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Abstract 

Most of early-onset forms of Alzheimer's disease (AD) are caused by inherited mutations 
located on chromosomes 14 and 1, the gene products of which have been recently identified and 
referred to as presenilins 1 (PS1) and 2 (PS2), respectively. The first phenotypic alterations trig- 
gered by mutated PS were reported to be an increased production of the amyloid peptide (A~) 
and, more precisely, its 42 amino-acids long counterpart A~42. This overproduction is thought to 
be responsible for the genesis of the senile plaques that invade the cortical and subcortical areas of 
these AD-affected brains. The discovery of PSs has triggered numerous studies aimed at better 
understanding their normal physiology and the dysfunctions brought by the mutations that could 
explain, at least in part, the neurodegenerative process taking place in this syndrome. In this 
review, I will focus on the structural aspects of PS and on the various posttranscriptional events 
they undergo. I will also briefly discuss that current hypotheses concerning their normal func- 
tions and the influence of FAD-linked mutations. 

Index Entries: Alzheimer's disease; presenilins; ~APP processing; A~ peptide; mutations; 
embryogenesis; development; apoptosis; maturation; caspases. 

Introduction 

Alzheimer 's  disease (AD) is an age-related 
syndrom characterized by mnesic alterations 
and cognitive disorders. Most of AD etiology is 
sporadic, but  about 10% of cases are familial 
(FAD) and are characterized by a much  earlier 
onset and rapid evolution. These aggressive 
forms of AD are caused by missense mutations 

borne by chromosomes 21, 14, and 1 (for 
reviews see refs. 1--4), the gene products of 
which were identified as the ~-amyloid precur- 
sor protein (~APP) (5-7) and presenilins 1 and 
2, respectively (8-10). It is important  to empha-  
size that, when  mutated,  these distinct proteins 
trigger a common phenotypic alteration of 
~APP maturation, i.e., an increased recovery of 
the amyloid ~-peptide, and more particularly 
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of its 42 amino-acids-long readily aggregable 
counterpart (A~42). 

The similar elevation of this pathogenic 
~APP catabolite in FAD of various origins 
labels A]3 as a common denominator occuring 
early in the etiology of AD, and thereby rein- 
forces the amyloidogenic hypothesis for this 
neurodegenerative disease. As a corrolary, the 
elucidation of the physiology of PSs and the 
understanding of their function(s) should 
hopefully help us to better understand, at least 
in part, some etiological aspects of this devas- 
tating disease. 

Here, I will center my review on the struc- 
tural aspects concerning PS and the posttran- 
scriptional events they undergo. Finally, I will 
briefly report on the various putative functions 
of PS and the possible alterations brought by 
FAD-linked mutations. 

Presenilin Genes, mRNAs 
and Pathogenic Mutations 

Presenilin I was first identified by positional 
cloning (8). The structural organization of the 
mouse PS1 gene indicates that it spans over 
50-75 kb and is organized into 12 exons, the 
first two corresponding to 5' untranslated 
regions (11,12). The longest open reading 
frame, encoded by exons 3-12, leads to a 467 
amino-acid-long protein. 

Analysis of PS1 mRNA reveals a major 
species of about 3 kb and a minor message of 
about 7 kb (8). Northern blot analysis indicates 
that these transcripts are ubiquitously 
expressed in human brain nuclei and periph- 
eral tissues (8). In situ hybridization studies 
indicate that the localization of PS1 mRNA 
appears similar in human normal and sporadic 
Alzheimer's disease-affected brains (13) and 
occurs earlier than ~APP mRNA expression in 
embryonic rat brain (14). 

Several splice variants of PS1 have been iden- 
tified. One of these lacks the sequence encoded 
by exon 8 that corresponds to one of the puta- 
tive transmembrane domains of the protein. 

Another very abundant variant derives from 
alternative splicing at exon 3, and generates the 
deletion of a tetrapeptide (Val-Arg-Ser-Gln) 
that appears to exhibit a consensus phosphory- 
lafion site (8), but its functionality remains to be 
established. 

The number of mutations identified on the 
PS1 sequence continues to increase tremen- 
dously. To date, more than 50 missense muta- 
tions have been detected (for review see ref. 
15), some of them causing AD in a 29-yr-old 
patient (16) or even leading to death in another 
patient who was only 28 yr old (17). In addi- 
tion, a mutation corresponding to the abolish- 
ment of the splice acceptor site of exon 10 
(formerly identified as exon 9) results in the 
deletion of the sequence encoded by this exon 
(referred to as AE10-PS1 below, 18). 

The gene organization of PS2 is very similar 
to that of PS1, i.e., 12 exons corresponding to a 
24 kb genomic region. Exons 3-12 give rise to 
an open reading frame encoding a 448 amino- 
acid-long protein (19,20). Two messenger 
RNAs of 2.4 and 2.8 kb can be detected, the for- 
mer being distributed within brain, lung, liver, 
and placenta, whereas the longer form appears 
to be more ubiquitously expressed (10, 21). 
Unlike for PS1, very few mutations on PS2 
have been characterized. A mutation has been 
found in a Volga German kindred that replaces 
the asparagine residue in position 141 of PS2 
for an isoleucine (21). The second substitution 
is rare and corresponds to the change of 
methionine 239 for a valine residue (22). 

Structure, Topology, and Localization 
of Presenilins 

Hydropathy plots of PS sequences predict a 
transmembrane protein, the exact structure of 
which still remains to be discussed. Several 
groups have postulated an even number of 
hydrophobic domains (6 or 8) for PS1 (23, 24) 
or sel-12 (25), its Caenorhabditis elegans counter- 
part. This implies that N- and C-terminal PS1 
moieties would be directed to the same cell 
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compartment that is thought to be cytoplasmic 
(23-25), a hypothesis corroborated by another 
recent study (26). By contrast, Dewji and 
Singer (27) favor the occurence of a seven- 
transmembrane domain protein. 

PS1 and PS2 display 67% amino-acid iden- 
tity. Divergences between the two PS 
sequences occur mainly at their N-termini and 
at the level of the sixth hydrophilic loop. Most 
of the missense mutations detected in PS1 
occur at amino acids conserved between the 
two proteins and are particularly clustered 
within transmembrane domains, with obvious 
predominence in the second. 

Because cellular and subcellular localiza- 
tions of proteins often give insights about their 
putative functions, a series of studies has 
examined these aspects. Various monoclonal, 
polyclonal, or affinity-purified antibodies have 
been generated against PS1 and label neurons 
in rodent and human brains (28-30). Most of 
the labeling appears to be associated with neu- 
rons (29,31,32), whereas oligodendrocytes, 
microglia, and astrocytes remain immunoneg- 
ative (30). In the mouse brain, PSl-like 
immunoreactivity is mainly associated with 
perikarya and dendrites, whereas labeling of 
the axons appears to be very weak (28). This is 
very similar to the pattern observed with 
human temporal cortex that is stained mainly 
at the level of neuronal cell bodies and den- 
drites (30). Most of these features are also 
observed in various cell lines. Thus, NT2N and 
rat hippocampal neurons display PSl-like 
immunoreactivity on cell bodies and dendrites 
and little if any on axons (33,34). Similarly, PS1 
appears mainly concentrated in the somato- 
dendritic compartment of SH-SY5Y neuroblas- 
toma cells, although lower levels could also be 
detected in axons (35). 

In contrast to PS1, very limited information 
is available concerning the expression of PS2. 
An in situ hybridization approach indicates 
similar patterns of PS2 and PS1 expression in 
human brain, mainly in the neuronal cell pop- 
ulation (31,36). Accordingly, a recent study 
indicated that PS2 colocalizes with PS1 in 
mouse brain but that, unlike PS1, PS2-1ike 

immunoreactivity remains exclusively associ- 
ated with neuronal cell bodies (37). 

At the subcellular level, the available data 
are not totally consensual. Most studies have 
reported localization of PS1 (26,31-33,36,38,39) 
and PS2 (31,32,36,39) in intracellular mem- 
branes of various mammalian cell lines, mainly 
at the level of the endoplasmic reticulum 
(26,33,36,38,39) and Golgi apparatus (26,36). 
The distribution in such compartments does 
not seem to be modified when the subcellular 
localization of FAD-linked PS is examined 
(33,36). Two other studies have also reported 
the association of PS1 (38,40) and PS2 (40) at 
the plasma membrane, suggesting the possibil- 
ity that PS expression at the cell surface could 
mediate cell-to-cell contacts responsible for 
adhesion processes (38) or transcellular bind- 
ing (40,41). Finally, a recent study suggested 
the colocalization of PS with kinetochores 
occuring at the level of the inner nuclear mem- 
brane (42). 

The reason for such controversial results is 
not yet clear but one could envision that the 
specificity of the immunological probes used in 
these studies could explain some of these dis- 
crepancies. Furthermore, as mature PSs are fur- 
ther processed (see Posttranslational Events), it 
is possible that PS-like immunoreactivity corre- 
sponds to the holoproteins but also to some of 
their derived fragments. In this context, possi- 
ble variable recognition of these products by 
the antibodies together with putative cell-spe- 
cific maturation processes and/or  distinct 
localization of holoproteins and processed frag- 
ments could explain distinct phenotypic 
immunolabeling on intact tissue or cells. 

Posttranslational Events 

Presenilins do not undergo sulfation, acyla- 
tion, and sugar incorporation (26,39). Several 
studies indicate that PS2 holoprotein can be 
highly phosphorylated in COS and CHO cells 
(26,39,43). Attemps to identify the candidate 
kinases responsible for PS2 holoprotein phos- 
phorylation rules out the involvement of the 
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protein kinase C (26,39) and protein kinase A 
(26). In vitro experiments performed with vari- 
ous purified kinases corroborated these data 
(26) and suggested the possible involvement of 
casein kinases I and II (39). PS2 incorporates 
phosphate on serine residues (26,39) at posi- 
tions 7,9, and 19 (39). Interestingly, these 
residues are located at the N-terminal part of 
PS2 and are not conserved in the PS1 sequence. 
This likely explains why the PS1 holoprotein 
undergoes phosphorylation to a much lesser 
extent than PS2 (26,39). Another explanation 
could be that PSl-phosphorylated holoprotein 
is more susceptible to phosphatase than phos- 
phorylated PS2, as was suggested by the dras- 
tic enhancement of PS1 but not PS2 
phosphorylation state on okadaic acid treat- 
ment of transfected COS cells (26). Biosynthe- 
sis and phosphorylation of PS1 are not affected 
by two of the pathogenic mutations, Ala246-> 
Glu and Cys410-> Tyr (26). Amino acids of PS2 
undergoing phosphorylation in vivo, were 
recently mapped and identified as aspartyl 
residues in positions 327 and 330 (43). 

Presenilins are efficiently processed pro- 
teins. Several studies indicate that an N-termi- 
nal product of 28-30 kDa and its 18-kDa 
C-terminal counterpart are endogenously pro- 
duced by a yet unknown "presenilinase," are 
recovered in high amounts, and can accumu- 
late in various mammalian cell lines as well as 
in transgenic mice (44-48). Recent data also 
indicate that the N- and C-terminal fragments 
of PS1 could physically interact (49) and form 
high-molecular-mass heterodimer complexes, 
the function of which still remains discussed. 
The high recovery of processed products 
when compared to holoproteins appears 
related with longer lifetimes of the former 
species (50). 

The processing cleavage clearly occurs 
inside the sequence encoded by  exon 10 since 
the &E10-PS1 construction resists endoprote- 
olytic cleavage (45). Whether the presence of 
FAD-linked mutations affects PS processing 
has been questioned. Okochi and colleagues 
(51) reported a lack of association between a 
series of PS1 mutations and their susceptibility 

to processing. This was corroborated by a 
recent study showing that products of PS1 pro- 
cessing accumulate in the brain of patients 
bearing the I143T and G384A mutations in a 
similar extent than in control or sporadic 
brains (52). Murayama et al. (53) later indi- 
cated that Cys410->Tyr PS1 resists proteolysis 
whereas Gly384->Ala or Leu392->Val does not. 
Accordingly, the mutations Met146->Val and 
Ala246->Glu were shown to impair processing 
in PC12 cells (54). The latter data are in appar- 
ent contradiction with those obtained with the 
same mutations in transgenic mice since in this 
system, processed fragments accumulate to a 
higher extent than those generated from the 
wild-type PS1 (55). 

It is interesting to note that the cleavage of 
PS1 gives rise to a C-terminal fragment that, 
unlike PS1, behaves as a protein kinase C 
(56,57) and protein kinase A (56) substrate. 
Whether the selective phosphorylation of this 
product can be envisioned as a clue to postu- 
late that it corresponds to the functionally 
occuring PSI-related species remains to be 
established. 

Recent studies demonstrated that PS1 and 
PS2 undergo additional alternative cleavages 
at Asp345/Ser346 and Asp329/Ser330, two 
sites reminiscent of sequences targeted by cas- 
pase-like proteases (58-60). The C-terminal 
PS1 fragment also behaves as a caspase sub- 
strate (60). Involvement of caspase 3 or a close 
congener was proposed based on the use of 
specific caspase inhibitors, mutational analy- 
sis, and hydrolysis of PS by recombinant cas- 
pase 3 (58,60). More recently, van de Craen et 
al. (61) reported on the susceptibility of PS1 
and PS2 to cleavages by a series of caspase 
activities and demonstrated that caspases 8 
and 3 displayed the highest catalytic activities 
toward both PS1 and PS2. Caspase-mediated 
cleavages appear to be exacerbated by Asn141- 
>Ile PS2 mutation in H4 cells (59), whereas a 
series FAD-linked PS1 mutations do not influ- 
ence susceptibility to caspase cleavage (61). 

To be complete, it must be noted here that 
against the current view on the processing of 
PS, one recent report suggests that the 
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observed PS fragments are artifactual and are 
caused by drastic protein extraction and analy- 
sis procedures, inducing cell trauma and 
increased susceptibility to proteolysis (62). 

Downstream to the above posttranslational 
events, both PS1 (63-66) and PS2 (46,67) are 
ultimately catabolized by the multicatalytic 
proteasomal complex. This agrees well with 
the observation that both proteins can undergo 
ubiquitination (46,63,67). FAD-linked muta- 
tions on PS1 (63) and PS2 (67) do not modify 
the rates of degradation by the proteasome. It 
should be noted that the proteasomal complex 
also regulates the intracellular concentrations 
of the C-terminal PS1/PS2 fragments (67,68). 

General Considerations on the 
Functions of Presenilins 

Genetic evidences suggested a role of PS in 
cell signaling. Thus, sel-12, the C. elegans 
counterpart of PS, interacts with lin-12, the 
Notch analog present in this nematode, 
thereby modulating the lin-12-mediated cell 
signaling (69). Interestingly, wild-type PS1 
can functionally rescue for sel-12 deficiency, 
whereas mutated PS1 displays drastically 
reduced ability to substitute for set-12 mutant 
phenotype (70). In agreement with these 
observations, PS1 was recently shown to 
physically interact with Notch (71). Notch is a 
single transmembrane domain protein that, 
after cell-surface activation, is cleaved at its 
C-terminus, giving rise to a biologically active 
intracellular fragment. This short domain is 
translocated into the nucleus, modulating the 
expression of some of the genes committed in 
cell fate decisions. It was recently reported 
that this intracellular cleavage is abolished 
when PS1 gene is invalidated in mammalian 
cells (72) and that this impairs Notch activity 
in Drosophila (73,74). Interestingly, PS1 also 
interacts with ~APP and the PS1 gene knock- 
out drastically reduces the production of A~ 
by preventing the y-secretase cleavage (75). 
These data suggest that PS1 either corre- 

sponds to the genuine ~APP/Notch-cleaving 
activity or is involved in the chaperoning of 
these proteins to a cell compartment display- 
ing these cleaving enzymes. Both hypotheses 
still stand since Wolfe et al. recently reported 
on the loss of y-secretase activity after mutat- 
ing PS1 at aspartyl residues reminiscent of 
those found in acidic proteases (76). On the 
other hand, the involvement of PS1 in the 
intracellular trafficking of a series of proteins 
has been recently reported (77,78). Interest- 
ingly, this function appears to be altered by 
FAD-linked mutations (78). 

PS1 also interacts with ~-catenin and other 
proteins belonging to the Armadillo proteins 
family (78-82). This interaction is affected by 
FAD-linked mutations and perturbates the 
commitment of cells to apoptosis (81). The rela- 
tionship between PSs and apoptotic processes 
is somewhat controversial because it appears 
that PS1 and PS2 could have distinct influence 
on this paradigm. Briefly, PS2 appears mainly 
"proapoptotic," whereas PS1 was reported to 
be either "antiapoptotic" or able to modulate 
cell susceptibility to apoptotic stimuli. The pro- 
or antiapoptotic control by PSs could be 
caused by some of their catabolites derived 
from secondary cleavages by "presenilinase" 
or caspases (for reviews see refs. 83-86). 

Finally, PSs interact with a series of other 
proteins, including the G-protein Go (87), 
rab11, a GTPase activity (88), a calcium-bind- 
ing protein recently named calsenilin (89), 
and glycogen synthase kinase-3~ (90). The 
above very brief considerations on PSs func- 
tions have been recently reviewed in more 
detail (86). 

Conclusion 

It appears from the above statements that PSs 
are likely multifunctional proteins undergoing 
numerous posttranslational events and 
involved in the control of various normal func- 
tions. When mutated, these proteins likely con- 
tribute, at least in part, to some of the familial 
forms of Alzheimer's disease. The virtually 
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complete  abol ishment  of A~ formation after 
knocking out  PS gene could have been seen 
optimistically as the identification of a putat ive 
therapeutic target for "fighting" AD. This hope  
has been short-lived because one can now con- 
sider, wi th  respect to the normal  function of PS 
in the cleavage a n d / o r  trafficking of various 
proteins involved in cell signaling, that abolish- 
ing PS activities could have disastrous side 
effects on cell physiology. It remains therefore of 
fundamenta l  interest to definitely establish 
whether  PSs act ups t ream to secretases or as 
genuine  secretases. In the former case, target- 
ring secretases downs t ream to PSs action wou ld  
remain a possible track to slow d o w n  or arrest 
the exacerbation of A~ product ion occuring in 
AD, whatever  its sporadic or genetic etiology. 
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