD4 of Aph-1 has been identified to be essential
for the initial assembly and later maturation of γ-secretase (Lee, et al., 2004), recently H171
and H197 in TMD5 and TMD6 were also found to be critical for the function/maturation of
γ-secretase (Pardossi-Piquard, et al., 2009).

To extend those findings, here we tested the functional role of TMDs of Aph-1 in the
assembly of components of the γ-secretase complex using site-directed mutagenesis to
generate 12 single, double, or triple mutations of the conserved amino acid residues within
TMD1 to TMD6 of human APH-1aS (hAPH-1aS) and assessed their ability to complement
Aph-1 null MEFs (Aph-1ab −/−; Aph-1c shRNA-suppressed). Our results are consistent
with the previous findings that GXXXG, H171, and H197 are critical for structure/function
of γ-secretase complex. In addition to an extra critical region identified, Q83/E84/Q87 in
TMD3, we found those disrupting mutants differentially affected 2 steps in γ-secretase
maturation: mutation in TMD4 or TMD5 of Aph-1 disrupted formation of the initial Aph-1/
Nct sub-complex whereas those in TMD3 and TMD6 decreased association/endoproteolysis
of PS after the formation of the Nct/Aph-1 subcomplex.
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2. Experimental Procedures
Mutagenesis

Mutations were introduced into human APH-1aS cDNA and cloned into pcDNA3.1-V5/His
(Invitrogen) using QuickChange site-directed mutagenesis as described by the manufacturer
(Stratagene). Human APP695 expressing plasmid was transfected as the substrate to assess
functional competence of γ-secretase; thus, the accumulation of its C-terminus (APP-CTF)
would indicate the impaired γ-secretase function. LacZ expression vector served as the mock
transfection control.

Nine amino acids were chosen for mutagenesis (Fig. 1A) as potential functionally critical
residues using the following rationale: E84, R87, H171, or H197 are potentially charged;
W42, S45, and Q83 are polar; P16 distorts the helix; G126 is known to disrupt assembly and
activity of γ-secretase (Lee, et al., 2004). The targeted amino acids span TMD1-6 of the
hAPH-1 peptide sequence. The targeted amino acids were replaced by residues with
hydrophobic side chain that is compatible with preserved α-helix formation and
intramembrane location.

For most of the TMDs, there was only one site targeted for mutagenesis. However, TMD2
had 2 (W42V and S45A) and TMD3 had 3 (Q83L, E84V, R87L) sites targeted. Since multi-
residue interaction could mediate TMD interactions, double or triple mutations were
generated to enhance the sensitivity of complementation for TMDs with more than one
targeted mutation. Thus, three hAPH-1aS compound-mutants were generated along with
single-residue mutants: W42V/S45A (WS), Q83L/E84V (QE), Q83L/E84V/R87L (QER),
P16L, W42V, S45A, Q83L, E84V, R87L, G126L, H171L, and H197L.

Cell lines
MEFs were isolated from Aph-1a/b −/− embryos (Ma, et al., 2005;Vetrivel, et al., 2008). To
down regulate Aph-1c expression, short hairpin oligonucleotides corresponding to Aph-1c
cDNA 905-924 (5′- T GAC CCC TGT ATC TTG GAA C TTCAAGAGA GTT CCA AGA
TAC AGG GGT C TTTTTTC and 5′- TCGA GAA AAA AGA CCC CTG TAT CTT GGA
ACT CTC TTG AAG TTC CAA GAT ACA GGG GTC A) were annealed and ligated into
lentiviral vector pLentiLox3.7 between XhoI and HpaI sites. Aph-1a−/−;Aph-1b−/− cells
were infected with lentivirus carrying the hairpin sequence. Single clones expressing EGFP
were selected and screened for cell lines expressing reduced levels of Aph-1c. MEFs were
cultured in DMEM high glucose supplemented with 10% fetal bovine serum in 5% CO2.

Transfection
To test function of γ-secretase, null MEFs at 40% confluence in a 6-well plate were
transfected with 2 μ g of LacZ (mock control), Wt hAPH-1aS (positive control), or mutant
hAPH-1aS vector together with 2 μ g of either APP695 (substrate +) or LacZ (substrate −)
vector by Lipofectamine 2000 (Invitrogen). Cells and culture supernatants were harvested
24 hours later. For BN-PAGE and Co-IP, 4 μ g of of LacZ (mock), Wt (positive control), or
mutant hAPH-1aS vector were transfected and harvested as stated. At least 3 independent
transfections were done for density measurement and Aβ analysis.

Antibodies and blotting
For SDS gels, cell lysates were denatured at 55°C for 10 minutes, resolved in 4-20% Tris-
glycine gels, and transferred to polyvinylidene difluoride (PVDF) membranes for probing.
The antibodies used were as follows: anti-Nct (NCT-3925; 1:5000) (Li, et al., 2003); anti-
PS1-CTF (1:2500) (Thinakaran, et al., 1996); anti-Pen-2 (Abcam 18189; 2 μg/ml); anti-V5
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(Invitrogen R9600-25; 1:5000); anti-APP CTF(Sigma A8717, 1:5000); anti-Actin (Sigma
A5541, 1:5000)

Enzyme-linked immunosorbent assay (ELISA)
25μL of each culture supernatant were analyzed for Aβ-40 or 42 using Aβ human ELISA kit
(Invitrogen). The concentration of Aβ42 is below the detection limit (data not shown).

Blue native polyacrylamide gel electrophoresis (BN-PAGE)
Proteins were extracted by native sample buffer (50 mM BisTris, 6N HCl, 50 mM NaCl,
10% w/v glycerol, 0.001% Ponceau S, 1X complete protease inhibitor, 0.5% w/v digitonin,
PH 7.2), put on ice for 20 minutes, and subject to 11000XG centrifugation for 20 minutes at
4°C. The supernatant was collected and Coomassie G-250 was added to the final
concentration of 0.125% w/v. The samples were run in 3-12% BisTris native PAGE gel
(Invitrogen). Gels were immersed in 0.1% SDS for 10 minutes before transfer and the
transferred PVDF membranes were post-fixed with 8% acetic acid before blocking.

Co-immunoprecipitation (Co-IP)
Cells were lysed and cleared as for BN-PAGE. 1/20 of the cleared total lysate was kept for
loading as the total lysate. Metal-coupled paramagnetic beads (Invitrogen) were used to pull
down hAPH-1 in supernatant for 10 minutes at 4°C. Beads were washed three times in
native sample buffer without protease inhibitor (30X the volume of the initial bead solution)
before elution by 200mM EDTA in 1X SDS sample buffer with reducing agent (Invitrogen)
for SDS- PAGE.

Density measurement and statistical analysis
The average band intensities of each mutant or mock transfection relative to hAPH1aS
transfection were normalized by actin in the SDS PAGE (Fig. 2D) or nonspecific band in
Ps1-loop staining in the BN-PAGE (Fig. 3A, filled arrowhead) for statistical analysis. For
SDS-PAGE, Nct glycosylation served as the index of γ-secretase complex maturation in
Figure 2E. For BN-PAGE, the densities of upper and lower Nct bands were used as the
indicator of γ-secretase holocomplex (Fig. 3E) and Nct/Aph-1 subcomplex (Fig. 3F),
respectively. Statistical analyses were performed by one way analysis of variance (one way
ANOVA) with Dunnett's multiple comparison test.

3. Results
Identification of TMDs of Aph-1 critical for assembly of components of γ-secretase

To determine the functional role of TMDs of Aph-1 in assembly of components of γ-
secretase complex, we mutagenized a series of conserved residues in the transmembrane
helices (TMD1 to TMD6) of human APH-1aS tagged with V5 and 6His at the C-terminus
and assessed their ability to functionally complement the phenotypes of Aph-1 null MEF.
Since the vast majority of the Aph-1 peptide chain (and the majority of the entire γ-secretase
complex) resides within the membrane, we reasoned that intramembrane residues within
Aph-1 are likely to be crucial for its association with the other components of the complex.
Further, we reasoned that the residues within the Aph-1 transmsmembrane domains that are
both highly conserved and ‘unusual’ for a transmembrane α-helix (i.e. charged, hydrophilic,
or helix-breaking residues) are the most likely to be functionally important. For these
reasons, we chose residues P16 (TMD1), W42 and S45 (TMD2, either singly mutated or
combined), Q83, E84, and R87 (TMD3, either singly mutated or combined), G126 (TMD4),
H171 (TMD5), and H197 (TMD6) for mutagenesis. The rationale for the mutation of G126
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was its participation in a conserved GxxxG intramembrane helical interaction motif, which
has since been supported in studies by others (18).

As expected, protein blot analysis showed that wild type (Wt) hAPH-1aS restored the level
of PS1-CTF (Fig. 2B, lanes 2-3), maturation of Nct (Fig. 2A, lanes 2-3), and production of
Aβ-40 (Fig. 2F) in Aph-1 null MEFs, indicating that the epitope-tagged hAPH-1aS could
functionally complement the Aph-1 null phenotype.

Like wt APH-1aS, either single or compound mutations in TMD1 or TMD2 (P16L, W42V,
S45A, and W42V/S45A) of APH-1aS could restore the maturation of γ-secretase in terms of
PS1-CTF cleavage and Nct glycosylation (Figs. 2A-B, lanes 4-6, 15; Fig. 2E), thus
indicating that these residues are not critical for physical interactions between APH-1 and
the other components of the complex or for γ-secretase maturation.

Interestingly, while the single mutations in TMD3 (Q83L, E84V, R85L) were able to
complement both structure and function of γ-secretase (Figs. 2A-B, lanes 10-12; Figs. 2E-
F), however, the compound mutation in TMD3, Q83L;E84V, was defective to restore
maturation of γ-secretase (Figs. 2A-B, lane 13; Fig. 2E, QE vs APH1aS, p<0.05), with only
partial capability to rescue Aβ-40 production (Fig. 2F; QE vs APH1aS or QE vs Mock, both
p<0.05). Importantly, the triple mutation, Q83L;E84V;R85L localized in TMD3, failed to
structurally and functionally rescue the Aph-1 null phenotype (Figs. 2A-B, lane 14; Fig. 2E-
F, QER vs APH1aS, P<0.05), indicating the critical role that these three residues play in
regulating the assembly of components of γ-secretase complex. Similarly, failure to
complement the Aph-1 null phenotype was observed for mutant H197L in TMD6 (Figs. 2A-
B, lane 8; Fig. 2E-F, H197L vs APH1aS, p<0.05) and mutant G126L in TMD4 (Figs. 2A-B,
lane 7; Fig. 2E-F, G126L vs APH1aS, p<0.05). Although, functionally, mutant H171L in
TMD5 exhibited partial rescue (Fig. 2F, H171L vs APH1aS or Mock, both p<0.05),
structurally as determined by the maturation of Nct glycosylation no significant difference
were observed when compared with the mock transfection (Figs. 2A-B, lane 9, Fig. 2E,
H171 vs Mock, p>0.05). Taken together, these results from our mutagenesis analysis of
APH-1aS identified several TMDs in Aph-1 that are critical to facilitate the assembly of the
components of the γ-secretase complex.

TMD4 and TMD5 of Aph-1 are critical determinants for the formation of Nct/Aph-1
subcomplex

Although we have identified several critical TMDs in Aph-1 for subunit assembly of γ-
secretase, the precise role that these TMDs play is not known. To determine at which step in
the subunit assembly of γ-secretase these Aph-1 mutants exert their effects, we assessed the
impact of each of these mutants on their ability to form γ-secretase holo- or subcomplexes.
As compared to controls (Figs. 3A-C, lanes 2), Blue Native-PAGE analysis revealed that
mutants capable of rescuing the Aph-1 null phenotype (Q83L, E84V, R87L) also normalized
the level of γ-secretase holocomplexes (Figs. 3A-C, lanes 3-5; Fig. 3E, Q83L, E84V, or
R87L vs Mock, p<0.05). While mutant QE that partially rescued the Aph-1 null phenotype
could restore the formation of γ-secretase holo-complexes (Figs. 3A 3-C, lane 6; Fig. 3E,
QE vs Mock, p<0.05), mutants (QER, G126L, H171L, and H197L) that failed to
complement the γ-secretase structurally as assessed by Nct glycosylation or PS1-CTF
formation also showed low level of γ -secretase holo-complexes comparable to mock
transfection. (Figs. 3A-C, lanes 7-10; Fig. 3E).

To ascertain the reasons for the inability of these mutants to complement the assembly and
maturation of γ-secretase holo-complexes, we first examined their impact on formation of
Nct/Aph-1 sub-complexes, a critical step of subunit assembly for the maturation of γ-
secretase. Nct staining was used to mark the formation of γ-secretase holocomplex and Nct/
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Aph-1 subcomplex. By staining for APH1aS, an upper band of γ-secretase holocomplex
(hollow arrowhead, Fig. 3D) and a lower band of Nct/Aph-1 subcomplex (arrow, Fig. 3D)
were identified in the blot corresponding to Nct staining, thus verifying the identity of
holocomplex and Nct/Aph-1 subcomplex (Fig. 3C). Blue-native PAGE analysis showed that
the mutants (QER and H197L) that failed to form γ-secretase holocomplexes (Fig. 3C, lanes
7 and 10; Fig. 3E), were capable of forming the Nct/Aph-1 subcomplexes to a similar extent
as that observed for wild-type hAPH-1aS (Fig. 3C lanes 7 and 10; Fig. 3F, QER or H197 vs
Mock, p<0.05), indicating that mutant QER and H197L retained their ability to efficiently
bind Nct. However, mutants G126L and H171L failed to complement the formation of Nct/
Aph-1 subcomplexes (Fig. 3C, lanes 8 and 9; Fig. 3F, G126L or H171L vs APH1aS,
p<0.05), indicating that TMD4 and TMD5 of Aph-1 are critical for facilitating the
interaction with Nct for the formation of Nct/Aph-1 subcomplex.

TMD3 and TMD6 of Aph-1 are important determinants for subunit assembly of Aph-1/Nct
subcomplex with PS/Pen2

Although our demonstration that mutations in TMD4 and TMD5 prevent formation of Nct/
Aph-1 subcomplexes can explain the failure for maturation of γ-secretase holocomplexes,
this did not appear to be applicable for the mutations in TMD3 or TMD6. Since mutants
QER in TMD3 and H197L in TMD6 are competent for formation of Nct/Aph-1
subcomplexes, we speculated that these mutants may affect the next step of the subunit
assembly process, namely the interaction with and processing of PS. To test this notion, we
employed a coimmunoprecipitation approach using the four mutants (QER in TMD3,
G126L in TMD4, H171L in TMD5, and H197L in TMD6) that exhibited significant
impairment in complex assembly as shown by our BN-PAGE analysis. Antisera recognizing
Wt APH-1aS was able to pull down both glycosylated (Figs. 4B-C, arrowhead, lane 1b) and
nonglycosylated (Figs. 4B-C, arrow, lane 1b) Nct, PS1-CTF (Fig. 4A, lane 1b, band CTF),
indicating that Wt hAPH-1 restored the maturation and assembly of γ-secretase
holocomplexes in Aph-1 null cells. Importantly, antisera recognizing APH-1aS mutants in
TMD3 (QER) or TMD6 (H197L), can efficiently pull-down immature, but not mature Nct
(Figs. 4B-C, lanes 2b and 5b), however, they failed to pull-down PS1-CTF (Fig. 4A, lanes
2b and 5b, band CTF), indicating that these mutants interfere with subsequent steps of
maturation of Nct and of complex assembly with PS/Pen2. Since mutations in TMD4
(G126L) and TMD5 (H171L) of Aph-1 severely disrupted its ability to assemble with Nct,
we observed much less efficient pull-downs of Nct using with these mutants (Figs. 4B-C,
lanes 3b and 4b). A small amount of Nct was, neveretheless, co-precipitated with these two
mutants. In the case of the G126L mutant this low level of co-precipitated Nct was purely
immature (unglycosylated), while in the case of H171L the co-precipitated Nct has higher
relatively maturation ratio, albeit reduced in overall amount (compare ratios of mature and
immature Nct in Figs. 4B-C lanes 1b and 4b), indicating that although the H171L mutation
severely impairs the initial association between Aph-1 and Nct, it does not affect subsequent
maturation of the low level of Aph-1/Nct sub-complex that is able to form. This also
explains the partially retained ability of this mutant to complement production of Aβ-40
(Fig. 2F) and the maturation of γ-secretase (Figs. 2A-B, 3A-C). Our results indicate that
while mutants H197L in TMD6 and QER in TMD3 were competent in binding to Nct, the
Nct/Aph-1 subcomplex failed to proceed further to assembly with PS and its subsequent
endoproteolysis, suggesting that TMD3 and TMD6 of Aph-1 play crucial roles in
association of the Aph-1/Nct subcomplex with PS/Pen2.

4. Discussion
Correct assembly of Aph-1 with Nct, PS and Pen2 is essential for γ-secretase activity. Initial
biochemical analysis suggested that Aph-1 interacts with both PS1-CTF and Nct (Fraering,
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et al., 2004;Steiner, et al., 2008). However, except for the GXXXG motif in TMD4 (Lee, et
al., 2004) and histidine residues in TMDs 5 and 6 (Pardossi-Piquard, et al., 2009), the other
critical regions or residues responsible for the subunit assembly of Aph-1 into mature γ-
secretase complex are not known. Through our Aph-1 mutagenesis studies, we have now
identified six residues localized within TMDs 3 to 6 of Aph-1 that are critical for the
assembly of γ-secretase complex.

Previous work has shown the critical role of G122 and G126 in the TMD 4 of Aph-1 for γ-
secretase maturation (Lee, et al., 2004). The GXXXG motif has been implicated in the TMD
interactions of membrane proteins (Lemmon, et al., 1994) (Senes, et al., 2000). We
confirmed that G126L mutation abrogates the formation of Nct/Aph-1 subcomplex, the first
step required for maturation of γ-secretase (Hu and Fortini, 2003). The absence of a
corresponding GXXXG motif in Nct suggests that Nct interacts with Aph-1 by mechanisms
other than through this classical GXXXG homodimer formation (Lee, et al., 2004). It is also
possible that the GXXXG motif is essential for Aph-1 intramolecular interaction to facilitate
recognition of a different Aph-1 TMD by Nct. Although the active γ-secretase complex is
thought most likely to contain only one subunit each of the four essential components (Sato,
et al., 2007), it is possible that Aph-1 could associate with Nct through an accessory factor
by dimerization through the GXXXG motif or possibly by first homodimerizing with a
second APH-1 molecule through GxxxG interactions. This transient assembly could provide
contact surface for Nct or could trigger a conformational change in Aph-1, allowing it to
associate with Nct. The observation that the G126L APH-1 mutant is unable to associate
with Nct and forms this initial sub-complex is consistent with this potential model.

Consistent with findings by Pardossi-Piquard and co-workers, we demonstrated that H171
and H197 have essential, but differential roles in γ-secretase assembly. H171 in TMD5 of
Aph-1 is necessary for assembly with Nct indicates that intact GXXXG in TMD4 of Aph-1
is necessary but not sufficient to form a stable Nct/Aph-1 subcomplex. Alternatively, it is
plausible that the H171 of Aph-1 directly interacts with Nct to form the Nct/
Aph-1subcomplex and that the mutation in TMD5 of Aph-1 greatly reduces the affinity for
Nct. Supporting this view is the observation that TMD5-7 of Aph-1 is sufficient to pull
down Nct (Fortna, et al., 2004). Thus, our data identify two determinants (G126 and H171)
in TMD4 and TMD5 of Aph-1 required for the initial subunit assembly of Nct and Aph-1 to
form the Nct/Aph-1 subcomplex (see our model in Fig. 4G).

Interestingly, our analysis of mutants QER and H197 in TMD3 and TMD6, respectively,
suggests that these TMDs are critical for binding/endoproteolysis of PS (Fig. 4).
Furthermore, single mutants of Q/E/R could still complement assembly/function of γ-
secretase while QE and QER, respectively, showed partial to complete loss in
complementation ability demonstrates these 3 residues act synergistically for interaction
with Nct, probably by forming a hydrophilic binding surface in the membrane. The
requirement for a combination of mutations also explains the absence of disrupting effects in
identical positions (Pardossi-Piquard et al., 2009). The retention of ability to bind Nct also
argues against complete disruption of the protein by the QER triple mutation.

In addition, although QER and H197 mutants predominantly reduce interaction between
Nct/Aph-1 subcomplex and PS, a mild decrease in Aph-1 interaction with Nct observed by
Co-IP (Figs. 4B-C) would suggest that those residues in TMD3 and TMD6 may also have
some involvement in the initial Nct/Aph-1 interaction, albeit clearly less critical than the
role of G126 and H171 in this initial interaction. We cannot discount the possibility,
however, that the somewhat decreased interaction of these mutants with Nct could be due to
steric hindrance by the bulkiness of the leucine residues.
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Taken together, our results support a model in which H171 in TMD5 and G126 in TMD4 of
Aph-1facilitates the formation of the Nct/Aph-1 subcomplex as the first step of γ-secretase
assembly, whereas H197 in TMD6 and Q83/E84/R87 in TMD3 and of Aph-1 are required
for the subsequent steps of γ-secretase maturation including the association of PS with the
Nct/Aph-1 subcomplex and endoproteolysis of PS. Future studies are required to clarify the
exact mechanism whereby the Nct/Aph-1 subcomplex interacts with PS. Based on our
findings, this association may occur at least partially through intramembrane interactions
between Aph/Nct and PS, likely mediated by residues Q83/E84/R87 in TMD3 and/or H197
in TMD6 of Aph-1; extramembranous interactions (e.g. mediated by residues C248/E333/
G339 of Nct ectodomain (Shirotani, et al., 2004a)) may also contribute to this association
(Fig. 4G).
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Fig. 1.
Topology of Aph-1 depicted by Residue-based Diagram Editor (Campagne and Weinstein,
1999;Konvicka, et al., 2000;Skrabanek, et al., 2003). The residues in TMDs targeted for
mutation highlighted in gray.
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Figs. 2A-F.
Protein blot analysis of various hAPH-1aS mutations in complementing structure and
function of γ-secretase. Immortalized Aph-1 deficient cells transiently transfected with
expression plasmids encoding mutant hAPH-1aS and human APP695. Cell extracts were
prepared and subjected to protein blot analysis using antisera specific for: A. Nct;
glycosylated (arrowhead) and nonglycosylated (arrow) Nct; B. PS1-CTF (processed C-
terminal fragment of PS1, arrowhead); C. V5-tagged hAPH-1aS; and D. Actin. E.
Quantification of γ-secretase maturation by Nct glycosylation (panel A, arrowhead; mean
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±SEM). F. Assessment of APP processing as determined by secretion Aβ-40 (mean±SEM).
Conditioned culture media were collected after transfection and analyzed by sandwich
ELISA. * indicates p<0.05.
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Figs. 3A-F.
BN-PAGE analysis of selected mutants on the formation of γ-secretase holocomplex and
Nct/Aph-1 subcomplex. Membrane fractions of Aph-1 deficient cells transfected with
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mutant hAPH-1aS were prepared and subjected to blue native gel analysis using antiserum
recognizing PS1-CTF (A), Pen-2 (B), Nct (C), and transfected hAph-1 (D). Note that PS and
Pen-2 staining showed only holocomplex whereas Nct staining revealed both γ-secretase
holocomplex and Nct/Aph-1 subcomplex. V5 staining showed the corresponding
holocomplex and subcomplex, albeit with high background due to overexpression of
hAPH-1. Hollow arrowhead, holocomplex; arrow, Nct/Aph-1 subcomplex; filled arrowhead,
non-specific band as observed also in loading control; *, faint γ-secretase holocomplex by
H171 complementation. E and F. Quantification (mean±SEM) of γ-secretase holocomplex
(in panel E) and Nct/Aph-1 subcomplex (in panel F) using band intensity of the Nct blot
(panel C). * indicates p<0.05.
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Fig. 4A-G.
Co-IP analysis using WT or mutant 6his-tagged hAPH-1aS. Aph-1 deficient cells
transfected with complex assembly defective Aph-1aS mutants were prepared as for analysis
by BN-PAGE. Lysates, subjected to immunoprecipation and SDS- PAGE, were
immunoblotted for: A. PS1-CTF (arrow); B and C. Nct; Shorter (B) and longer (C) exposure
of Nct blot. Arrowhead, glycosylated Nct; arrow, nonglycosylated Nct; D. hAPH1aS
(arrow); and E. Actin. T, total lysate; P, pulled-down fraction. F. Aph-1 mutations
differentially disrupt steps of γ-secretase maturation. G. Proposed model of domain-specific
functions of Aph-1 in interaction with Nct and Ps/Pen-2.
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