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Background: �-Secretase, which is composed of presenilin and three subunits, is an intramembrane-cleaving protease
related to Alzheimer disease.
Results:Water accessibility of the catalytic pore of presenilin was decreased during assembly of active �-secretase.
Conclusion: Binding of the subunits allosterically contributes to the formation of catalytic pore.
Significance: The �-secretase subunits modulate the structure of presenilin.

�-Secretase is an intramembrane-cleaving protease related to
the etiology of Alzheimer disease. �-Secretase is a membrane
protein complex composed of presenilin (PS) and three indis-
pensable subunits: nicastrin, Aph-1, and Pen-2. PS functions as
a protease subunit forming a hydrophilic catalytic pore struc-
ture within the lipid bilayer. However, it remains unclear how
other subunits are involved in the pore formation. Here, we
show that the hydrophilic pore adoptedwith an open conforma-
tion has already been formed by PS within the immature
�-secretase complex. The binding of the subunits induces the
close proximity between transmembrane domains facing
the catalytic pore.We propose amodel in which the �-secretase
subunits restrict the arrangement of the transmembrane
domains of PS during the formation of the functional structure
of the catalytic pore.

�-Secretase is the responsible enzyme for generation of amy-
loid-� peptide (A�),3 which is the major component of senile
plaques in the brains of patients with Alzheimer disease (1).
Genetic studies revealed that numerous pointmutations in pre-
senilin (PSEN) genes are linked to familial Alzheimer disease.

These mutations affect the �-secretase activity in a way that
increases the generation of A� ending at the 42nd residue (i.e.
A�42), which is themost aggregable species and predominantly
deposited in the brains of Alzheimer disease patients (2, 3).
Genetic and chemical biology approaches revealed that PS, a
ninemembrane-spanning protein, is the catalytic subunit of the
�-secretase (1, 2). Thus, PS/�-secretase is an attractive molec-
ular target for the development of Alzheimer disease therapeu-
tics. �-Secretase belongs to the family of intramembrane-cleav-
ing protease that cleaves transmembrane domains (TMDs) of a
number of membrane proteins. Recent structural analyses
revealed the atomic molecular structures of rhomboid and
site-2 protease, which are the other members of the
intramembrane-cleaving proteases. Both proteases harbor
an intramembranous chamber in which the catalytic resi-
dues are located. This atypical structure enables water to
have access to the catalytic center within the lipid bilayer (4).
However, �-secretase is a membrane protein complex com-
posed of PS and three other subunits: nicastrin (Nct), Aph-1,
and Pen-2 (5, 6). PS interacts with the Nct-Aph-1 subcom-
plex and Pen-2 in the endoplasmic reticulum. PS then under-
goes endoproteolysis to generate N- and C-terminal frag-
ments (NTF and CTF, respectively). Thus, very limited
information regarding the structure of the �-secretase is
available so far as the active form of the enzyme is composed
of five transmembrane protein subunits with 19 TMDs. To
overcome this issue, we have employed chemical biology
approaches, i.e. substituted cysteine accessibility method
(SCAM) and chemical cross-linking experiments coupled
with application of �-secretase inhibitors (7–10). Using
these approaches, we and others have shown that PS, a cat-
alytic subunit of the �-secretase, forms a hydrophilic struc-
ture within the lipid bilayer (7, 11). However, it still remains
unknown whether the other �-secretase subunits contribute
to the formation of the catalytic pore structure in PS during
the �-secretase assembly. Here, we analyzed the structural
differences of the pore of PS1mutants that are unable to bind
with the subunits and found that the binding of the subunits
regulated the structure of the catalytic site.
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EXPERIMENTAL PROCEDURES

Plasmid Construction, Cell Culture, Transfection, Retroviral
Infection, and Baculoviral Infection—For expression in mam-
malian cells, cDNAs encoding human PS1 mutants were
inserted into pMXs-puro (7–10, 12). cDNAs encoding mutant
PS1 were generated by long PCR-based QuikChangeTM strat-
egy (Stratagene). For the expression of �-secretase subunits in
Sf9 cells, PS1 mutants and Aph-1aL-Myc/His were inserted
into pFastBac Dual (Invitrogen). Nct-V5/His and Pen-2 were
inserted into pBlueBac4.5 as described (13, 14).Maintenance of
embryonic fibroblast obtained from PS1/PS2 double knock-out
mice (DKO cells), viral packaging in Plat-E cells, retroviral
infection, and generation of stable infectant pools were per-
formed as described previously (12, 15). �-Secretase complex
was reconstituted in Spodoptera frugiperda Sf9 insect cells as
described previously (13, 14). Briefly, P3 virus stock for each
subunit was simultaneously added to adherent culture of Sf9
cells in a 75-cm2 flask and collected 72 h later.
Antibodies and Immunochemical Analyses—Anti-G1L3 and

PNT3 antibodies against GST-fused human PS1 loop or a syn-
thetic peptide corresponding to the N-terminal 26 amino acids
of human/mouse Pen-2, respectively, have been previously
described (16, 17). Anti-PS1NT antibodywas kindly provided by
Dr. G. Thinakaran (The University of Chicago, Chicago, IL)
(18). Other antibodies were purchased from Chemicon (anti-
PS1 loop (MAB5232)), Covance (anti-Aph-1aL (O2C2)), or
Sigma (anti-Nct (N1660)). Membrane fractionation, immuno-
blot analysis, and immunoprecipitation of CHAPSO-solubi-
lized lysates were performed as described previously (7, 19, 20).
1% digitonin-solubilized cell lysates were analyzed by Blue
Native-PAGE as per the manufacturer’s instructions (10).
Photoaffinity Labeling—31C and 31C-Bpa were kindly pro-

vided by Drs. N. Umezawa and T. Higuchi (Nagoya City Uni-
versity, Nagoya, Japan) (21). pep.11 and pep.11-Bt (22) were
purchased from Ito Life Sciences (Moriya, Japan) and BEX
(Tokyo, Japan), respectively. Photoaffinity labeling was per-
formed as described (12, 23, 24) with minor modifications.
Briefly, membrane fractions were incubated with the indicated
compounds and collected by centrifugation after UV irradia-
tion. The pellets were solubilized by 1%SDSbuffer, and strepta-
vidin-Sepharose (GE Healthcare) was added to the superna-
tants to pull down the biotinylated proteins. Samples were then
analyzed by immunoblotting.
SCAM—Membrane fractions with final protein concentra-

tion at 0.3 mg/ml (DKO cells) or 0.1 mg/ml (Sf9 cells) were
incubated with N-biotinaminoethyl methanethiosulfonate
(MTSEA-biotin) (Toronto Research Chemicals, Toronto, Can-
ada) for 10 min at 37 °C. MTSEA-biotin was dissolved in
dimethyl sulfoxide (DMSO) at 10 mM and stored at �80 °C
until use. Concentration of MTSEA-biotin was shown in each
figure. The reactionwas terminated by centrifugation. The sub-
sequent procedure was done as described (7–10). Briefly, bioti-
nylated PS1 was captured by streptavidin-Sepharose (GE
Healthcare) and eluted by boiling in Laemmli sample buffer
containing 2-mercaptoethanol. Eluate was separated and sub-
jected to immunoblot analysis using anti-PS1 antibodies. To
estimate the SCAM ratio (see below) in a quantitative manner,

we confirmed that each concentration of MTSEA-biotin did
not reach saturation of the reaction.
Cysteine-based Cross-linking—Cross-linking experiment

using 1,2-ethanediyl bismethanethiosulfonate (M2M) (To-
ronto Research Chemicals) was performed as described previ-
ously (7–9). In copper-phenanthroline (Cu-Phe) cross-linking
experiments, membrane fractions were dissolved in 17 mM

Tris-HCl (pH 8.0) buffer containing 1mMCaCl2, 100mMNaCl,
and CompleteTM protease inhibitor mixture (Roche Applied
Science). After the addition of CuSO4 and 1,10-phenanthroline
(final concentration at 3 and 15mM, respectively), sampleswere
incubated for 10 min at 4 °C. Reaction was terminated by the
further addition of sample buffer containing 20mMN-ethylma-
leimide (NEM) and 10mM EDTA and analyzed by immunoblot
analysis.

RESULTS

Analysis of the Subunit Binding-defective PS1 Mutants—
During the assembly of the �-secretase, the subunits sequen-
tially interact with PS to form an enzymatically active complex
(5). Nct forms a subcomplex with Aph-1 and binds to the C
terminus of PS1 (25, 26). Pen-2 directly associates at the WNF
motif in TMD4 of PS to regulate the enzymatic activity (12, 27).
We have previously found that PS1 mutant carrying alanine
substitutions at the WNF motif (WNF mt) failed to interact
with Pen-2. In this study, we also analyzed a PS1 mutant that
lacks the C-terminal 12 amino acid residues (455st mt), the
latter being the binding site for the Nct-Aph-1 subcomplex
(26). We further designed a compound PS1 mutant in which
both regions aremutated (WNF/455mt) (Fig. 1A). Overexpres-
sion of wild-type (wt) PS1 in DKO cells resulted in the genera-
tion of PS fragments and recovered the levels ofmatureNct and
the accumulation of Pen-2, as described previously (Fig. 1B)
(12). However, all PS1 mutants remained as a holoprotein and
failed to restore the maturation of Nct. In addition, neither
WNF nor WNF/455 mt rescued the expression of Pen-2.
Immunoprecipitation analysis revealed thatWNF and 455stmt
failed to bind with Pen-2 and Nct-Aph-1aL, respectively, as
described previously (Fig. 1C). Notably, WNF/455 mt was co-
precipitated with neither of the subunits, indicating that the
PS1 mutants lost the binding ability with specific subunits as
designed. Formation of �-secretase complex as a high molecu-
lar mass complex can be visualized by Blue Native-PAGE using
1% digitonin-solubilized cell lysates (Fig. 1D). In this analysis,
�-secretase complex was detected as an �440-kDa band as
described previously (12).WNFmtwas alsomigrated at�400–
440 kDa as a doublet band, in which Nct and Aph-1aL were
detected. However, consistent with the results of the immuno-
precipitation experiment, no Pen-2 was detected, similarly to
that in mock-transfected cells. The doublet band of this high
molecular mass complex might represent a structural hetero-
geneity in conformation or binding mode to unidentified part-
ner(s). In addition, an additional �120-kDa-band that reacted
only with anti-PS1 antibody appeared. In fact, this 120-kDa
band was detected in all PS1-expressing cell lysates including
WNF/445 mt-expressing cells. Thus, the 120-kDa band might
represent the PS1 holoprotein without binding to known sub-
units. Further analysis would be needed to clarify whether the

�-Secretase Subunits in Catalytic Pore Formation

JULY 27, 2012 • VOLUME 287 • NUMBER 31 JOURNAL OF BIOLOGICAL CHEMISTRY 25835



120-kDa PS1 holoprotein corresponds to the monomeric or
dimeric forms of PS1 or PS1 complexed with unknown part-
ner(s). In lysate of cells expressing 455st mt, PS1-Pen-2 com-
plex was mainly detected as a 160-kDa band. However, the
migration pattern of the 270-kDa band that reacted with anti-
Nct as well as Aph-1aL antibodies was almost similar to that in
mock-infected cells. This is consistent with the finding that
C-terminal deletion mutation in PS1 diminished its binding
with Nct-Aph-1 subcomplex.
To test whether the PS mutants formed an enzymatically

active structure without the subunits, we took the photoaffinity
labeling approach (10, 21). PS1 in an active�-secretase complex
harbors the catalytic and the initial substrate-binding sites,
which are targeted by the transition state analog-type and the
helical peptide-type �-secretase inhibitors, respectively. 31C-
Bpa, a transition state analog-type probe (28), was bound to wt
PS1 NTF as well as CTF (Fig. 2), in agreement with previous
studies (10, 21, 28). In contrast, neither wt PS1 holoprotein nor
the subunit binding-incompetent PS1 mutants specifically

bound to 31C-Bpa. A similar result was obtained using pep.11-
Bt, which targeted exclusively PS1 NTF (10, 22). These results
suggested that association of all subunits is required for the
formation of both catalytic and initial substrate-binding sites in
PS.
Effects of the Subunit Binding on theWater Accessibility to the

Catalytic Pore of PS1—The results of the photoaffinity labeling
experiments prompted us to examine the structural change of
the catalytic pore in PS1 mutants. The catalytic pore structure
within the membrane was assessed by thiol-based chemistry in
SCAM (7, 8). Cys-less PS1 (PS1/Cys(�))-based subunit-bind-
ing mutants (WNF, 455st, WNF/455) also failed to form an
enzymatically active high molecular mass complex (data not
shown).We then constructedmutant PS1/Cys(�) having a sin-
gle cysteine residue at the residues facing the catalytic pore in
PS1CTF (i.e. L383C, I387C, L435C, S438C, L443C, and Y446C)
and examined the water accessibility of the substituted Cys res-
idues by specific labeling using MTSEA-biotin (Fig. 3D). We
also analyzed the residues located at the hydrophilic loop

FIGURE 1. Biochemical analysis of the subunit binding-defective PS1 mutants. A, schematic representation of PS1 mutants used in this study. During the
assembly of the �-secretase, PS1 wild-type (wt) interacts with Nct-Aph-1 subcomplex and Pen-2 followed by endoproteolysis to generate PS1 NTF and CTF.
WNF mt carries triple alanine substitutions at the Pen-2-binding WNF motif on TMD4 and interacts only with the Nct-Aph-1 subcomplex. 455st mt lacks the 12
amino acids of the most C-terminal region, which is the binding site of the Nct-Aph-1 subcomplex, and interacts only with Pen-2. WNF/455 mt harbors a
compound mutation of WNF mt and 455st mt. B, immunoblot analysis of DKO cells stably expressing wt PS1 or PS1 mt (as indicated above the panel). FL,
full-length; mNct, mature Nct; imNct, immature Nct. C, complex formation of PS1 mutants. Immunoprecipitated samples (IPed) with Mab5232 antibody
(anti-PS1 loop) were analyzed by immunoblotting. D, Blue Native-PAGE analysis of cell lysates solubilized with 1% digitonin. Molecular mass and content of the
complex were indicated at the left and right, respectively, of the panel. Antibodies used for detection were G1L3 (anti-PS1 CTF), N1660 (anti-Nct), O2C2
(anti-Aph-1aL), and PNT3 (anti-Pen-2).
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(H351C, A398C) as controls. All cysteine mutants were specif-
ically biotinylated. Intriguingly, in addition to PS1 CTF that
represents the enzymatically active form, PS1 holoprotein was
also labeled by MTSEA-biotin. This suggested that a pore-like
structure has already been formedwith the holoprotein form of
PS1, consistent with the previous finding that PS holoprotein
functions as aCa2� leak channel in endoplasmic reticulum (29).
Moreover, the amount of biotinylated holoprotein was larger

than that of CTF bound to MTSEA-biotin. Different biotinyla-
tion levels in holoprotein and fragment were also observed in
L250C, which directly faces the pore on the NTF (Fig. 3B). We
routinely detected somedegradation bands just under the holo-
proteins (i.e. 40–45-kDa bands) in PS DKO cell lysates due to
overexpression, as shown in Fig. 1B. These bands were also
labeled by MTSEA-biotin. Furthermore, we tested the water
accessibility of Cys-419, which is located in a hydrophobic envi-
ronment and was never biotinylated in wt PS1 CTF. However,
no labeling was observed in C419C holoprotein nor CTF (Fig.
3C). To compare the labeling efficiency in the holoprotein and
the fragment forms of PS1, we defined the SCAM ratio as the
biotinylated PS1 levels divided by the total PS1 levels in the
input fraction (Fig. 4). The SCAM ratio of L383C holoprotein
was 0.92� 0.43. In contrast, the SCAMratio of L383CCTFwas
0.13 � 0.04 (n � 3, mean � S.E., p � 0.05 by Student’s t test),
suggesting that the water accessibility of Leu-383 was signifi-
cantly decreased in CTF. In addition, similar trends were
detected in all mutants except for H351C, in which cysteine is
located at the cytoplasmic hydrophilic loop 6. Notably, the
SCAM ratio of A398C was also decreased in CTF, implicating
the structural change of the loop region connected with TMD7
and TMD8. These results suggested that the microenviron-
ment of the residues facing the catalytic pore as well as Ala-398
was altered in the fragment form of PS1.
Next we analyzed the effects of the subunit binding-incom-

petent mutations on the water accessibility of the residues fac-
ing the pore. The SCAM ratio of L383C in the subunit-binding
mutants was almost comparable with that of wt PS1 holopro-

FIGURE 2. Photoaffinity labeling experiment of PS1 mutants. Microsome
fractions of DKO cells stably expressing PS1 mutant were incubated with 31C-
Bpa or pep.11-Bt in the presence (�) or absence (�) of parent compound 31C
or pep.11, respectively. After 1 h of UV irradiation, samples were lysed with 1%
SDS/PBS and incubated with streptavidin-Sepharose beads. Eluates were
analyzed by immunoblotting using G1L3 (anti-PS1 CTF) (A) and PS1NT (anti-
PS1 NTF) (B). The loaded amount of input was 6.5% relative to labeled fraction.
Note that only PS1 fragments (NTF and CTF), but not PS1 holoprotein, were
specifically labeled by both probes. FL, full-length.

FIGURE 3. SCAM analysis of PS1 mutants. A, schematic representation of residues in PS1 analyzed in this study. The letters in white circles indicate the residues
that are substituted to cysteine. Gray stars denote the catalytic center aspartates. In this preparation, MTSEA-biotin had access to Cys residues from both the
extracellular and the intracellular sides (arrows). B–D, SCAM analysis of PS1 mts carrying Cys substitutions at NTF (B) or CTF (C and D). Minus and Plus denote
samples incubated without or with MTSEA-biotin, respectively. Final concentration of MTSEA-biotin was 6.6 �M for L250C and S438C and 3.3 �M for other Cys
mutants. Biotinylated proteins were precipitated by streptavidin beads, and the entire eluate was analyzed by immunoblotting. The loaded amount of input
was 6.5% relative to labeled fraction. C, labeling to C419C mt by MTSEA-biotin at 0, 10, and 100 �M as denoted above the lanes. PS1 was detected by
immunoblotting using PS1NT (anti-PS1 NTF) (B) and G1L3 (anti-PS1 CTF) (C and D). FL, full-length.
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tein (i.e. WNF, 1.25 � 0.15; 455st, 1.85 � 0.33; WNF/455,
1.57 � 0.25, n � 3–6) (Fig. 4), suggesting that the water acces-
sibility of Leu-383 in holoprotein form was almost the same as
that in the subunit-binding mutants. Similar results were
obtained in all single cysteine PS1 mutants except for H351C.
These results suggested that the complex assembly caused
reduction in water accessibility around the residues facing the
catalytic pore. Notably, the SCAM ratio of Y446C/WNF mt
(0.27 � 0.16) was lower than that of 455st mt (0.72 � 0.11) or
WNF/455 mt (0.71 � 0.10). However, the SCAM ratio of
Y446C CTF was much lower (0.06 � 0.03), raising the possibil-
ity that the water accessibility in Tyr-446 was differently
affected by binding of Nct-Aph-1 or Pen-2. In addition, the
SCAM ratio of L250C/WNF mt (0.56 � 0.09) as well as of
L250C/455st mt (0.73 � 0.23) was significantly lower than that
of L250C/WNF/455 mt (1.78 � 0.40), suggesting that binding
of either of the subunits decreased the water accessibility of
L250C. No subunit-binding mutant carrying C419C mutation
was labeled by MTSEA-biotin, indicating that the subunit-
binding mutations did not alter the general topology and con-
formation of PS1 (Fig. 3C). To examine whether increased
water accessibility reflected themisfolded conformation of PS1
polypeptides, we conducted SCAM analysis after heating the
cell lysates to induce misfolding. However, preincubation at 50
or 70 °C lowered the labeling efficiency of mutant PS1 holopro-
teins (i.e. I387C WNF/455 and L435C WNF/455) (Fig. 5A),

indicating that increased water accessibility was not correlated
with the misfolded conformation of PS1.
Finally, to test whether the changes in the SCAM ratio were

caused by the allosteric effect of WNF or 455st mutation, we
analyzed the recombinant PS1 proteins expressed in Sf9 cells
(13, 14). We previously reported that Sf9 cells do not have
detectable levels of endogenous �-secretase (13). Co-expres-
sion of human PS1, Nct, Aph-1, and Pen-2 in Sf9 cells resulted
in the reconstitution of functional �-secretase complex,
whereas single infection of PS1 did not show any �-secretase
activity (13). PS1 Cys(�) expressed with other subunits was
endoproteolyzed, but neither PS1 holoprotein nor CTF was
labeled by MTSEA-biotin (Fig. 5B). In contrast, both holopro-
tein and CTF of L383C expressed with other subunits were
biotinylated (Fig. 5B). The SCAM ratio of PS1 CTF was lower
(0.31 � 0.05) than that of the holoprotein (1.34 � 0.22) in a
similar fashion to that observed inDKOcells (Fig. 5C). Notably,
the SCAM ratio of L383C infected without other subunits was
retained at a high level (1.52� 0.43) comparablewith that of holo-
protein in L383C with other subunits. This result supports our
view that the change of the water accessibility was induced by the
binding of other subunits, but not by the introduction of the sub-
unit binding-defective mutations. Collectively, these data suggest
that thehydrophilic pore structure inPS1has alreadybeen formed
without binding of the subunits and that the water accessibility of
the pore is reduced by the complex assembly.

FIGURE 4. Quantification of SCAM analysis on PS1 mutants. Quantification of SCAM ratio by densitometric analysis of each band as shown in Fig. 3 was
performed. SCAM ratio was calculated as the ratio of each PS1 polypeptide in MTSEA-biotin (�) to that in the input. *, p � 0.05; **, p � 0.01 (Student’s t test, n �
3– 8, mean � S.E. when compared with that of NTF or CTF (white bar)); #, p � 0.05; ##, p � 0.01 (Student’s t test, n � 3– 8, mean � S.E., sample pairs indicated
by lines). FL, full-length; n.s., not significant.
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Effects of the Subunit Binding to the Proximity betweenTrans-
membrane Domains of PS1—Decreased water accessibility of
the residues within the pore would be caused by the steric hin-
drance by the subunits or the conformational change of TMDs
involved in the formation of the pore. To test the latter possi-
bility, we conducted disulfide cross-linking experiments to
detect the proximity between TMDs using two different
reagents. M2M is a sulfhydryl-to-sulfhydryl MTS cross-linking
reagent with spacer arms of 5.2 Å long (7, 30). Copper and
1,10-phenanthroline (Cu-Phe) acts as a redox catalyst to oxi-
dize free sulfhydryls and form a disulfide bond in cysteines that
can collide (31). We chose a cysteine pair at Leu-250 and Leu-
435 located at the PS1 TMD6 and PALP motif, respectively,
within the catalytic pore (Fig. 6A) (7, 8). UsingM2M, the cross-
linked NTF and CTF were observed in cell lysates expressing
L250C/L435C, as described previously (Fig. 6B) (8). Moreover,
Cu-Phe treatment resulted in an appearance of the NTF/CTF
heterodimer, which was abolished by pretreatment with NEM.

In fact, a small amount of NTF/CTF heterodimer, which was
abolished by NEM pretreatment, was observed in the lysate
without any cross-linking reagent. The mobilities of cross-
linked products were slightly distinct, presumably due to differ-
ence in the structural flexibility of NTF/CTF heterodimer by
M2M and Cu-Phe treatments. In contrast, no cross-linked
product was observed in cell lysates expressing the single cys-
teine mutant (i.e. L250C and L435C) (Fig. 6C), indicating that
Leu-250 and Leu-435 are located in a close proximitywithin the
pore. Next we tested the effect of the subunit-binding muta-
tions. Notably, no PS1 mutant was cross-linked by Cu-Phe
treatment, whereas these mutants were cross-linked by M2M
(Fig. 6D). Finally, to examine the effect of the endoproteolysis of
PS1 on the proximity of these residues, we tested the M292D
mutation, which is known to block endoproteolysis without
affecting the complex formation and the enzymatic activity of
the �-secretase (32). Again, a cross-linked product of L250C/
L435Cwith theM292Dmutationwas observed by bothCu-Phe
and M2M treatment similarly to that in PS1/Cys(�) (Fig. 6E).
This result suggested that the formation of an enzymatically
active complex, but not the endoproteolysis, is the prerequisite
to maintain the close proximity of Leu-250 and Leu-435 within
the pore. These data suggest that the hydrophilic pore structure
of PS1 has already been formed prior to binding of any subunits
and that the subunit binding is correlated with the reduction of
the water accessibility as well as the formation of the catalytic
structure of the pore.

DISCUSSION

In this study, we analyzed the effects of the �-secretase
subunits on the structure of PS1 using chemical biology
approaches. SCAManalysis revealed thatwater-accessible pore
structure has already been formed by PS1 alone, the latter being
an enzymatically inactive form (Fig. 3). Importantly, an
increased SCAM ratio was observed in both the subunit bind-
ing-defective mutant PS1 as well as recombinant PS1 holopro-
tein singly expressedwithout other subunits. These results sug-
gest that the binding of the subunits renders the pore structure
narrower to form an enzymatically active catalytic site within
the pore. Supporting this notion, Fluorescence-lifetime imag-
ing microscopic analysis revealed that the interaction with dif-
ferent isoforms of Aph-1 or mutant Pen-2 affected the distance
between PS1 NTF and CTF (33, 34). To date, several different
functions of the �-secretase subunits have been suggested:
activity modulation, substrate recognition, trafficking, and sta-
bilization of the enzyme (35). Here, our data suggest that in
addition to these known functions, the subunits harbor a “chap-
erone”-like function acting on the arrangement of TMDs of PS
during the assembly of the complex. Several ion or protein
channels form a membrane protein complex containing auxil-
iary subunits. In SecYEG complex, a translocon in bacteria,
SecY is a pore-forming subunit (36). SecE, which partly partic-
ipates in the pore structure, is required for the stabilization of
SecY. SecG is not essential for protein translocation, but stim-
ulates preprotein translocation. X-ray crystallographic analysis
revealed that the transmembrane segment of SecE embraces
the SecY subunit as a clamp (37). Moreover, the function of
voltage-dependent K� channels is regulated by voltage-gated

FIGURE 5. SCAM analysis of misfolded PS1 and recombinant PS1. A, tem-
perature-dependent changes in labeling efficiency. Membrane fractions
were incubated at the indicated temperatures for 10 min before SCAM anal-
ysis using MTSEA-biotin (3.3 �M, 10 min at 37 °C). G1L3 (anti-PS1 CTF) was
used to immunodetection. FL, full-length. B, SCAM analysis of reconstituted
�-secretase in Sf9 cells. � N/A/P indicates co-infection of Nct-V5/His, Aph-1aL-
Myc/His, and Pen-2. Final concentration of MTSEA-biotin was 3.3 �M. The
loaded amount of input was 6.5% relative to the labeled fraction. C, quantifi-
cation of the SCAM ratio in B. PS1 was detected by immunoblotting using
G1L3 (anti-PS1 CTF) *, p � 0.05; **, p � 0.01 (Student’s t test, n � 3– 8, mean �
S.E. when compared with that of CTF (white bar)).
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potassium channel-interacting protein (KChIP) subunits (20,
38). Structural study indicated that the binding of voltage-gated
potassium channel-interacting protein affected the gating
kinetics as well as the stability of the pore-forming �-subunit of
the channel (39). These data suggest that the auxiliary subunits
harbor chaperone-like activity to affect the structure of the
water-filled cavity within the membrane of the functional sub-
unit in these channel structures. Importantly, we found that
some residues in PS1 were differently affected by the binding of
distinct subunits, whereas the hydrophilicity of residues around
the pore was similarly affected in all mutants tested. The bioti-
nylation of Y446C was significantly decreased only in theWNF
mutant PS1, which can interact with Nct-Aph-1 (Fig. 4E). This
result is consistent with the finding that Nct-Aph-1 interacts
with PS1 CTF (25, 26, 40). Intriguingly, it has been shown that a
point mutation at TMD9 rendered PS1 enzymatically active
without binding to Nct (41). These results support our notion
that the structure of TMD9 was affected by binding of the Nct-
Aph-1 subcomplex. In addition, we found that the water acces-
sibility of L250C was slightly decreased either inWNF or 455st
mt when compared with that in the compound mt PS1. How-
ever, the SCAMratios of thesemutantswere higher than that in
L250C NTF. This suggests that the binding of Pen-2 directly to
theTMD4within PS1NTF (12) affected the structure of TMD6

inNTF. In accordancewith these results, it has been shown that
recombinant Pen-2 activated the PS1 holoprotein in a proteo-
liposome preparation (42), suggesting that Pen-2 directly mod-
ulates the structure of the catalytic structure of PS1. In contrast,
no direct interaction between NTF and Nct-Aph-1 has so far
been reported. Thus, the reduction of the SCAMratio of L250C
NTF in the WNF mt background would reflect the steric hin-
drance induced by structural changes within CTF. Neverthe-
less, these data support the notion that the pore-like structure
around the catalytic center formed by PS1 TMDs is closely reg-
ulated by the �-secretase subunits (Fig. 7).

FIGURE 6. Cross-linking analysis of PS1 mutants. A, schematic representation of Leu-250 and Leu-435 in PS1. The letters in white circles with thicker line
indicate the residues that are substituted to cysteine. Gray stars denote the catalytic center aspartates. In this preparation, MTSEA-biotin had access to Cys
residues from both the extracellular and the intracellular sides. B, chemical cross-linking of PS1/Cys(�) mutant carrying L250C/L435C mutations. Microsome
fractions of DKO cells stably expressing PS1 mt were treated with Cu-Phe or M2M at 4 °C and analyzed by immunoblotting. The lower panel shows the result
using samples pretreated with NEM (NEM pretreat). Black arrowheads and arrows denote PS1 holoprotein and fragments, respectively. White arrowheads
indicate cross-linked NTF/CTF heterodimer. NEM pretreatment significantly reduced the amount of cross-linked products. FL, full-length. C, cross-linking
experiment using PS1/Cys(�) with single cysteine substitution. D, cross-linking experiment of WNF, 455st, and WNF/455 mt carrying L250C/L435C substitu-
tions. The lower panels show the results using NEM-pretreated lysates. Note that cross-linked PS1 mutants were detected only in M2M-treated samples in these
mutants. E, chemical cross-linking of M292D mutant carrying L250C/L435C. PS1 was detected by immunoblotting with PS1NT (anti-PS1 NTF) (B) and G1L3
(anti-PS1 CTF) (B–E).

FIGURE 7. Proposed model for the formation of the catalytic pore of PS1.
A, PS1 TMDs are shown as columns with numbers. Without any subunits, PS
forms a relatively open pore structure within the membrane. B, upon the
binding of subunits, the catalytic structure is activated by the structural
changes in PS TMDs, and the PALP motif moves to the proximity to the cata-
lytic center.
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Structural regulation of the disordered catalytic site in zymo-
gen is an essential activation mechanism in several proteases
such as trypsin, caspase, and calpain (43–45).Our cross-linking
data suggest that the distance between Leu-250 and Leu-435 of
PS1, which are located in proximity to the catalytic aspartates
(7, 8), is altered by the assembly leading to the activation of the
enzyme. Leu-250 on TMD6 is a highly conserved residue
beyond species and functions as a subsite of the catalytic struc-
ture. Helical alignment of TMD6 suggests that Leu-250 locates
on the same interface as Ala-246 and Asp-257 on the pore-
facing�-helix. Leu-435 is a part of PALPmotif in TMD9, which
also participates in the formation of the catalytic site (46, 47).
Intriguingly, NMR analysis revealed that TMD9 is a highly flex-
ible domain in PS1 CTF (48). Thus, we propose a model in
which PALP motif at the cytoplasmic side of TMD9 moves up

to be located in proximity with the catalytic aspartates by the
binding of PS1 to the subunits (Fig. 7). This structural arrange-
ment of the catalytic site is highly reminiscent of themovement
of the plug structure in SecY by SecE interaction (37). Intrigu-
ingly, classical proteases are activated by cleavage of their
prodomain after acquiring the functionally active conforma-
tion. In this regard, it is tempting to speculate that the hydro-
philic loop region of PS could represent an autoinhibitory
domain of the �-secretase (49, 50). However, endoproteolytic
cleavage at the loop is dispensable for the activation of PS (32),
supporting our notion that the allosteric changes of the struc-
ture of the catalytic pore by the subunit binding are critical for
the acquisition of the proteolytic activity. Recently, crystallo-
graphic structural analysis of the first GxGD-type membrane
protease FlaK has been reported (51). Notably, the catalytic

FIGURE 8. Modified FlaK structural model replaced with the corresponding residues of PS1. A, sequence alignment of Homo sapiens PS1 (hPS1) and
Methanococcus maripaludis C6 FlaK around the catalytic and PALP motifs by ClustalW. The numbers of colored residues in PS1 and FlaK are shown above
and below sequences, respectively. Asterisks, colons, and periods denote identical, conserved, and semiconserved residues in ClustalW. B, modified structural
model of FlaK (Protein Data Bank (PDB) 3S0X) viewed from the cytosol (46). Colored residues were replaced with the corresponding amino acid residues in PS1
sequence (A) using PyMOL. The highlighted residues are shown as spheres, and other residues are shown as gray ribbons and sticks. C, closer view surface
presentation around the catalytic site of the model.
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aspartates sit in distant locations within the open cavity. Con-
sidering the predicted catalytic mechanism of the aspartic pro-
tease, these aspartates should locate in proximity to each resi-
due in an enzymatically active conformation.We compared the
location of the residues in FlaK structure with that correspond-
ing to the analyzed residues in our study (Fig. 8). Essentially,
almost all tested residues seemed to face a single cavity where
the catalytic aspartates reside. Thus, our results suggested that
the conformation with the open cavity could be a common
inactive structure ofGxGD-type protease. Structural analysis of
the active form of FlaK with transition state analog-type inhib-
itor would provide further structural information. In conclu-
sion, we propose the first detailed structural rearrangement in
TMDs of PS1 induced by binding of the �-secretase subunits
during the assembly of the�-secretase complex. This result also
raised the possible chaperone-like function of the subunits dur-
ing the assembly as well as the activation of �-secretase com-
plex. Further structural analyses (i.e. x-ray crystallography,
NMR, molecular dynamics simulation) would pave the way to
deeper understanding of the functions of the subunits as well as
the structural changes in PS1 in the activation process of the
�-secretase complex.
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