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Several single-span membrane proteins are cleaved within their transmembrane domains (TMDs) by intramembrane-cleaving pro-
teases, although the structure of the active site executing intramembrane cleavage remains unknown. Here we use the substituted
cysteine accessibility method to examine the structure of presenilin-1, a catalytic subunit of �-secretase, involved in amyloid � protein
generation in Alzheimer’s disease and Notch signaling. We show that TMD6 and TMD7 of presenilin-1 contribute to the formation of a
hydrophilic pore within the membrane. Residues at the luminal portion of TMD6 are predicted to form a subsite for substrate or inhibitor
binding on the �-helix facing a hydrophilic milieu, whereas those around the GxGD catalytic motif within TMD7 are highly water
accessible, suggesting formation of a hydrophilic structure within the pore. Collectively, our data suggest that the active site of �-secretase
resides in a catalytic pore filled with water within the lipid bilayer and is tapered around the catalytic aspartates.
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Introduction
Proteases hydrolyze peptide bonds using ionized water. Thus,
catalytic domains of proteases are usually located within an aque-
ous compartment. Recently, however, a body of evidence high-
lights a novel group of polytopic membrane proteases with an
active site buried within the membrane (Wolfe, 2006). Biochem-
ical and cell biological analyses revealed that these polytopic pro-
teins are directly responsible for intramembrane proteolysis, an
atypical mode of cleavage occurring to scissile bonds located
within the lipid bilayer. Thus, these enzymes are designated
intramembrane-cleaving proteases (I-CLiPs), although the mo-
lecular mechanism of this unusual proteolytic process remains
unknown.

�-Secretase is an atypical aspartic protease that belongs to the
I-CLiP family and cleaves a set of type-1 single-span membrane
proteins, including the �-amyloid precursor protein (APP), to
form amyloid-� peptides (A�) in Alzheimer’s disease (Tomita
and Iwatsubo, 2006). Genetic and biochemical analyses revealed

that �-secretase is a high-molecular-weight membrane protein
complex comprising presenilin (PS), nicastrin (Nct), Aph-1, and
Pen-2. PS1 and PS2, the catalytic subunits of the �-secretase com-
plex, undergo endoproteolysis to generate an N-terminal frag-
ment (NTF) and a C-terminal fragment (CTF) that harbor YD
and GxGD conserved catalytic motifs within the sixth and eighth
hydrophobic region (HR), respectively (Haass and Steiner,
2002). Overexpression of these four protein components recon-
stitutes a functional �-secretase complex with proteolytic activity
(Takasugi et al., 2003). Because of the nature of this high-
molecular-weight membrane protein complex, conventional
structural analysis of this atypical protease has not been feasible.
Recently, a glimpse into the structure of the �-secretase complex
was obtained by single-particle analysis (Lazarov et al., 2006;
Ogura et al., 2006). However, because of the lack of structural
information at an amino acid level, these structures were not
helpful in deciphering the molecular mechanism that underlies
the ability of lipid-soluble �-secretase to execute peptide bond
hydrolysis.

Understanding the structures of HR6 and HR8, especially in
their active states, is crucial for the development of novel
�-secretase inhibitors based on the molecular mechanism. Here
we applied the substituted cysteine accessibility method (SCAM)
to human PS1. SCAM has originally been used to identify the
pore-lining residues of complex multipass membrane proteins
defined by the accessibility of covalent modification by sulfhydryl
reagents to cysteine residues (Karlin and Akabas, 1998; Seal et al.,
1998; Kaback et al., 2001). We systematically substituted a single
cysteine at every residue in HR6 and HR8 of PS1 and analyzed the
accessibility of a membrane-impermeable sulfhydryl reagent,
methanethiosulfonate ethylammonium (MTSEA)-biotin. To
complement this approach, we performed competition assays
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using charged derivatives of methanethio-
sulfonate (MTS) reagent and specific
�-secretase inhibitors, and a cross-linking
experiment using MTS cross-linkers. Here
we propose the structure of the intramem-
branous catalytic pore of active �-secretase
as follows: HR6 and HR8 of PS1 penetrate
the lipid bilayer as transmembrane do-
mains (TMDs) directly facing a catalytic
pore with a funnel-like structure and are
involved in intramembrane proteolysis as
subsites.

Materials and Methods
Materials and immunological methods. G1L3
and PNT3 antibodies, which recognize human
PS1 loop and Pen-2, respectively, were de-
scribed previously (Tomita et al., 1999; Hayashi
et al., 2004). Anti-PS1NT and PS-C3 (anti-PS1
CTF) were kindly provided by Drs. G. Thinaka-
ran (University of Chicago, Chicago, IL) and A.
Takashima (RIKEN, Saitama, Japan), respec-
tively. Other antibodies included anti-PS1 loop
(MAB5232; Millipore, Bedford, MA), anti-
Aph-1aL (O2C2; Covance, Princeton, NJ), and
anti-Nct (N-19; Santa Cruz Biotechnology, Santa
Cruz, CA). N-[N-(3,5-difluorophenacetyl)-L-
alanyl]-S-phenylglycine t-butyl ester (DAPT)
was synthesized as described previously (Kan et
al., 2003). L-685,458 (Li et al., 2000) and pep-
tide 15 (pep15) (Das et al., 2003) were pur-
chased from Bachem (Torrance, CA) and Ito Life Sciences (Moriya, Ja-
pan), respectively. All MTS reagents (Toronto Research Chemicals,
Toronto, Ontario, Canada) were dissolved in DMSO at 200 mM and
stored at �80°C until use. Immunoblot analysis, immunoprecipitation of
3-[(3-cholamidopropyl)dimethylammonio]-2-hydroxy-1-propanesulfonate
solubilized lysates, and quantitation of A� by two-site ELISAs were per-
formed as described previously (Tomita et al., 1997; Takasugi et al., 2003;
Hayashi et al., 2004; Watanabe et al., 2005; Morohashi et al., 2006).

Plasmid construction, cell culture, transfection, and retroviral infection.
cDNAs encoding PS1 and APP carrying the Swedish mutation (APPNL)
were inserted into pLPCX (Clontech, Palo Alto, CA) or pMXs-puro as
described previously (Watanabe et al., 2005). cDNAs encoding PS1/
Cys(�) and single- or double-Cys mutant (mt) PS1 were generated using
the long PCR-based protocol. All constructs were sequenced using Ther-
moSequenase (USB Corporation, Cleveland, OH) on an automated se-
quencer (Li-Cor, Lincoln, NE). Maintenance of Psen1/Psen2 double-
knock-out (DKO) cells, retroviral infection, and stable infectant
generation were done as described previously (Watanabe et al., 2005).

Intact cell biotinylation. Stable DKO cells were grown in 6-well plates.
After washing with ice-cold PBS, cells were incubated with 1 mM

MTSEA-biotin in PBS for 30 min at 4°C. Excess reagents were removed
by washing twice with PBS. Labeled cells were lysed in 1% SDS/PBS for
3 h, and solubilized supernatants were incubated with streptavidin–
Sepharose (GE Healthcare, Piscataway, NJ) overnight. Biotinylated pro-
teins were washed five times with 1% SDS/PBS, eluted by boiling in
sample buffer, and analyzed by immunoblotting. For competition anal-
yses using MTS reagents (2 mM) or inhibitors (1 �M for L-685,458 and
pep15, 10 �M for DAPT), cells were preincubated with chemicals for 30
min and subjected to biotinylation by MTSEA-biotin.

Microsomal preparation and biotinylation/cross-linking experiments.
Microsomal preparation was performed as described previously (Moro-
hashi et al., 2006), with some modifications. Stable DKO cells expressing
cysteine mutant PS1 were grown on two 15 cm dishes per single analysis.
Cells were scraped into PBS and resuspended in 2 ml of homogenization
buffer [10 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, Complete
protease inhibitor cocktail (Roche Biochemicals, Indianapolis, IN)].
Cells were disrupted using a polytron homogenizer (Hitachi, Tokyo,

Japan), and nuclei and large cell debris were pelleted by centrifugation at
1500 � g for 10 min. The postnuclear supernatants were centrifuged, the
resultant microsomal pellets were resuspended in 0.2 ml of PBS in a
syringe, and 1 mM MTSEA-biotin was added to this fraction. After a 30
min incubation at 4°C, microsomes were centrifuged twice to wash out
free MTSEA-biotin. The resultant pellets were resuspended in 1% SDS/
PBS, incubated with streptavidin–Sepharose overnight, and analyzed as
in the intact cell biotinylation experiment. For cross-linking experi-
ments, resuspended microsomes were incubated with MTS cross-linkers
(2 mM) for 2 h at room temperature and directly subjected to immuno-
blot analysis.

Results
Cysteine mutant PS1 expressed in DKO cells fulfills the
requirements for the structural analysis by SCAM
We constructed PS1 lacking cysteine [PS1/Cys(�)], in which five
endogenous cysteines (Fig. 1) were replaced with serines and sta-
bly expressed in embryonic fibroblasts derived from Psen1/Psen2
DKO mice (Herreman et al., 2000). PS1/Cys(�) was endopro-
teolyzed and restored the maturation of Nct and the level of
Pen-2 in a manner similar to wild-type PS1 (Fig. 2A). Coimmu-
noprecipitation analysis revealed that the PS1/Cys(�) fragments
interacted with other �-secretase components (data not shown).
Moreover, overexpression of PS1/Cys(�) in DKO cells express-
ing APPNL rescued A� secretion, accompanied by a slight in-
crease in the A�42/A�40 ratio (Fig. 2B). Thus, all cysteines in the
PS1 polypeptide are dispensable for the intramembrane cleaving
activity.

To ascertain the reliability of SCAM on PS1, we then intro-
duced a single cysteine into PS1/Cys(�) (single-Cys mt PS1) at
several positions where the topology has been extensively studied
by multiple methods (cytosolic location, S9C and H351C; lumi-
nal location, I114C and A192C; TMD location, S141C and
S230C) (Fig. 1) (Doan et al., 1996; Li and Greenwald, 1996, 1998;
Laudon et al., 2005). All of the single-Cys mt PS1 were active in

Figure 1. Locations of the PS1 cysteine mutations used in this study. A schematic depiction of human PS1 based on a 9 TMD
topology is shown. Catalytic aspartates are shown by yellow stars. Endogenous cysteines replaced with serine in PS1/Cys(�) are
indicated by black circles. Amino acid residues substituted to cysteines are shown by a circle with a single-letter character
representing the original amino acid. Mutated cysteines that retained �-secretase activity and thus were analyzed as controls are
indicated as green circles. Single-Cys mt PS1 in HR6 and HR8 analyzed in this study are indicated by purple and pink circles,
respectively. Cysteine substitutions that resulted in a loss of �-secretase activity are indicated by gray circles.
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terms of complex assembly, and all could reconstitute proteolytic
activity in DKO cells (Fig. 2A,B and data not shown). To analyze
the water accessibility of the cysteine residues from the cell exte-
rior, we labeled the surface of intact DKO cells expressing single-
Cys mt PS1 with a membrane-impermeable reagent, MTSEA-
biotin. MTS reagents react specifically and rapidly with the
sulfhydryl group of cysteine in an aqueous environment (Roberts
et al., 1986). MTSEA-biotin is impermeable to the plasma mem-
brane, and it has been used for the topological analysis of chan-
nels and transporters that are expressed on the plasma membrane
(Karlin and Akabas, 1998; Seal et al., 1998; Kaback et al., 2001).
Biotinylated proteins were collected by precipitation using
streptavidin beads after solubilization in SDS, a procedure
that disrupts the �-secretase complex. PS1/Cys(�) was never
recovered in precipitated fractions. However, I114C (Fig. 2C)
and A192C (see Fig. 5) were biotinylated, as predicted for

residues residing within the extracellu-
lar, hydrophilic loop (HL). None of the
other single-Cys mt PS1 studied here
was biotinylated, indicating that no cys-
teine residues at the cytosolic side or
within the TMD are accessible from the
extracellular side using this protocol.

To examine whether the cysteine resi-
dues are accessible from the cytosolic side,
we prepared membrane microsomes and
subjected them to biotinylation by
MTSEA-biotin, followed by a pull-down
analysis (Fig. 2C). Cysteine substitutions
at the residue located at the predicted cy-
tosolic region (i.e., S9C at the N terminus
and H351C in HL6) were now labeled with
MTSEA-biotin, as predicted for residues
facing the cytosol and exposed to the hy-
drophilic milieu. In addition, the extracel-
lular I114C was also labeled by MTSEA-
biotin. This reflects the topology of
membrane fractions (i.e., right-side-out,
inside-out, or disrupted vesicles), which
depends primarily on experimental condi-
tions (Steck et al., 1970). Because all of the
cysteine residues accessible from the cell
surface were also biotinylated in our mi-
crosomal preparations (Figs. 2– 4), the mi-
crosomes prepared by our protocol con-
tained both right-side-out and inside-out
membrane orientations. Notably, cysteine
residues at S141 (Fig. 2) and S230 (data
not shown) were inaccessible to MTSEA-
biotin from either the cell surface or in the
microsome preparation, indicating that
these cysteine residues were embedded in
the lipid bilayer.

To evaluate the accessibility of the cys-
teine residues, we next examined the effect
of other membrane-impermeable MTS
derivatives, such as the negatively charged
2-sulfonatoethyl methanethiosulfonate
(MTSES) and the bulkier, positively
charged 2-(trimethylammonium)-ethyl
methanethiosulfonate (MTSET). The
bulkiness and/or the charge of MTSES and
MTSET prevent them from penetrating

into narrow hydrophilic spaces because of physical and/or ionic
barriers (Akabas et al., 1994; Kuner et al., 1996; Seal and Amara,
1998; Wilson and Karlin, 1998; Seal et al., 2000). Thus, if MTSEA-
biotin binding is abolished by preincubation with MTSES or MT-
SET, we will infer that the cysteine residue was located in an open
hydrophilic environment. In contrast, cysteine residues facing an
aqueous but restricted environment, be it because of charge or
location in an aqueous pocket within the lipid bilayer, will still be
available for MTSEA-biotin in the presence of MTSES or MT-
SET. Differences in the competition profile by MTSES and MT-
SET may sometimes reflect differences in the ionic environment
surrounding the cysteine residues (Seal and Amara, 1998; Wilson
and Karlin, 1998). As evidence that this strategy works, we ob-
served that the biotinylation of residues located in an accessible
hydrophilic environment (I114C and H351C) was reduced by
preincubation with MTSES or MTSET (Fig. 2D).

Figure 2. SCAM analysis of single-Cys mt PS1 at representative positions. A, Western blot analysis of single-Cys mt PS1 stably
expressed in DKO cells. Endoproteolysis of PS1 and restoration of the expression of mature glycosylated Nct and Pen-2 in all
single-Cys mt PS1 are shown. B, Effect of single-Cys mt PS1 on A� levels secreted from DKO cells coexpressing APPNL. Error bars
indicate mean � SE (n � 3). C, Biotin-labeling experiment using MTSEA-biotin in intact cells (left) and microsomes (right). D,
Labeling competition by preincubation with MTSES and MTSET. MEF, Mouse embryonic fibroblast; wt, wild type.

Figure 3. SCAM analysis of single-Cys mt PS1 in HR6. A, Biotin-labeling experiment using MTSEA-biotin in intact cells (top) and
microsomes (middle). The amount of PS1 NTF in the input fraction is shown in the bottom panel. B, Labeling competition by MTSES
and MTSET.
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SCAM analysis of HR6 of PS1
Most of the previous computational predictions indicated that
HR6, which harbors the catalytic aspartate 257, spans the mem-
brane as TMD6. To verify whether HR6 penetrates the mem-
brane as a TMD and faces a hydrophilic milieu, we generated
single-Cys mt PS1 at 24 amino acid residues in and around HR6
(L241-R269). Some cysteine substitutions abolished the expres-
sion of PS1 polypeptides or eliminated �-secretase activity (i.e.,
L241C, T245C, V252C, D257C, V261C, P264C, L268C, R269C).
Because we could not rule out the possibility that a significant
structural change around the catalytic site caused PS1 to lose
activity, these mutants were excluded from additional analyses
(supplemental Fig. 1A, available at www.jneurosci.org as supple-
mental material). SCAM analysis of the remaining HR6 mutants
in intact DKO cells revealed a strong biotin labeling of A246C and
L250C, whereas no other single-Cys mt PS1 were labeled (Fig.
3A), suggesting that residues A246 and L250 are accessible from
the extracellular space. However, neither MTSES nor MTSET
diminished the labeling of A246C and L250C, suggesting that in
contrast to I114C, these residues were located within a hydro-
philic but narrow space inaccessible to the charged MTS reagents
(Fig. 3B). We next examined the microsome labeling of single-
Cys mt PS1. In addition to A246C and L250C, A260C was labeled
by MTSEA-biotin (Fig. 3A) even after preincubation with
MTSES or MTSET in microsomal preparation (Fig. 3B). No
other HR6 mutants were biotinylated by MTSEA-biotin, suggest-
ing that other than A260, all residues within the cytosolic half of
HR6 are completely inaccessible. Moreover, the inability to bio-
tinylate A260C from the exterior of the cell supports the view that
the luminal part of HR6 is exposed to a hydrophilic environment
tapered at the midportion like a funnel.

SCAM analysis of HR8 of PS1
Because of the relatively weak hydrophobicity of HR8, the topol-
ogy and geometry of PS1 “TMD7,” wherein the catalytic aspartate
D385 resides, remain controversial. To obtain information about
the hydrophilicity of HR8 when incorporated in an active
�-secretase complex, we generated single-Cys mt PS1 at 29 con-
secutive amino acid residues in and around HR8 (R377-T406).
Again, some mutants (i.e., G382C, G384C, D385C, G394C,
G402C, D403C, and W404C) lost protein expression or activity
and thus were excluded from additional analysis (supplemental
Fig. 1B, available at www.jneurosci.org as supplemental mate-
rial). Labeling experiments using intact cells revealed that con-
secutive amino acid residues from K395 to S401, and T406, were
reactive with MTSEA-biotin (Fig. 4A). The labeling of all these
residues was inhibited by preincubation with MTSES or MTSET,
suggesting that this entire region resides in a hydrophilic environ-
ment accessible from the extracellular side (HL7) (Fig. 4B).
Given that H351 locates to the cytosolic side (Fig. 2C), it is highly
likely that PS1 HR8 spans the membrane as TMD7 within the
active �-secretase complex. However, unlike TMD6, residues at
the luminal half of TMD7 were not labeled, suggesting that these
residues do not face the water-accessible milieu. Notably, I387C
was strongly biotinylated from the extracellular side, and neither
MTSES nor MTSET diminished its labeling by MTSEA-biotin
(Fig. 4B). This suggests that I387 faces a hydrophilic crevice con-
nected to the extracellular side.

We next prepared microsome fractions from DKO cells ex-
pressing single-Cys mt PS1 of HR8 and subjected them to labeling
experiments (Fig. 4A). Consistent with the previous results, res-
idues K395 through S401, which were predicted to represent HL7
by intact cell labeling, were biotinylated, whereas the accessibility
of some residues were different from those observed by intact cell
labeling. Again, I387C was labeled, showing that I387 sits in an
aqueous environment. Unexpectedly, all single-Cys mt PS1 from
R377 to L381 and L383 were clearly biotinylated, suggesting that
the cytosolic side of HR8 forms a highly water-accessible struc-
ture, unlike ordinary �-helical TMDs facing a pore. In contrast,
consecutive residues at the putative luminal side of HR8 (F388 to
V393) were not labeled, consistent with the results from intact
cell labeling (Fig. 4A). All residues of HR8 were clearly labeled in
1% SDS-solubilized membrane fractions, supporting the view
that the luminal side of TMD7 does not directly face a hydrophilic
space within the membrane that is accessible to MTSEA-biotin
(supplemental Fig. 2, available at www.jneurosci.org as supple-
mental material). Preincubation with MTSES or MTSET dimin-
ished the labeling of R377C and G378C similarly to H351C, sug-
gesting that these residues sit in a hydrophilic environment with
unlimited water accessibility (Fig. 4C). However, the biotinyla-
tion of V379C, L381C, L383C, and I387C was not decreased by
preincubation with the charged MTS derivatives. Thus, the cyto-
solic side of HR8 seems to reside within a hydrophilic pore, which
is inaccessible from the extracellular side. Together with the re-
sults on TMD6, these data support the view that the water-
accessible space around the catalytic aspartates is narrowed like a
funnel. Moreover, SCAM analysis revealed that PS1 HR8 spans
the lipid bilayer forming an unusual TMD7: a portion of the
luminal half of TMD7 around the catalytic aspartate participates
in the formation of a hydrophilic pore, whereas access of
MTSEA-biotin across the channel to the cytosolic side of TMD7
is not permitted. In contrast, the cytosolic half of TMD7, includ-
ing the catalytic site with the conserved GxGD motif, is highly
hydrophilic within the catalytic pore.

Figure 4. SCAM analysis of single-Cys mt PS1 around HR8. A, Biotin-labeling experiment
using MTSEA-biotin in intact cells (top) and microsomes (middle). The amount of PS1 CTF in the
input fraction is shown in the bottom panel. B, C, Biotin labeling of single-Cys mt PS1 around
HR8 was performed after preincubation with MTSES or MTSET in intact cells (B) or microsomes
(C). Locations of cysteine mutations are shown on the left side of the panel.
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Reactivity of substituted cysteines in the presence of
�-secretase inhibitors
Transition-state analog-type aspartyl protease inhibitors can be
modified to demonstrate direct binding to the PS fragments, sug-
gesting that PS harbors the catalytic site of �-secretase (Li et al.,
2000; Esler et al., 2000). However, biochemical evidence showing
that the transition-state analogs directly target the aspartates in
TMD6 and TMD7 is lacking. A helical peptide-based inhibitor
mimicking the TMD structure binds to PS fragments but does
not compete with the binding of transition-state analog inhibi-
tors (Das et al., 2003; Kornilova et al., 2005). Likewise, the dipep-
tidic inhibitor DAPT binds to PS1 CTF in yet a third manner,
distinct from transition-state analogs and helical peptides
(Morohashi et al., 2006). We analyzed the accessibility of substi-
tuted cysteines in the presence of �-secretase inhibitors [i.e.,
transition-state analog (L-685,458), helical peptide (pep15), and
dipeptidic compound (DAPT)] at concentrations that com-
pletely abolish the proteolytic activity of �-secretase. Biotinyla-
tion of A192C, A398C, and T399C from the luminal side, as well
as that of H351C, R377C, G378C, and V379C from the cytosolic
side, was not affected by any of the �-secretase inhibitors (Fig. 5).
In contrast, the accessibility of A246C, L250C, L381C, and
L383C, located around the catalytic aspartates, were significantly
reduced by L-685,458. pep15 had no effect on the labeling of any
of these residues. Interestingly, DAPT moderately decreased the
accessibility of L250C and L383C. It is well established that TMDs
of several receptors and transporters rotate to cause structural
rearrangements with agonist or antagonist treatment (Horen-
stein et al., 2001; Loo and Clarke, 2001a). However, we did not
observe labeling of additional residues originally inaccessible to
MTSEA-biotin in the fully inhibited �-secretase (data not
shown). Moreover, none of the inhibitors affected the biotinyla-
tion of A260C and I387C, located in close proximity to the cata-
lytic residues D257 and D385, respectively, and facing the hydro-
philic environment. These data suggest that binding of the
inhibitors does not induce a significant rotation of TMD6 or

TMD7. Altogether, the inhibition of labeling of A246C, L250C,
L381C, and L383C by L-685,458 strongly supports the notion
that these residues line the pore of the catalytic center together
with D257 and D385. In contrast, A260 and I387 appear to locate
in a geometrically different milieu from the catalytic pore.

TMD6 and TMD7 of PS1 are in close proximity and face the
same catalytic pore
Although both D257 in NTF and D385 in CTF are required for
intramembrane proteolysis, it still remains unclear how many
presenilins and aspartates are involved in cis (i.e., catalytic site
consisting of D257-D257 or D385-D385 pairs) and/or in trans
(catalytic site of D257-D385 pair) during the proteolytic process
(Schroeter et al., 2003; Cervantes et al., 2004). To gain insights
into the structural characteristics of the catalytic pore, we per-
formed cross-linking experiments using MTS cross-linkers.
M4M (MTS-4-MTS) and M6M (MTS-6-MTS) are sulfhydryl-to-
sulfhydryl cross-linking reagents with spacer moieties of 7.8 and
10.4 Å long, respectively (Loo and Clarke, 2001b). We chose to
examine the in cis cross-linking of two cysteines introduced to
residues L250, L383, or I387. Cross-linking experiments using
microsome fractions revealed that neither of the cross-linkers
caused a robust shift in band pattern of holoprotein, NTF, or CTF
of the single-Cys mt PS1 (Fig. 6). We next generated a double-Cys
mt PS1 harboring a pair of cysteine residues, located in NTF and
CTF, respectively, in a single molecule (i.e., L250C/L383C,
L250C/I387C). These mutants retained �-secretase activity (sup-
plemental Fig. 1C, available at www.jneurosci.org as supplemen-
tal material). MTS cross-linkers did not affect the banding pat-
tern of L250C/L383C. In contrast, coincubation of L250C/I387C
with MTS cross-linkers significantly decreased the amount of
NTF and CTF, and a band close in size to that of a holoprotein
(�45 kDa) emerged. This band reacted with both anti-PS1 N-
and C-terminal antibodies but not with antibodies to other
�-secretase components (data not shown), suggesting that this
polypeptide corresponds to an NTF–CTF heterodimer. The de-
crease in the molecular weight of this cross-linked NTF–CTF
heterodimer compared with that of holoprotein might be as a
result of a truncation, heterogeneity at the N terminus of CTF
(Podlisny et al., 1997), and/or to a structural change in intra-
packing of TMDs, which has been reported in cross-linking ex-
periments (Loo and Clarke, 2000; Tolia et al., 2006). Supporting
the latter possibility, the amount of holoprotein was decreased
after cross-linking, whereas no holoprotein-dimer was observed.
These data indicate that TMD6 and TMD7 are facing the same
hydrophilic pore and that L250 and I387 are closely located (i.e.,
�7.8 Å apart).

Discussion
In this study, we applied SCAM in combination with competition
assays (Fig. 7A) to a fine structural analysis of the catalytic pore of
�-secretase, and showed the following: (1) HR6 and HR8 of PS1
span the membrane as TMD6 and TMD7, respectively; (2) the
catalytic aspartates reside within a hydrophilic, funnel-shaped
pore connected to both the cytosolic and extracellular sides; and
(3) the cytosolic portion of TMD7, encompassing the conserved
GxGD motif, is highly water accessible, which is not characteristic
of an �-helix structure within the membrane, and likely forms a
hydrophilic active site within the pore (Fig. 7C). Recently, Tolia et
al. (2006) reported on a SCAM analysis of PS1 showing that some
substituted cysteines in TMD6 and TMD7 were accessible to
N-[6-(biotinamido)hexyl]-3�-(2�-pyridyldithio)-propionamide
(EZ-link biotin-HPDP). However, substitutions were limited to

Figure 5. Labeling competition by �-secretase inhibitors. Biotin labeling of single-Cys mt
PS1 was conducted after preincubation with L-685,458, pep15, or DAPT in intact cells (A) or
microsomes (B). Locations and predicted topology of cysteine mutations are shown on the left
and right sides of the panel, respectively.
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conserved residues and loss of function
PS1 mutants (G382A, G384C, and
D385C) that are liable to significant struc-
tural changes were also included in the
analysis. Indeed, they showed that G384C
and D385C were reactive to biotin-HPDP,
although we did not observe a significant
biotinylation of these inactive mutants ei-
ther by MTSEA-biotin or biotin-HPDP
(supplemental Fig. 3, available at www.
jneurosci.org as supplemental material).
We cannot exclude the possibility that the
different chemistry of the reagents and the
difference in the constructs may affect
the labeling results. Most importantly, the
competition experiments using charged
reagents and inhibitors are vital to the
topography and functional significance
of the biotinylated residues. In this re-
gard, our present data provide important
mechanistic implications on how the
�-secretase complex hydrolyzes trans-
membrane substrates; PS1 forms a cata-
lytic pore with a unique structure within
the lipid bilayer.

TMD6 of PS1 in an active
�-secretase complex
From the extracellular side of TMD6,
A246 and L250 were water-accessible res-
idues with restrictions, suggesting that
these residues are located inside a narrow
crevice within the membrane. Together
with the lack of biotinylation of A260C
from the luminal side, we speculate that
TMD6 is facing a funnel-shaped “catalytic
pore” tapered around the catalytic aspar-
tate D257. Moreover, A246 and L250 are
located on the same interface of TMD6 in
line with the catalytic D257, based on the
�-helical model of a single-span TMD
(Fig. 7B). Considering that the labeling of these residues was
inhibited by L-685,458, it is strongly suggested that the
N-terminal half of TMD6 serves as a binding site for this com-
pound on �-secretase. This hypothesis is supported by our recent
TMD-swap studies showing that the preservation of the luminal
half of TMD6 is required for the �-secretase activity, but not for
the formation of the high-molecular-weight complex (Watanabe
et al., 2005). In contrast, cysteines introduced into the cytosolic
side of TMD6, except for A260C, were not labeled. Moreover, the
labeling of A260C was not affected by any of the �-secretase in-
hibitors. This suggests that the geometrical localization of the
cytosolic half of TMD6 relative to the hydrophilic pore is differ-
ent from that of the active site (Fig. 7C). Notably, we confirmed
the labeling of W247C, which is located on a different interface
from the catalytic D257 in the �-helical model (Tolia et al., 2006),
by EZ-link biotin-HPDP, thus supporting the hypothesis that
TMD6 is facing a hydrophilic cavity different from the catalytic
pore (C. Sato, T. Tomita, and T. Iwatsubo, unpublished observa-
tions). Collectively, our data suggest that TMD6 has a kinked
structure tapered around the catalytic center and that the luminal
half of it is directly involved in the formation of the pore wall and
in substrate cleavage as a subsite.

TMD7 of PS1 in an active �-secretase complex
Our SCAM analysis confirmed the widely accepted topological
model of PS1 wherein HR8 penetrates the membrane as TMD7
from the cytosol to the luminal side (Fig. 7A). Notably, the label-
ing pattern of cysteine residues introduced into TMD7 was totally
distinct between the cytosolic and luminal sides: the former is
highly hydrophilic, whereas the latter is hydrophobic. Most im-
portantly, consecutive residues of the cytosolic side appeared to
reside within a pore-like, narrow aqueous environment, suggest-
ing that this region, including the GXGD motif, is forming a
hydrophilic structure within the pore and not simply a
membrane-embedded �-helix. The hydrophilic structure com-
prising a part of a TMD located within an aqueous pore is highly
reminiscent of the “plug and pore” structure of the SecY complex
(Van den Berg et al., 2004). The SecY complex is a protein trans-
location channel with a large funnel-like cavity. The bottom of
the channel is blocked by a hydrophilic plug consisting of a part of
TMD2 of SecY, which regulates the opening of the pore. Here we
speculate that the cytosolic side of TMD7 forms a plug-like struc-
ture containing an active site (“catalytic plug”) embedded in the
catalytic pore that is tapered around D385 (Fig. 7C). This could
explain why HR8 is highly hydrophilic, albeit it penetrates the

Figure 6. Cross-linking experiment using MTS cross-linkers. Thiol-mediated cross-linking experiments of single-Cys or double-
Cys mt in TMD6 (L250C) and TMD7 (L383C and I387C) using MTS cross-linkers are shown.
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membrane. The recent finding that L383 of PS1 determines the
substrate specificity of �-secretase is consistent with our model,
because L383 locates at a different interface from the active site if
the catalytic motif were to form an �-helical structure (Yamasaki
et al., 2006). Indeed, the structural model that a hydrophilic pore
in the TMD harbors an active site also fits well with other I-CLiPs.
For example, SREBP (sterol regulatory element binding protein)
site 2 protease (S2P) has a zinc-binding HEXXH catalytic motif
within hydrophobic residues (Zelenski et al., 1999). Rhomboid
family proteases harbor a highly conserved GASGG motif that
locates within a predicted TMD in a manner remarkably similar
to other traditional serine proteases (Freeman, 2004). If these
catalytic motifs were involved in an �-helical structure, several
conserved residues that are known as essential residues to prote-
olysis in classical proteases would be located on a different inter-
face of TMD. We hypothesize that the active site within the hy-
drophilic pore is a structure common to a wide range of I-CLiPs.
To further verify this model, a fine structural analysis at atomic
level using x-ray crystallography, or other innovative techniques,
would be required.

None of the residues at the luminal half of TMD7, except for
I387, were labeled with MTSEA-biotin, suggesting that this re-
gion is not directly involved in the formation of a water-accessible
catalytic pore. This portion of TMD7 may be responsible for the
maintenance of the normal active conformation of PS1. Alterna-
tively, these residues may be facing a different pore or crevice that
is not accessible from the extracellular space. The finding that the
labeling of I387C is not affected by any of the inhibitors but is in
close proximity to L250C as determined by cross-linking sup-
ports the view that the catalytic pore faces a different hydrophilic
milieu that is not directly involved in catalysis. In summary, our
data suggest that TMD7 of PS1 functions as a catalytic site in the
hydrophilic pore but is not directly involved in the formation of
the funnel-like catalytic pore, implying that other TMDs partic-
ipate in the formation of the wall of the water-accessible pore.

Implications of the catalytic pore
structure to the mechanism of
intramembrane proteolysis
Chemical biological analyses using inhibi-
tors as a molecular probe shed light on the
molecular mechanism of intramembrane
cleavage by �-secretase. In this study, we
showed that L-685,458 directly inhibited
the labeling of A246C and L250C in PS1
NTF, as well as that of L381C and L383C in
PS1 CTF. These data suggest that the
transition-state analog inhibitors directly
target the catalytic aspartates within
TMD6 and TMD7 and that A246, L250,
L381, and L383 are positioned in line with
the catalytic aspartates within the aqueous
milieu. The cross-linking result of two cys-
teines introduced to L250 and I387 sup-
ports the idea that PS1 NTF and CTF are
located in close proximity and face toward
the same hydrophilic pore. Thus, our data
suggest that the two catalytic aspartates co-
operatively and simultaneously target the
scissile bond of a hydrophobic substrate
within the catalytic pore structure.

In contrast, DAPT affected only the la-
beling of L250C and L383C. Consistent

with this, chemical biological analyses revealed that DAPT pho-
toprobe DAP-BpB directly binds to PS1 CTF and this DAPT
binding site is not identical to but overlaps with that of transition-
state analogs (Morohashi et al., 2006). Thus, the DAPT binding
site may be located around L383 that comprises the catalytic site,
overlapping with a subsite in PS1 NTF. Finally, the helical
peptide-type inhibitor pep15 (Das et al., 2003) had no effect on
the biotinylation of any mutants, suggesting that the labeling
competition by L-685,458 and DAPT was a specific phenome-
non. However, photoprobes derived from the helical peptide
bound to PS1 NTF as well as to CTF (Kornilova et al., 2005),
suggesting that the helical peptide targets to a PS1 NTF/CTF
interface different from the catalytic pore formed by TMD6 and
TMD7. Determination of the binding sites of inhibitors by pro-
tein biochemical analysis will address this issue. Nonetheless,
SCAM analyses combined with inhibitor competition studies
provide significant mechanistic insights into the intramembrane
proteolysis. Additional information on the fine structure of the
active �-secretase provided by SCAM as well as by other struc-
tural analyses will shed light on the molecular mechanism
whereby TMDs are recognized as substrates, transferred to and
cleaved within the catalytic pore of the �-secretase complex in the
membrane.
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