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Different transmembrane domains determine the specificity
and efficiency of the cleavage activity of the y-secretase

subunit presenilin
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The vy-secretase complex catalyzes the intramembrane
cleavage of C99, a carboxy-terminal fragment of the amyloid
precursor protein. Two paralogs of its catalytic subunit pre-
senilin (PS1 and PS2) are expressed which are autocatalytically
cleaved into an N-terminal and a C-terminal fragment during
maturation of y-secretase. In this study, we compared the ef-
ficiency and specificity of C99 cleavage by PS1- and PS2-con-
taining y-secretases. Mass spectrometric analysis of cleavage
products obtained in cell-free and cell-based assays revealed
that the previously described lower amyloid-B (AB)38 genera-
tion by PS2 is accompanied by a reciprocal increase in AB37
production. We further found PS1 and PS2 to show different
preferences in the choice of the initial cleavage site of C99.
However, the differences in AB38 and AB37 generation appear
to mainly result from altered subsequent stepwise cleavage of
AP peptides. Apart from these differences in cleavage speci-
ficity, we confirmed a lower efficiency of initial C99 cleavage by
PS2 using a detergent-solubilized y-secretase system. By
investigating chimeric PS1/2 molecules, we show that the
membrane-embedded, nonconserved residues of the N-termi-
nal fragment mainly account for the differential cleavage effi-
ciency and specificity of both presenilins. At the level of
individual transmembrane domains (TMDs), TMD3 was iden-
tified as a major modulator of initial cleavage site specificity.
The efficiency of endoproteolysis strongly depends on non-
conserved TMD6 residues at the interface to TMD2, i.e., at a
putative gate of substrate entry. Taken together, our results
highlight the role of individual presenilin TMDs in the cleavage
of C99 and the generation of AP peptides.

y-Secretase is an intramembrane protease which is known
to cleave around 150 different substrates, all of which are type I
single-spanning integral membrane proteins (1). Cleavage of
C99, a proteolytic fragment of amyloid precursor protein
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(APP), generates a series of amyloid-p (AP) peptides. Since
some AP peptides are widely believed to cause Alzheimer’s
disease (AD) (2), C99 cleavage by y-secretase arguably repre-
sents the most intensely investigated case of intramembrane
proteolysis. The production of A peptides by C99 cleavage is
mainly initiated at alternative £48- and e49-sites within its
TMD (3-6). This endoproteolytic initial cleavage liberates the
C-terminal APP intracellular domain (AICD). Proteolysis
continues toward the N-terminus and releases predominantly
tripeptides and tetrapeptides by cleaving alternative (- and y-
sites (7, 8). Thus, two alternative product lines can be
distinguished, depending on whether cleavage is initiated at
the €48- or at the €49-site. Processive cleavage along these
product lines and some cross-over between them (9-11)
generates AP peptides of different length and toxicity (12—14).

The y-secretase enzyme complex contains four different
subunits, presenilin (PS), nicastrin (NCT), presenilin enhancer
2 (PEN-2), and anterior pharynx defective (APH-1) at a 1:1:1:1
stoichiometry. PS is autoproteolytically cleaved into an N- and
a C-terminal fragment (NTF, CTF) (15-19). The existence of
different paralogs of PS (PS1, PS2) and APH (APH-1a, APH-
1b) can result in at least four different y-secretase complexes
(reviewed in: (14, 20, 21)). The diversity of PS is of particular
interest as it represents the enzymatic component of the y-
secretase complex. While PS1-containing y-secretase is pri-
marily routed to the plasma membrane, PS2 sorts the complex
mainly to the trans-Golgi network and late endosomes/lyso-
somes (22, 23). Both paralogs share a 66.3% sequence identity
at the amino acid level. A number of studies have identified
functional differences between the different y-secretase com-
plexes. With regard to both PS paralogs, PS2 cleavage at e-sites
has been reported to be less efficient than cleavage by PS1 (22).
Further, PS2-containing y-secretase has been found to pro-
duce less total AP (22, 24, 25), AP40 and AP42 (22, 26), a lower
AB42/AB40 ratio (27), less secreted AP38 relative to AP40
(27, 28), and lower levels of AB38 and AB42 (29) compared to
y-secretase containing PS1. The picture emerging from those
studies indicated that PS2-containing y-secretase is less effi-
cient in endoproteolysis and differs in exoproteolysis-like
trimming relative to its counterpart harboring PS1.
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Functional importance of presenilin transmembrane domains

It had remained unclear, however, how the identity of the PS
paralog affected the specificity of e-cleavage and which protein
domains are responsible for the different cleavage activities of
PS1 and PS2. The conformational diversity of y-secretase
holding PS1 (30) indicated that PS is a rather dynamic enzyme.
Molecular modeling indeed suggested that PS exists in at least
two different conformational states distinguished by the dis-
tance between both catalytic aspartates located on TMD6 and
TMD7, respectively (31, 32).

Prior to cleavage, a substrate needs to be recognized by the
enzyme which is followed by its translocation to the active site
aspartates located on TMDs 6 and 7 of PS. The active site
contains water required for proteolysis and thus needs to be
shielded from the unpolar membrane environment. One of the
current challenges in understanding the functional architec-
ture of y-secretase is to elucidate how its different domains
cooperate in recognizing, engulfing, and unfolding of the
substrate, thus preparing it for the various cleavage events
(discussed in: (33)).

Here, we compared several measures of cleavage activity
exhibited by y-secretases harboring PS1 or PS2 in cell-based
and cell-free assays. While confirming a lower endoproteo-
lytic activity of PS2 relative to PS1, we also detected a lower
AB38/AB37 ratio of PS2-containing versus PS1-containing y-
secretase. We found that the nonconserved amino acids
responsible for these differences mainly reside within the
transmembrane part of the PS NTF with a minor contribution
by the CTF. Further, we identified TMD3 to affect initial
e-cleavage site specificity. By contrast, the efficiency of endo-
proteolysis is not affected by TMD3, but highly dependent on
TMD6, among other TMDs within the NTF.

Results

The aim of this study was to probe the importance of
different PS domains for various aspects of C99 cleavage.
C99 cleavage by y-secretase comprises (i) e-cleavage effi-
ciency, ie., the yield of the various AICD species produced
by endoproteolysis at all e-sites, (ii) e-site specificity, ie., the
relative efficiency of initial cleavage at e-sites, and (iii)
processivity, ie., the relative efficiency of exopeptidase-like
proteolysis across {-sites to the y-sites along both product
lines, including cross-over events between the lines. Alto-
gether, these parameters determine amounts and diversity of
resulting AP peptides. They also define the toxicity of the
resulting mixture, as toxicity mainly depends on AP42
content (34). Furthermore, recent studies showed the asso-
ciation of higher AB38 levels in cerebrospinal fluid with
lower risk of AD-related changes (35) and suggested the
cerebrospinal fluid AP37/AP42 ratio as an improved
biomarker for AD development (36). Thus, these observa-
tions indicate a potentially protective role of shorter Ap
peptides. Our approach was to compare various measures of
cleavage activity for the PS1 and PS2 paralogs and to
identify protein domains responsible for any differences
uncovered. In doing so, we hoped to obtain novel insights
into the functional architecture of PS.
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PS domains shaping the relative abundance of AB peptides

Here, we asked which parts of PS contribute to its ability to
produce the major AP peptides. To this end, both PS variants
were expressed in human embryonic kidney 293 cells stably
expressing Swedish mutant APP (HEK293/sw) within a PS-
free genetic background (HEK293/sw PS1/PS2~/ 7) (37). All
experiments were performed with pooled stable transfectants
of a given PS variant, in order to average potential variations in
the expression of individual clones. We initially compared the
pattern of AP peptides secreted by these cells to the pattern
produced by endogenous y-secretase of HEK293/sw cells by
combined immunoprecipitation and MALDI-TOF mass
spectrometry (IP-MS) from conditioned media. Expression of
PS1 results in a pattern comprising a dominant AB40 peptide,
minor AP37 and APB38 peptides at similar amounts, plus less
prevalent AB39 and AB42; this is collectively designated here
as “PS1 phenotype”. After transfection with PS2, we mainly
noted a lower AB38/AP37 ratio, the “PS2 phenotype” (Fig. S1).
The HEK293/sw cells expressing endogenous PS1 and PS2
produced similar ratios of AP including an AB38/AP37 ratio
close to unity. This suggests not only that heterologously
expressed PSs are principally comparable in their C99 cleavage
activities to their endogenous counterparts. It also indicates
that endogenous PS1 is mainly responsible for the mixture of
secreted AP peptides by HEK293/sw cells.

Residues that are not conserved between PS1 and PS2 are
distributed over the entire sequence (Fig. S2). In the following,
we probed the importance of different PS domains for pro-
ducing the different AP38/AB37 ratios of PS1 and PS2 by
testing a range of chimeric constructs (Fig. 1A and Table S1)
by fusing the PS NTF and CTF at the site of endoproteolysis
(38-40). The exemplary mass spectra of Ap peptides (Fig. 1B
and Table S2) reveal that the PS1 phenotype results after
fusing the complete PS1 NTF to the CTF of PS2, as in
construct PS1/2. By contrast, fusing the PS2 NTF to the PS1
CTF in PS2/1 retains the PS2 phenotype. Quantifying the
mean AB38/AB37 ratios from the peak heights of mass spectra
from multiple samples confirms this picture (Fig. 1C).

In order to map the nonconserved residues being respon-
sible for the differential AP production of PS1 versus PS2 more
finely, we next examined the importance of NTF subdomains
by grafting groups of TMDs from PS1 onto the PS2 template
(Fig. 2A). Both, PS2pTM1-4 and PS2pTM3-6 clearly confer a
PS1 phenotype, prompting an even more granular mapping of
the responsible TMDs. While PS2pTM1-2 and PS2pTM4-5
retain the PS2 phenotype, PS2pTM3-4 is equivalent to PS1
(Fig. 2, B and C). At the level of individual TMDs, we find that
PS2pTM3 indeed behaves like PS1, while PS2pTM4 and
PS2pTM6 exhibit the PS2 phenotype (Fig. 2, B and C). In a
technically different approach, immunoprecipitated A pep-
tides from conditioned media were analyzed by immunoblot-
ting after gel-electrophoretic separation using high-resolution
Tris-Bicine-Urea SDS-PAGE (41). In line with the mass
spectra, PS1- and PS2-containing y-secretases show distinct
production of AB37 and AB38. While the amount of AP38
produced by PS1-containing y-secretase even exceeds the
amount of AP37 (Fig. 2D), the inverse is true for PS2
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Figure 1. The presenilin NTF determines differential AB37 and AB38 production by PS1 and PS2. A, schematic representation of the constructs. PS1
and PS2 are depicted in dark blue or light blue, respectively. B, exemplary total AR contents of conditioned media as analyzed by MALDI-TOF mass
spectrometry after immunoprecipitation with antibody 4G8. The intensities of the highest peaks were set to 100% and the counts per second (cps) are
given. Arrows mark differences in AB38 peak intensity. C, AB38/AB37 ratios change upon substitution of the presenilin NTF. Ratios were calculated from the
respective peak intensities from IP-MS analyses, as shown in part (B). Data in (C) represent means + SEM, n = 3 to 4. Individual replicates are derived from
conditioned media collected from independent cultures from our pools of stably transfected cells. Asterisks indicate significant differences (one-way ANOVA
with Dunnett’s posttest) relative to PS2 (***p < 0.001). AB, amyloid-3; IP-MS, combined immunoprecipitation and MALDI-TOF mass spectrometry; NTF, N-

terminal fragment; PS, presenilin.

y-secretase. Focusing on the most relevant chimeric PS con-
structs described above, immunoblotting confirms a PS1
phenotype for PS2pTM3-4 and PS2pTM3. PS2pTM4 appears
to display similar levels of AB37 and AB38 on the immunoblot
(IB) (Fig. 2D).

In designing the chimera presented above, we transferred
the nonconserved residues of a given TMD plus both adjoining
solvent-exposed loop regions; in case of TMD6, we included
the C-terminal region up to the endoproteolytic cleavage site
(Table S1). To collectively assess the contribution of
membrane-embedded versus loop residues in accounting for
PS1/PS2 differences, we expressed a construct where we had
transferred all TMDs from PS1 to PS2 while maintaining the
loop regions (Fig. 3A). Indeed, a construct holding all
membrane-embedded amino acids from PS1 and loop residues
from PS2 retains the PS1 phenotype. Further, the dominance
of the NTF is preserved upon grafting only the nonconserved
membrane-embedded NTF residues onto PS2 while grafting
the TMDs of the CTF retains the PS2 phenotype (Fig. 3, B and
Q).

We concluded this set of experiments by asking whether the
pattern of secreted AP peptides produced in cell-based assays
(Figs. 1-3) is influenced by differential access of C99 to PS1-
containing y-secretase in the plasma membrane relative to
PS2-containing y-secretase residing in intracellular mem-
branes, such as endosomes (22, 23). We thus decided to
compare the secreted AP pattern to the pattern produced in
cell-free assays after membrane solubilization of y-secretase
with the detergent CHAPSO (42) by MALDI-TOF mass
spectrometric analysis. In detergent, both PS paralogs are
expected to have equal substrate access. As a substrate, we
used the recombinant C99-based C100-Hisg construct (17).
Our results show that the AB38/AB37 ratio produced by PS1 in

SASBMB

detergent is even higher than that in cell-based assays while
the inverse is true for PS2 (Fig. 4, A and B). Also, ABP37 and
AB38 obtained from cell-free assays are more abundant rela-
tive to AP40 than in conditioned media. Given the more
pronounced AP38/AB37 discrimination of the PS1 and PS2
phenotypes under cell-free conditions, we further wanted to
characterize PS2pTM3 which behaves like PS1 in the cell-
based assays. Again, PS2pTM3 exhibits an APB38/AB37 ratio
that is close to that produced by PS1, however differs to both
wildtype (wt) PSs. Parallel measurements of control experi-
ments using y-secretase inhibitor LY-411575 (43) which was
shown to equally inhibit PS1 and PS2 (27) assured the
observed peaks to be y-secretase-specific (Fig. S3).

Taken together, PS2 produces a lower AB38/AP37 ratio
than PS1. These data confirm and extend recent observations
of differential AP production by PS1- and PS2-containing
y-secretases (44). They also show that the PS NTF specifies
the different phenotypes. Importantly, PS1 TMD3 and to some
extent PS1 TMD4 appear to confer a PS1-like phenotype when
expressed in the structural context of the PS2 template. The
phenotypic differences between PS1 and PS2 appear to be
similar in cell-based and cell-free assays, although
exopeptidase-like proteolysis leading to AB37 and AB38 rela-
tive to AP40 appears to be more efficient in detergent than in
the natural membrane environment.

PS domains determining e-site specificity

Next, we asked whether the different AB38/AB37 ratios
produced by the PS paralogs can be traced back to differential
e-cleavage at the origin of C99 proteolysis. Since AP48 and
AP49 peptides are successively converted to shorter AB pep-

tides and difficult to detect (8), we examined the
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Figure 2. The substitution of subdomains can phenocopy the AB38/AB37 ratio typical of PS1. A, schematic representation of the constructs.
B, exemplary total Ap contents of conditioned media were analyzed by MALDI-TOF mass spectrometry after immunoprecipitation with antibody 4G8. The
spectra are categorized in ‘PS1 phenotype’ and ‘PS2 phenotype’. Data for PS1 and PS2 are reproduced from Figure. 1. C, AB38/AB37 ratios were calculated
from the respective peak intensities from IP-MS analyses (means + SEM, n = 3-4). Individual replicates are derived from conditioned media collected from
independent cultures from our pools of stably transfected cells. Asterisks indicate significant differences (one-way ANOVA with Dunnett’s post-test) relative
to PS2 (**p < 0.01, ***p < 0.001). We note that substituting TMD3 has the most salient effect of the single TMD substitutions tested here and that the
combination of TMDs 3 and 4 in PS2pTM3-4 has an even stronger effect than TMD3 alone. D, immunoprecipitation of secreted A followed by separation by
Tris-Bicine urea SDS-PAGE and immunoblotting confirmed the impact of TMD3 and TMD4 on AB generation. A, amyloid-@3; IP-MS, combined immuno-
precipitation and MALDI-TOF mass spectrometry; PS, presenilin; TMD, transmembrane domain.

corresponding AICD species €49 and €48. AICD produced in
the cytoplasm of a cell is rapidly degraded, however, and
therefore also difficult to detect (45). Thus, we monitored
AICD in cell-free assays, having demonstrated a similar
behavior of both PSs in cell-free and cell-based assays.

AICD peptides €48 (51 residues), €49 (50 residues), and €51
(48 residues) result from cleavages at €48-, £€49-, and €51-sites,
respectively (Fig. 5A). Assessing these AICD peptides in a
detergent-solubilizate showed that PS2 produced more

4 Biol. Chem. (2023) 299(5) 104626

AICDe51 than PS1, at the expense of AICDe48 (Fig. 5B). This
manifests itself in a higher mean €51/e48 ratio exhibited by
PS2 relative to PS1 (Fig. 5C). At the same time, the (e48+¢51)/
€49 ratios produced by both PS paralogs are indistinguishable
(Fig. 5D). Since cleavages at both the €48- and the €51-sites
result in the AB42 product line (9), both PSs enter the AB40
and AB42 product lines with similar efficiency although initial
PS2 cleavage is partially shifted from €48 to €51. Controls with
y-secretase inhibitor LY-411575 showed the analyzed peaks to

SASBMB
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Figure 3. The membrane-spanning domains of presenilin are responsible for differential AB38 production. A, schematic representation of the
transfected constructs. B, exemplary total A contents of conditioned media were analyzed by MALDI-TOF mass spectrometry after immunoprecipitation
with antibody 4G8. Data for PS1 and PS2 are reproduced from Figure 1. C, AB38/AB37 ratios were calculated from the respective peak intensities from IP-MS
analyses (means + SEM of n = 3-4). Individual replicates are derived from conditioned media collected from independent cultures from our pools of stably
transfected cells. Asterisks indicate significant differences (one way ANOVA with Dunnett’s post-test) relative to PS2 (***p < 0.001). AB, amyloid-B; IP-MS,
combined immunoprecipitation and MALDI-TOF mass spectrometry; PS, presenilin.

be y-secretase-specific (Fig. S3). To investigate whether the
PS1-like AP production by PS2pTM3 (Fig. 2) originates from
different e-site preferences, we investigated initial cleavage by
this chimera. In terms of the AICD €51/€48 ratio, PS2pTM3
ranges in between PS1 and PS2 (Fig. 5C). Also, relative to
AICDe49, PS2pTM3 produced more AICDe48 than PS1 and
more AICDe51 than PS2 (Fig. 5B). Accordingly, the (€48+¢51)/
€49 ratio of PS2pTMS3 significantly exceeds the corresponding
ratios generated by PS1 or PS2 (Fig. 5D).

Taken together, the partial shift of initial cleavage from the
€48-site to the e51-site by PS2 does not affect the efficacy by
which the PS paralogs enter both product lines. This higher
preference of PS2 for the e51-site seems at least partially
determined by TMD3. In addition, the PS1 TMD3 within the
PS2 framework enhances €48 and €51 cleavages relative to
both wt PSs.

PS domains defining e-cleavage efficiency

In this set of experiments, we compared the efficiency by
which y-secretases holding PS1 or PS2 perform e-cleavage and

SASBMB

tested various chimeric constructs in order to delineate indi-
vidual domains accounting for differences between both iso-
forms (Fig. 6A4). To this end, we determined total AICD levels
obtained after cleavage in CHAPSO-solubilized membranes by
immunoblotting (Fig. 6B) and, following quantitation,
expressed AICD production by PS2 and chimeric constructs
relative to PS1 (Fig. 6C). Figure 6 reveals that PS2 y-secretase
produces only 23% AICD of PS1 y-secretase, thus confirming
previous reports having indicated a higher PS1 activity (22). In
assessing the importance of the PS NTF versus its CTF, we
employed a gain-of-function approach by using the weaker
PS2 as a template onto which PS1 domains were grafted
(Fig. 6A). This minimizes potential pleiotropic effects of
altered primary structure that are often encountered when
studying loss-of-function after deleting domains or fusing
them to unrelated proteins. We first compared the impact of
transferring all TMDs from PS1 to PS2 while maintaining the
solvent-exposed loops. AICD production by the PS2-All-
PS1TMDs chimera showed 85% of PS1 activity (Fig. 6C), thus
revealing the importance of the TMDs for the efficiency of

J. Biol. Chem. (2023) 299(5) 104626 5
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Figure 4. Influence of presenilin TMD3 on A production in the cell-free assay. A, exemplary MALDI mass spectra of AR peptides generated in the cell-
free assay in CHAPSO-solubilized membrane fractions from cells expressing the different y-secretase complexes and recombinant C100-Hise as a substrate.
Subsequent to immunoprecipitation with antibody 4G8 (final concentration 4 pg/ml), total AB was analyzed by MALDI-TOF mass spectrometry. The in-
tensities of the highest peaks were set to 100%. B, AB38/AB37 ratios were calculated from the respective peak intensities from IP-MS analyses (means + SEM,
n = 3-4). Replicates originate from individual CHAPSO-solubilized membrane fractions from independent cultures of our pooled stable transfectants.
Asterisks indicate significant differences (one-way ANOVA with Dunnett's post-test) relative to PS2 (***p < 0.001). AB, amyloid-3; IP-MS, combined
immunoprecipitation and MALDI-TOF mass spectrometry; PS, presenilin; TMD, transmembrane domain.

cleavage. e-Cleavage efficiency is mostly determined by the
membrane-embedded amino acids of the NTF (PS2-NTEF-
PS1TMDs: 67% of wt PS1), while the respective CTF residues
had a smaller share (PS2-CTF-PS1TMDs: 40% of wt PS1).
For a more detailed functional mapping of the PS NTF
found to dominate e-efficiency, we scrutinized several of the

chimeric constructs presented above where subdomains of the
PS1 NTF are grafted onto the PS2 template. Thereby, we
found PS2pTM1-4 and PS2pTM3-6 to exhibit 67% or 81% of
PS1 efficiency, respectively. Interestingly, PS2pTM3 produced
only 15% AICD, while PS2pTM6 vyielded an impressive 52%
AICD (Fig. 6C). Since PS2pTM3 appears not to account for the
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Figure 5. Influence of presenilin TMD3 on the e-cleavage specificity of y-secretase. A, the A3 and AICD products originating from cleavage at €48, €49,
and €51 are displayed schematically. B, exemplary MALDI mass spectra of AICD peptides generated in the cell-free assays. Total AICD from the reaction
volumes was analyzed by MALDI-TOF mass spectrometry subsequent to immunoprecipitation with antibody Y188. The spectra were recorded with an
instrument different from that used for Figures 1-4, resulting in higher overall cps. C and D, peak heights were quantified, and ratios calculated to
investigate preferences for either (C), the initial cleavage site within the AB42 product line or for (D), the AB40 versus AB42 product lines. Data in (C) and (D)
represent means + SEM, n = 4. Replicates originate from individual CHAPSO-solubilized membrane fractions from independent cultures of our pooled stable
transfectants. Asterisks indicate significant differences (one-way ANOVA with Dunnett’s post-test) relative to PS2 (*p < 0.05, **p < 0.01)). AR, amyloid-@3;
AICD, APP intracellular domain; PS, presenilin; TMD, transmembrane domain.
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Figure 6. Relevance of presenilin domains for the efficiency of e-cleavage. A, schematic representation of the constructs. B, representative immunoblots
used for AICD and NCT,,, quantification from cell-free assays. The cleavage efficiency of recombinant C100-Hisg substrate was analyzed in CHAPSO-solubilized
membrane fraction containing the different y-secretase complexes. Signal intensities of generated total AICD were measured on immunoblots. C, signal in-
tensities were first normalized to signals of NCT,,, and are expressed relative to the level seen with PS1. Appropriate maturation of the respective y-secretase
complexes was verified prior to analysis (see: Fig. S4). Data in (C) represent means + SEM, n = 3. Asterisks indicate significant differences (one-way ANOVA with
Dunnett’s post-test) relative to PS2 (*p < 0.05, **p < 0.01, ***p < 0.001). AICD, APP intracellular domain; PS, presenilin; TMD, transmembrane domain.

increased activity of PS2pTM1-4, we assessed a potential in-
fluence of PS TMD2 on e-cleavage efficiency. TMD2 in
combination with TMD6 was previously proposed to be
involved in substrate entry (32, 33, 46). To test the importance
of this putative entry site for PS e-cleavage efficiency, we
combined PS1 TMD2 and TMD6 in PS2pTM2/6 (Fig. 6A).
Substrates had also been proposed to enter between TMD6
and TMD9 (47, 48) prompting us to examine a PS2pTM6/9
construct. However, neither PS2pTM2/9 nor PS2pTM6/9
showed e-cleavage efficiencies above that of PS2pTM6 with its
single TMD substitution (Fig. 6C).

To control for maturation and concentration of the different
y-secretase complexes, we visualized their subunits by
immunoblotting: fully glycosylated NCT,,,, as indicated by its
higher molecular mass relative to core-glycosylated NCT, the
PS NTFs and CTFs as an indicator of autoproteolytic cleavage,
and PEN-2 (Fig. S4).

Taken together, our results reveal domains that specify the
difference in PS1/PS2 cleavage efficiency. The nonhomologous
membrane-embedded residues of the NTF are more relevant
than those of the CTF, and TMD6 makes a strong individual
contribution.

Discussion

The experimental approach outlined here exploits func-
tional differences between PS1 and PS2 in order to identify
protein domains governing various aspects of substrate
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processing, like substrate binding, engulfing, and cleavage. We
reasoned that investigating chimera of those highly homolo-
gous proteins may cause fewer undesired pleiotropic effects on
their structure than truncations, deletions, or fusions with
sequences from unrelated proteins. A limitation of our
approach is that domains that determine functional properties
shared by both paralogs may not be identified. We further
acknowledge that the type of expressing cells might affect
substrate processing by PS. However, with respect to APP
processing, HEK293/sw cells produce AP species in ratios
resembling those observed in brain-derived cells (eg,
(49-51)). Two major differences between y-secretase com-
plexes containing PS1 or PS2 form the basis of our strategy.
First, y-secretase complexes holding PS1 or PS2 exhibit a
remarkably different sequence-specificity of C99 processing,
that is, a reduced production of AB38 by PS2 compared to PS1
being paralleled by an increase in AB37. While different AB38
levels have recently been reported (28, 29), differential AB37
production has not been described before. Although low signal
intensities of AP42 prevented us to calculate reliable AB42/
AP40 ratios from IP-MS measurements, qualitatively, Ap42
levels relative to AP40 appeared to be similar for PS1 and PS2.
This is in line with studies reporting a similar AB42/AB40 ratio
for both PS paralogs (22, 23) but inconsistent with other
studies describing a higher APB42/AB40 ratio for PS2-
containing y-secretase (52, 53). For both paralogs, €49 ap-
pears to be the major cleavage site, followed by €48, which
agrees with previous reports (28, 54, 55). Interestingly, we
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show that PS2 uses the €51-site more frequently than PS1 and
does so at the expense of €48. To our knowledge, this differ-
ence in e-cleavage has not been shown before. Rather, the
e-cleavage specificity had been reported to be similar for PS1
and PS2 using the less sensitive IB analysis (29). Moreover,
AICDe51 had not been determined in some previous studies
(28, 29). Our data are consistent, however, with previously
reported AICD production by HeLa cells expressing both PS
paralogs. There, the plasma membrane generated almost
exclusively AICDe49, while endosomes produced mostly
AICDe51 (56). Since PS2-containing y-secretase mostly resides
in late endosomes and lysosomes (22, 23), AICDe51 produc-
tion most likely had originated from PS2, in line with our
current results. Since AB51 is first processed to AB438, it also
enters the AP42 product line (9, 10, 57). Altogether, PS1 and
PS2 thus initiate the AB42 line with a slightly higher efficiency
than the AP40 line (Fig. 5D). In turn, this suggests that it is the
downstream processing of the AB peptides that leads to the
observed differences in AP38/AP37 ratio between PS1 and
PS2.

At which stage then does A trimming differ between both
PSs to produce the lower AB38/AB37 ratio exhibited by PS2?
Assuming that AB42 derives from AP48, one would expect
AB42 to be the major AP species. However, consistent with
previous studies (22, 25, 28) both, PS1- and PS2-containing y-
secretases produce AP40 as the major species, thus suggesting
frequent crossover from the AB42 product line to the Ap40 line.
To date, the generation of AP43 from its precursor AB48 is the
sole reported crossover point that could allow for this product
line switch (9, 10) (Fig. 7). Indeed, PS2 might use the
AP48—AP43 switch more frequently than PS1, as AP43 gen-
erates AB37 via AP40. Alternatively, PS2 might be more effi-
cient in a previously reported rare direct conversion of Ap42 to
AB37 (9) or use additional, so far unidentified, crossover points.

Second, y-secretase holding PS2 is much less efficient in
AICD production than PS1-containing y-secretase. This was
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shown by our experiments on cleavage efficiency with
detergent-solubilized membranes as enzyme source where
both types of y-secretase are expected to have equal access to
the substrate. This confirms previous studies where AICD
production by y-secretase holding PS2 relative to PS1 was
somewhat reduced in cellulo using a luciferase-based reporter
assay conducted on BD8 cells (58) or strongly diminished in a
cell-free assay (22, 29).

Analyzing PS1/PS2 chimeric enzymes shed light on the
structural domains defining both, the specificity and efficiency
of C99 cleavage. Cleavage specificity, as expressed by the
AB38/AB37 ratio, is mainly accounted for by the NTF.
Furthermore, we found the membrane-embedded non-
conserved residues to be mainly responsible for this paralog-
specific phenotype. The same holds true for the efficiency of
AICD production. By implication, the specificity of AB37 and
AB38 production as well as the efficiency of e-cleavage appear
both to be mainly mediated by interactions of the substrate
with TMDs of the NTF of PS. That the NTF is responsible for
paralog-specific e-cleavage efficiency had previously been
observed in a cell-based assay, albeit without statistical sig-
nificance (58).

At a more granular structural level, the single TMD ex-
change resulting in chimera PS2pTM3 produced a PS1-like
AB38/AB37 ratio. How does TMD3 affect AR production?
On the one hand, one straightforward explanation would
imply a role of TMD3 in AP trimming after e-cleavage. After
all, the specificity of e-cleavage is not the root cause of AB38/
APB37 ratios differing between wt PS1 and PS2, as noted above
(Fig. 5D). On the other hand, we found that exchanging TMD3
had profound effects on the specificity of e-cleavage since
PS2pTM3 partially mimics PS1 in its €51/e48 ratio (Fig. 5C)
albeit this effect is unlikely to affect the AB38/AB37 ratio. In
addition, PS2pTM3 produced higher levels of AICDe48 plus
AICDe51 relative to AICDe49 than both wt PSs (Fig. 5D).
Although this effect may partially explain an elevated AB38
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Figure 7. Product line usage of PS1 and PS2. The efficiencies of e-cleavage as well as of proteolysis along both product lines and crossover events
between them, as indicated by previous data (9, 10) and our current results, can explain the differential AB38/AB37 ratios of PS1 and PS2. The width of the
boxes containing the peptide species represents the relative amount of peptide at the start (dashed lines) or at the end (solid lines) of the respective AP
product line. Arrow width indicates the presumed efficiency of respective cleavage steps. In particular, the more frequent use of the AB48—Ap43 transition
might explain the higher AB37 production by PS2. AR, amyloid-3; PS, presenilin.
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level resulting from a favored entry into the AB42 product line
(Fig. 7) (9), it is not suited to explain the elevated AB38/Ap37
ratio of PS1 compared to PS2. In other words, TMD3 clearly
influences the choice of initial cleavage site; however, the
extent to which this effect and an effect of TMD3 on subse-
quent trimming define the differential AB38/AB37 ratios of
PS1 versus PS2 is currently unknown. Along this line, it may be
worth noting that the AP38/AB37 ratio produced by
PS2pTM3-4 exceeds that of PS2pTM3. Conceivably, therefore,
TMD3 may cooperate with TMD4. That TMD3 affects AP
production is supported by previous domain-swapping ex-
periments where TMD3 was the only domain to alter Ap42
ratios, whereas mutation of other TMDs completely abolished
substrate cleavage (59). It is likely that additional structural
determinants of A production may be identified in the future.

How might the different TMDs mechanistically exert their
influence? In general, the functional dominance of membrane-
embedded over loop residues, as found in this study, is not
surprising as the formers dictate the noncovalent interactions
between the TM helices and thus the structure and dynamics of
a membrane protein (60). Indeed, simulations suggest corre-
lated motions of TMDs being responsible for transitions be-
tween various conformational states of PS (61). Specifically, a
range of studies have elucidated the participation of TMD3 in
the formation of the catalytic pore and of the active site in PS
(62). The structure of the substrate/enzyme complex has been
determined by cryogenic electron microscopy (cryo-EM). In
this structure, the C83 substrate is located between TMD2 and
TMD3 of PS1 with apparent interactions between W165 of PS1
TMD3 and V44 of C83 as well as between S169 of the PS1
TMD3 and I41 of C83 (63). While these C83-contacting resi-
dues are conserved, other TMD3 residues vary between both
PSs, possibly affecting the precise positioning of the substrate
TMD which determines e-specificity. That TMD3 contributes
to formation of an aqueous catalytic pore was initially suggested
by a cysteine labeling approach (64). Follow-up studies using
the y-secretase modulator E2012 further indicated its involve-
ment in AP trimming. Binding of E2012 induces conforma-
tional changes of TMD3 resulting in an expansion of the
catalytic cavity which was reported crucial for AB42 reduction
(65). Furthermore, the importance of TMD3 for A production
is underlined by the fact that 13% of all familial AD mutations
with assumed and confirmed pathogenicity are located in
TMD3 (https://www.alzforum.org/mutations) albeit this TMD
comprises less than 7% of all PS1 amino acids. Among these is
the very aggressive L166P mutation, which is associated with an
early onset of AD (66). Photoaffinity mapping showed L166P to
site specifically alter the efficiency of crosslinking between the
PS1 NTF and the e-sites of C99 (67, 68), indicating that TMD3
functionally interacts with the initial cleavage region. Further,
TMD3 contacts TMD4 which itself does not contact the sub-
strate in the cryo-EM structure (30, 63). Notably however, a
residue near the C-terminus of TMD4 can be crosslinked to
residues 383 or 387 bordering the catalytic D385 of TMD7 (69).
Thus, TMD4 appears to visit the catalytic site at least tran-
siently, which may explain its apparent cooperation with TMD3
in our current study.
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Surprisingly, TMD3 appears to have no discernible impact
on e-cleavage efficiency as indicated by the PS2-like AICD
production exhibited by PS2pTM3 in cell-based assays. It
follows that the final substrate positioning that is thought to
govern e-site specificity is uncoupled from the efficiency of
e-cleavage. Rather, it is likely that an earlier step, such as the
ease of substrate translocation toward the catalytic site is
crucial for e-efficiency. Various lines of evidence had previ-
ously suggested a role of PS TMDs 2, 6, and 9 in substrate
recognition (reviewed in: (33, 70)). More specifically, entry
gates between TMDs 2 and 3 (71), TMDs 2 and 6 (32, 46), and
TMDs 6 and 9 (47, 48) had been proposed. TMD6 might be a
particularly crucial site of initial substrate binding. Exchanging
either part of TMD6 or TMD?2 of PS for nonrelated TMDs had
abolished labeling by a photoprobe based on a peptidic sub-
strate mimic (59). In a comparison of different cryo-EM
structures, TMD6 showed the highest tilt angle variations of
all TMDs that correlated to the distance between both catalytic
aspartates (72). As a small distance between these aspartates is
required for cleavage, TMD6 dynamics might explain the
e-cleavage efficiency of PS2pTM6 which approached that of
PS1. Unexpectedly, combining PS1 TMD6 with TMD2 or
TMD?9 did not further increase e-efficiency. This result does
not challenge a role of TMDs 2, 6, and 9 in substrate recog-
nition. Rather, it is consistent with the idea that TMD2 and
TMD?9 do not define the differences in PS1 and PS2 activity. It
is currently not clear how the PS1 TMDs within PS2pTM1-4
account for higher-than-PS2 activity of this chimera. A pre-
viously reported TMD2/TMD3 entry site (71), a concerted
movement of TMD3 and TMD1 (65), or the stabilization of
TMD3 by TMD4 during cleavage (62) may help to explain the
enhanced efficiency of PS2pTM1-4. However, the exact
mechanism remains elusive and needs further investigation.

We conclude that TMD3 is a strong determinant of the
choice of the e-site but not of e-cleavage efficiency. By
contrast, other TMDs, including TMD6, contribute to
e-cleavage efficiency but do not determine the AB38/Ap37
ratio. Thus, TMD6 may have a major impact on substrate
acquisition and/or translocation to the active site. It may be
noteworthy that previous Michaelis-Menten analyses with
detergent-solubilized enzyme uncovered lower K., and V.«
values of PS2 relative to PS1 (27). One aspect by which PS2
differs from PS1 may thus correspond to a higher substrate
affinity, which is approximated by K,,. Naturally, a higher af-
finity does not explain the lower PS2 efficiency found here and
elsewhere (22, 29, 58). Another aspect distinguishing both
paralogs appears to a differential substrate turnover, as indi-
cated by the lower V,,, of PS2. The V.« value is influenced
by any step downstream of initial substrate binding (73),
including the efficiency by which an initially bound substrate
TMD is translocated toward the active site. As the non-
conserved TMDG6 residues are located at the interface between
the TMD6 and the TMD2 helices (63), e-cleavage efficiency
may depend on the ease by which this interface transiently
breaks to allow substrate translocation between TMDs 2 and 6
(32, 46). Alternatively, e-cleavage efficiency may be governed
by the contribution of TMD6 to the active site where

J. Biol. Chem. (2023) 299(5) 104626 9


https://www.alzforum.org/mutations

Functional importance of presenilin transmembrane domains

conformational changes of TMD6 were observed after sub-
strate binding (63, 74). Future studies on the substrate speci-
ficity of PS1 versus PS2 may benefit from the recently solved
cryo-EM structure of PS2 (75) which, although nearly iden-
tical to that of PS1, may show differences in yet to be deter-
mined substrate-bound forms. In any case, by comparing
differential C99 processing by both PSs and chimeric variants
thereof, our current study helps to identify important de-
terminants of the specificity and efficiency of cleavage.

Finally, we note that the physiological roles of PS1 and PS2
involve substrates other than C99. As with C99, differential
cleavage of such other substrates by both PS paralogs has been
reported and is likely to depend on their differential subcellular
localizations (22, 23). For example, the late endosome- and
lysosome-localized premelanosome protein and tyrosine-
related protein are mostly cleaved by PS2, but barely by PS1.
By contrast, N-cadherin found at the cell surface is predomi-
nantly cleaved by PS1 (23, 53).

Experimental procedures
Antibodies

Antibodies to the PS1 NTF (2G7 (68), IB: 1 pug/ml), the PS1
CTF (5E12 (76), IB: 2 pg/ml), the PS2 NTF (2972 (77), IB:
1:500), the PS2 CTF (BLHF5c (78), IB: 1:2000), and total Af
(2D8 (24), IB: 3 pg/ml and 3552 (79) immunoprecipitation
(IP): 1:500) have been described previously. The antibodies
N1660 to NCT (Sigma, IB: 1:5000), Penta-His (Qiagen, IB:
1:5000), Y188 to the APP C terminus (Abcam, IP: 1:2500), and
4G8 (Biolegend, IP: 2.5 pg/ml unless stated otherwise) were
obtained from the indicated companies. Rabbit polyclonal
antibody 8557 (IB: 1 pg/ml) was raised against residues 4 to 15
of human PEN-2.

cDNA constructs and transfection of mammalian cells

c¢DNA constructs encoding the individual human PS vari-
ants, N-terminally tagged with hexahistidine sequences, were
generated by Gibson Assembly (80) (New England Biolabs)
and cloned into the mammalian expression vector pcDNA4/
HisC (Invitrogen). The required cDNA sequences were
amplified via standard PCR. Gibson Assembly was performed
according to the manufacturer’s protocol. Table S1 lists the
identities of the fused fragments. The identity of the TMDs
corresponds to the respective annotations in the cryo-EM
structure (pdb: 5fn3 (30)). The integrity of all cDNA con-
structs was verified by DNA sequencing. HEK293/sw and
HEK?293/sw PS1/2 =/~ dKO cells (37) were stably transfected
and cultured in the presence of the selection antibiotic Zeocin
(InvivoGen) to ensure genomic integration as previously
described (81). For the sake of averaging the expression of PS
variants on substrate processing, all clones obtained for a given
variant were pooled after antibiotic selection and co-cultivated.

Protein analysis and cleavage assays

PS1, PS2, NCT, and PEN-2 were detected in cell lysates by
direct immunoblotting as described (82). IP-MS analysis of A
peptides generated in cell-based or cell-free assays was done as
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described previously (76) using antibody 4G8 and the 4800
MALDI TOF/TOF Analyzer (Applied Biosystems). AICDs
generated in cell-free assays were analyzed by IP-MS using
antibody Y188 and MALDI-TOF mass spectrometry (rapifleX
Tissuetyper, Bruker). MALDI spectra were quantitatively
evaluated by determining peak heights and averages were
calculated.

Individual AP species were also analyzed by immunoblot-
ting, using Tris-Bicine-Urea SDS-PAGE (41) after IP with
antibody 3552. For separation of A species, we used a 12%
stacking gel without urea and an 8% separation gel containing
8 M urea.

For cell-free y-secretase assays, membrane fractions from
HEK293/sw PS1/27/~ cells co-expressing wt PS1, PS2, or
chimeric PS variants were prepared as described (3) and sub-
sequently solubilized with 1% CHAPSO [1% CHAPSO, 150 mM
sodium citrate pH 6.4, 1x cOmplete protease inhibitor (Roche)].
y-Secretase activity was assessed as described before (76) except
that 1.2 pM LY-411575 (43) (Merck) was used for y-secretase
inhibition. To determine the e-cleavage efficiency of a given
y-secretase complex, the mixture of AICDs generated in cell-
free assays was separated from other proteins on Tris-Tricine
gels (83) with subsequent immunoblotting using the Penta-
His antibody. Quantification of signal intensities from IBs was
performed using a Western Blot imager (Fusion FX, Vilber
Lourmat) and the Image Studio Lite Ver. 5.2 software (LI-COR).
When quantifying band intensities, we sought to minimize
potential variations of AICD production that may result from
different levels of functional y-secretase. Thus, we normalized
AICD staining intensity to that of the mature, fully glycosylated
NCT,, determined in parallel.

To determine e-cleavage specificity, the quantity of indi-
vidual AICD species was investigated as described above.
Likewise, AP peptides generated in cell-free assays were
investigated as described above. Signal averages were calcu-
lated from data obtained from multiple membrane
preparations.

Statistical analysis

Data are presented as the mean value + SEM and were
analyzed using one-way analysis of variance (ANOVA) and
post hoc Dunnett’s test. Statistical significance was defined as
p < 0.05. The data were analyzed using GraphPad Prism 9
(GraphPad Software).

Data availability

All source data required for determination of mean A and
AICD ratios or the cleavage efficiency will be made available
upon request.
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