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ALZHEIMER’S DISEASE

Presenilins and Calcium Signaling—
Systems Biology to the Rescue

llya Bezprozvanny*

Mutations in presenilins result in familial Alzheimer’s disease (FAD). Presenilins en-
code a catalytic subunit of the y-secretase complex, and FAD mutations in presenil-
ins alter y-secretase activity. Many FAD mutations in presenilins also affect intracel-
lular calcium signaling. To explain these results, it was proposed that presenilins
also function as endoplasmic reticulum (ER) calcium leak channels and that this
function is disrupted by FAD mutations. Although this hypothesis has been con-
troversial, new research supports the calcium leak channel hypothesis. One group
reported the presence of putative ion-conduction pore in the high-resolution crystal
structure of bacterial presenilin homolog PSH1. Another group identified an essen-
tial role for presenilins in mediating ER calcium leak in a cell-based screen for cal-
cium homeostasis modulators. These results should enable the field to move for-
ward and to focus on exploring connections between FAD mutations in presenilins,
changes in y-secretase and ER Ca?* leak functions, and development of the disease.

Presenilin 1 (PS1, encoded by PSENI) and
presenilin 2 (PS2, encoded by PSEN2) are
50-kD proteins that contain nine transmem-
brane domains and reside in the endoplas-
mic reticulum (ER) membrane. The assem-
bly of presenilins with nicastrin, APH-1,
and PEN-2 forms the y-secretase complex,
which is transported to the cell surface and
endosomes, locations where it cleaves sev-
eral substrates, including the amyloid pre-
cursor protein (APP). More than 180 mis-
sense mutations identified in the PSENI
gene and 20 mutations in the PSEN2 gene
result in familial Alzheimer’s disease
(FAD). y-Secretases generate amyloid-B3
(AB) peptide, the main constituent of the
amyloid plaques in the brains of both FAD
and sporadic AD patients, and most at-
tention of the Alzheimer’s disease (AD)
field has been focused on studies of the
v-secretase function of presenilins. Increas-
ing evidence suggests that presenilins also
have 7-secretase—independent functions.
One of these functions is related to calcium
(Ca*) signaling. The connection between
FAD mutations in presenilins and abnor-
mal Ca?* signaling was initially observed in
studies with fibroblasts from FAD patients
almost 20 years ago (/) and has been rep-
licated many times in various experimental
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systems. However, a mechanistic explana-
tion for these findings has been lacking.

Three different models have been pro-
posed to connect presenilins to Ca*" signal-
ing: (i) Presenilins function as passive low-
conductance ER Ca?' leak channels (2, 3),
(ii) presenilins activate the inositol(1,4,5)-
trisphosphate receptor (InsP;R) (4), or (iii)
presenilins enhance the activity of the ER
Ca?" pump (5). Because these three groups
used similar experimental approaches and
methods but came to different conclusions,
these studies resulted in controversy (6).
Considering that most of the AD field fa-
vored presenilin acting as a y-secretase, this
unresolved controversy marginalized the
Ca?" signaling function of presenilins.

New perspectives to this conundrum
were provided in studies that used differ-
ent approaches. One breakthrough came
from determination of the crystal structure
of archaeal presenilin homolog PSHI1 (7),
which provides the first atomic resolution
information about the three-dimensional
structure of presenilins. The resolution of
the structure is sufficiently high to visual-
ize a large, water-filled hole that traverses
the entire protein across the lipid bilayer.
The hole is surrounded by transmembrane
domains 2, 3, 5, and 7 and is large enough
to allow passage of small ions (7). Muta-
genesis data from mammalian presenilins
suggested that the ion-conducting pore of
presenilins is lined by residues of trans-
membrane domain 7, but not transmem-
brane domain 6 (&), which is consistent
with the structure of PSH1. Although much

additional work is needed, the water-filled
cavity in the PSH1 structure is a likely can-
didate for the ion-conducting pore in the
presenilin Ca?* leak channel.

The second breakthrough came from the
application of a systems biology approach
(9). Bandara et al. set out to develop a
quantitative model of cellular Ca** homeo-
stasis by performing single-cell Ca** imag-
ing studies and identifying a set of differ-
ential equations that describes major Ca?"
pumps and leak currents in human embry-
onic kidney 293 cells. They transfected 250
candidate short-interfering RNAs (siRNAs)
into the cells and used the mathematical
model to quantify the effects of knockdown
on Ca?" pump and leak rates, which resulted
in the identification of proteins involved in
the elusive ER Ca?" leak pathway. Knock-
ing down PS2 or ORAI2 dramatically re-
duced ER Ca* leak rate, and knocking
down PEN-2, encoded by PSENEN, greatly
increased ER Ca?" leak rate. Knockdown
of PSENEN would inhibit proteolytic pro-
cessing of presenilins and thus increase the
holoprotein form of the protein, which is
the form of presenilins that functions in ER
Ca?' leak (2). Thus, enhanced ER Ca?" leak
resulting from PEN-2 knockdown most
likely reflects the accumulation of the pre-
senilin holoprotein in the ER.

These two independent lines of evidence
(7, 9) appear to support the “ER Ca?" leak
channel” hypothesis (2). This hypothesis
states that presenilins exist in two differ-
ent states and play different roles in differ-
ent subcellular compartments. Cleaved (or
“mature”) presenilin forms a <y-secretase
complex together with nicastrin, APH-1,
and PEN-2, which is located in endosomal
compartments and at the plasma membrane
(Fig. 1A). Holoprotein (or “immature”)
presenilin forms the ER Ca*" leak channel
in the ER (Fig. 1A). Which function is af-
fected by FAD mutations in presenilins?
Different mutations may affect different
functions. Some mutations in presenilins,
such as the PS1-AE9 mutation, primar-
ily affect y-secretase function and result
in highly increased ratio of AB42 to AB40
(Fig. 1B). Other mutations, such as the
PS1-M146V mutation, primarily affect ER
Ca?" leak function and result in ER Ca?!
overload (3) (Fig. 1B). Some mutations,
such as the PS1-L166P mutation, affect
both functions, which result in ER Ca**
dysregulation and increase the AB42:AB40
ratio (Fig. 1B) (3). Clinical phenotypes of
presenilin mutant families are quite het-
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erogeneous (/0), and the fact that various
point mutations affect either one or both
functions may help to explain this hetero-
geneity. Mutations that have strong effects
on y-secretase function of presenilins (such
as PS1-AE9 and PS1-L166P) appear to seg-
regate with cotton wool plaques and spastic
paraparesis phenotype, whereas mutations
that affect primarily ER Ca?' leak function
(such as PS1-M146V) do not (Fig. 1B) (3).
Obviously, additional basic and clini-
cal studies are needed to test and develop
these ideas, but the two recent publications
(7, 9) should facilitate the exploration of
how FAD mutations in presenilins change
v-secretase and ER Ca?" leak functions, and
contribute to the development of AD.
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