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Introduction

Alzheimer’s disease (AD), the most common form of dementia
in the elderly, is characterized by accumulation of b-amyloid
(Ab) senile plaques in the brain. Ab is produced by a cascade
of proteolytic cleavages of amyloid precursor protein (APP),
and the last cut is performed by g-secretase. The failure of Ab

clearance, or mutations in APP or in g-secretase lead to the
pathological aggregation of this peptide.[1–3]

g-Secretase is an integral membrane enzymatic complex
that contains four protein entities: presenilin (PS), anterior
pharynx-defective protein 1 (APH-1), nicastrin (NCT) and prese-
nilin enhancer protein 2 (PEN-2). The exact stoichiometry of
the components seems to vary depending on the develop-
ment and maturation of the complex.[4] Simultaneous overex-
pression of these four proteins reconstitutes modest g-secre-
tase activity in yeast, Drosophila, and mammalian cells.[5–7]

Apart from these crucial proteins, others that may modulate g-
secretase activity were also found.[8]

Of the g-secretase components, only NCT is a single-span
transmembrane protein that contains a massive extramem-
brane domain; the other components span the bilayer several
times and are predominantly buried within the membrane.
Thus, the g-secretase complex residing in the bilayer has rela-
tively small extramembrane domains.[9] A proposed model[7] of
stepwise assembly suggests that the nascent PS holoprotein is
stabilized in an inactive complex by binding to APH-1 and NCT.
In the next step PEN-2 binds to this complex and facilitates en-
doproteolysis of PS into N- and C-terminal fragments (NTF and
CTF, respectively), which in turn induces g-secretase proteolytic
activity.

Presenilins (PS-1 and PS-2) provide two aspartic acid residues
located within the membrane to form a catalytic core for the
intramembrane proteolysis of substrates. The first (D257 in PS-
1 and D263 in PS-2) is preceded by an evolutionarily conserved

tyrosine residue, and the second (D385 in PS-1 and D366 in
PS-2) is a part of a larger GxGD motif necessary for catalytic ac-
tivity. Genetic studies have shown that more than 100 muta-
tions in the PS-1 protein are associated with familial forms of
Alzheimer’s disease (FAD), and new mutations are still being
identified.[10] These pathogenic mutations lead to an overpro-
duction of highly aggregative forms of Ab within the brain. A
vast majority of PS-1 mutations occur within the transmem-
brane regions indicating that even minute changes in the
structure of these regions may radically change properties of
the protein including its catalytic characteristics.[10,11] Residues
associated with these pathological mutations appear to form
vertical patterns along the helices when mapped on regular
a helices.[12] Recently, Jozwiak et al.[13] used these linear pat-
terns of FAD mutations as a guide to propose conceptual
models of PS-1 membrane helical bundles.

Despite concerted efforts, the molecular structure of preseni-
lins is still unknown. Even their membrane topology is a
matter of controversy. Several putative topologies of PS-1 are
in current discussion, including some with six or eight trans-
membrane helices (TMs) with a cytoplasmic location of the
N terminus and two 7-TM topologies, in which the N-terminal

g-Secretase is an integral membrane protease, which is a com-
plex of four membrane proteins. Improper functioning of g-secre-
tase was found to be critical in the pathogenesis of Alzheimer’s
disease. Despite numerous efforts, the structure of the protease
as well as its proteolytic mechanism remains poorly understood.
In this work we constructed a model of interactions between two
proteins forming g-secretase: APH-1 and presenilin. This interface
is based on a highly conserved GxxxGxxxG motif in the APH-1

protein. It can form a tight contact with a small-residue Axx-
xAxxxG motif in presenilin. Here, four binding modes based on
similar structures involving GxxxG motifs in glycophorin and
aquaporin were proposed and verified. The resulting best model
employs antiparallel orientations of interacting helices and is in
agreement with the currently accepted topology of both proteins.
This model can be used for further structural characterization of
g-secretase and its components.
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end is located on the cytoplasmic side or on the extracellular
side of the membrane (reviewed in [14]). However, recent data
based on different experimental approaches suggest a 9-TM
topology.[15–17]

In contrast to PS, the topology of APH-1 is experimentally
well determined. It contains seven membrane-spanning helices
with a topology essentially identical to many other well-stud-
ied 7-TM proteins.[18] The APH-1 protein is involved in the stabi-
lization of the g-secretase complex, although its precise role re-
mains unknown.[19] This protein contains tandem GxxxG motifs
within its fourth transmembrane domain (TM4). Substitution of
the first glycine residue of this motif is associated with the
loss-of-function phenotype (anterior pharynx-defective pheno-
type) in C. elegans.[20] Further studies have shown that certain
mutations of the two other glycine residues impair the func-
tion of g-secretase.[21,22] These observations allowed Lee et al.
to suggest that the GxxxGxxxG motif is essential for helix–helix
interaction during formation of the complex.[22] These authors
postulated that A118, a small residue located one turn before
the glycine motif on the a helix, could additionally reinforce
the postulated helix–helix interactions. Thus, the APH-1 helical
motif can be extended as follows: (A118)xxxGxxxGxxx ACHTUNGTRENNUNG(G130).[22]

Interaction with other protein components of g-secretase as
well as the fact that APH-1, similarly to PS, undergoes endo-
proteolysis,[18] unquestionably affects its structural organiza-
tion.

The goals of the work presented herein were to explore the
structure and function of the GxxxGxxxG motif of APH-1 locat-
ed on TM4 and to suggest a possible molecular mechanism of
interaction with the partner helix in the g-secretase complex.
Molecular modeling techniques were used to build four alter-
native molecular models of helix–helix interaction involving
this motif of APH-1, and the most probable model was chosen.
Genotyping of FAD patients was performed in order to identify
any mutation/polymorphism in the studied region of APH-1
TM4.

Results

The putative GxxxG interface of APH-1

The small-residue motif (G122)xxx ACHTUNGTRENNUNG(G126)xxx ACHTUNGTRENNUNG(G130) located on
TM4 of APH-1 is accompanied by other residues. Mapping the
sequence of APH-1 TM4 over the
a helix frame revealed that the
following residues are located
on one face of the helix: R115,
A118/Y119, G122, G126, S129/
G130, S133, N136/I137 and D140
(Figure 1). Assuming that TM4
spans 26 amino acids (7 helical
turns), all the aforementioned
residues form a linear arrange-
ment that may serve as an inter-
face for possible interactions. An
additional observation from the
analysis of the helical wheel

(Figure 1) is that the two charged residues which border the
lipophilic region at both ends, R115 and D140, are located on
the same side of the helix and virtually on the same face as
the important G122 residue. An analysis of lipophilicity distri-
bution shows that such a helix carries a significant ’lipole’
moment (name analogous to dipole moment) oriented in the
opposite direction from the interface containing three glycine
residues (Figure 1).

Comparison of sequences of the TM4 segment of the APH-1
protein originating from different species (Figure 2) reveals
that all residues postulated to form the helical surface for
helix–helix interactions are highly conserved. A limited number
of conserved polymorphisms occur only at R115, I137 and
D140. Such features strongly support the hypothesis that all
residues identified as forming the interface play a key role in
the functioning of APH-1.

Figure 1. The helical wheel showing locations of amino acid residues along
the APH-1 TM4 a helix. The red ellipse encircles residues that form the con-
tact surface for the postulated helix–helix interactions. An arrow in the
middle of the wheel shows the direction of the ’lipole’ moment of the helix.
The figure was generated using the MPEx v. 2.2a software.[36]

Figure 2. Comparison of sequences involved in the formation of the TM4 segment in the APH-1 protein across
species. Residues bolded and in gray boxes point in the same direction as those encircled on the helical wheel of
Figure 1. Sources of sequences: Hs (Homo sapiens) APH-1a [NCBI:AAH15568], Hs APH-1b [NCBI:AAH20905] , Mm
(Mus musculus) APH-1a [NCBI :AAH57865], Mm APH-1b [NCBI :AAH50923], Rn (Rattus norvegicus) APH-1a (pre-
dicted) [NCBI :BC087081], Dr (Drosophila melanogaster) APH-1b [NCBI :NP_956409], Gg (Gallus gallus) APH-1a (pre-
dicted) [NCBI :XP_429030].
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APH-1 TM4 genotyping in patients with FAD

The contribution of sequence variation in the APH1a gene frag-
ment corresponding to the TM4 domain to FAD development
was investigated on a group of Polish FAD patients. We
screened the DNA fragment of the APH1a gene corresponding
to TM4 in 55 patients with FAD. No changes in the analyzed
DNA fragment were found. These results are in agreement
with data concerning sporadic Alzheimer’s disease (SAD) in the
Italian population.[23]

Possible partner helices for the APH-1 interface

In the next step, the investigations were focused on
finding the helix containing a motif complementary
to GxxxGxxxG in TM4 of APH-1. Such complementari-
ty would require the involvement of a similar Gly
motif to form very close contacts between interact-
ing helices. In order to identify sequence fragments
containing small residues (Gly, Ala, or Ser) separated
by the distance of three other residues and located
within TMs, we searched sequences of other compo-
nents of g-secretase. Such motifs were found in nei-
ther PEN-2 nor NCT proteins, indicating that a partner
helix of the GxxxGxxxG motif in TM4 of APH-1 was
likely to be found in PS-1.

Six hydrophobic regions (HRs) of PS-1 NTF, as-
sumed to be TMs in all published topologies of PS-1,
do not carry any motifs that meet the sequence crite-
ria described above. On the other hand, three such
motifs can be found in the PS-1 CTF. The first one,
(G378)VKLGLG ACHTUNGTRENNUNG(D385) is present in HR8. It contains an
aspartic acid residue in position 385, which is involved in the
formation of the catalytic core of the protease. It seems unrea-
sonable to expect that this part of the HR8 helix interacts
closely with the APH-1 protein. It is very likely, however, that
the identified GxxxG motif of PS-1 HR8 is essential for tight
packing interactions with the substrate protein APP (APP con-
tains three (small)xxxACHTUNGTRENNUNG(small) motifs within its transmembrane
domain).

The next helix of PS-1 that carries a complementary motif
for interaction with APH-1 is HR9. This region contains the se-
quence (A409)CFVAILI ACHTUNGTRENNUNG(G417). Such a motif of small residues,
each separated by three other residues, would facilitate the
formation of an interface with the complementary motif in
APH-1 TM4 analogously to interactions in the transmembrane
helix dimer of glycophorin A (GpA) or other systems.[24,25]

Another region of PS-1 that might possibly form a comple-
mentary motif of small residues is located in HR10. The se-
quence (A431)LPALPISITFACHTUNGTRENNUNG(G442) contains Ala, Ser, and Gly resi-
dues separated by three other residues. This highly evolutio-
narily conserved region contains a PAL motif common to all in-
tramembrane-cleaving aspartic proteases (presenilins and its
analogues, signal peptide peptidase, and others).[2] Therefore,
HR10 does not seem suitable to form an interface to bind
APH-1.

Models of the APH-1–PS-1 interface based on GpA

Homology/comparative modeling with subsequent structure
optimization methods were employed to develop models of
the interface between the helices of HR9 in PS-1 and TM4 in
APH-1. The most thoroughly investigated intramembrane inter-
action mediated by a GxxxG motif is that which occurs in
dimers of GpA. In the most plausible alignment of PS-1 HR9
and APH-1 TM4 sequences over the GpA template (shown in
Figure 3), both glycine residues are followed by hydrophobic

and branched valine residues, which were determined to be
very important for proper van der Waals interactions providing
a conformationally restricted interface between helices.[26] In
our model of interactions, corresponding Gly or Ala residues of
APH-1 TM4 or PS-1 HR9 are followed by either Leu or Ile
(Figure 3). These residues meet the same criteria as valine
(branched and hydrophobic), which suggests that the same
type of helix–helix interaction is plausible.

The crystal structure of the dimer of transmembrane helices
of GpA is known (PDB code: 1AFO).[25] Thus, we used this struc-
ture as a template to generate an approximate model of the
interaction between PS-1 HR9 and APH-1 TM4. Subsequent
simulations revealed that a similar network of interactions was
established as it is found in the template. The optimized
model of the complex is shown in Figure 4a and b. This
system is stabilized by hydrophobic forces and also by specific
types of cross-helix Ca�H···O hydrogen bonds.[26] Such pairing
exists between Gly and Ala residues, and the Ile and Leu resi-
dues next in sequence from a complementary helix (Figure 4c).
The surface contact area is 4.83 nm2 (Table 1), and the angle
between helices (Figure 4b) is 368. The closest distance be-
tween helices (measured in cross– point between helix centers)
is 0.70 nm. We also calculated the interaction energy between
two helical fragments (18 residues not containing charged
amino acids) in the model to be �152 kJmol�1. This is a signifi-

Figure 3. Two alignments of APH-1 TM4 and PS-1 HR9 using the template sequence of
GpA dimer. Rounded squares mark the sequence area in the modeled helices. These
areas were used to calculate interaction energies and contact surface areas. Grey boxes
denote the most important residues for alignment.
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cantly higher binding energy
than the respective value calcu-
lated for the GpA dimer
(�123 kJmol�1).

We also examined a second
alignment, where the PS-1 HR9
sequence is shifted by four resi-

dues. This new alignment also employs the same GxxxG motif
on both interacting helices. The contact surface area is slightly
smaller, at 4.65 nm2. The angle between helices and the closest
distance between helices are the same as before because the
same template was used. The calculated binding energy was
less negative, �147 kJmol�1, so this interaction is also more
stable than in the GpA template dimer. In both models (Paral-
lel 1 and Parallel 2) identical types of interaction are present,
that is, branched hydrophobic residues (Leu, Ile, Val) face small
residues (Gly or Ala). Because of the large angle between heli-
ces, the main area of contact in both models involves only one
GxxxG motif from each helix. G122 participates in the main
contact area in the Parallel 1 model but is outside this area in
Parallel1 2.

The alignment score calculated for the Parallel 1 model was
23 for APH-1 TM4 and 24 for PS-1 HR9. For the Parallel 2
model the score was 23 for APH-1 TM4 (the same alignment)
and �2 for PS-1 HR9. These scores are in agreement with the
interacting energies and contact surfaces, favoring the Paral-
lel 1 model.

Models of the APH-1–PS-1 interface based on AqpM

The investigation of the plausible antiparallel orientation by
homology modeling is more difficult because there is no trans-
membrane dimer with a GxxxG-based interaction between an-
tiparallel helices that could serve as a template. Some clues,
however, can be provided by inspection of membrane-embed-
ded protein models found in the RCSB protein data bank
(PDB),[27] from which examples of analogous interaction can be
drawn. For example, the structure of aquaporin (AqpM, PDB
code: 2F2B), resolved by Lee et al. using X-ray diffraction,[28]

contains a bundle of six TM helices. Two of these helices (TM2
and TM5) are tightly packed against each other in an antiparal-
lel orientation. Each helix contains a tandem of motifs of two
small residues separated by three other residues
((G59)LAFGFAIACHTUNGTRENNUNG(A67) and (G176)IIIGLTV ACHTUNGTRENNUNG(A184), respectively) and
these motifs directly face each other.

The driving force for interactions between helices TM2 and
TM5 in AqpM does not result from interactions between adja-
cent helices but from the motifs of small residues GxxxG. This
is apparent from distances between helices. The smallest dis-
tance (0.73 nm), indicating the highest interaction binding
energy (�327 kJmol�1), is between helices TM2 and TM5
(Table 2). Other distances are much larger 0.90 and 0.96 nm,
between helices TM1–TM2 and TM5–TM4, respectively. Contact
surfaces are nearly the same because interfaces with adjacent
helices are made of amino acids with larger side chains. The

Figure 4. The model Parallel 1 of the interface between APH-1 TM4 and PS-1
HR9 based on the homology to GpA. Ca of Gly and Ala forming the inter-
face are shown as shaded spheres. a) Side view: the thick arrows indicate di-
rections of helices. b) Side view rotated 908 ; the dashed ellipse marks the
contact area. c) Schematic representation of helix–helix interactions in the
model.

Table 1. Comparison of interaction energies and contact surface areas for
wild-type and mutant models of the APH-1 TM4–PS-1 HR9 complex.

Model PS-1 mutation Einteraction

ACHTUNGTRENNUNG[kJmol�1]
Contact surface
area [nm2]

Parallel 1 wild-type �152 4.83

Parallel 2 wild-type �147 4.65

Antiparallel 1 wild-type �218 4.11

Antiparallel 2 wild-type �234 4.33
A409T �264 4.24
C410T �232 4.39
L418F �233 4.38

Antiparallel 2
(another

conformation)

wild-type �262 4.39
A409T �287 4.26
C410T �263 4.37
L418F �266 4.46

Table 2. Parameters of the interface between adjacent helices in AqpM.

Interface Einteraction

ACHTUNGTRENNUNG[kJmol�1]
Contact surface
area [nm2]

Helix–helix
distance [nm]

Helix–helix
angle [8]

TM1–TM2 �122 4.14 0.90 15
TM2–TM5 �327 4.13 0.73 26
TM5–TM4 �90 4.41 0.96 15
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angles between adjacent helices are both small, and account
for 158, also suggesting a lack of tight packing. The GxxxG-
based interface in TM2–TM5 is flanked by two hydrogen bonds
located within these helices, W55–N192 and Y71–I177(carbonyl),
which additionally strengthen this contact and contribute to
the interaction energy. No hydrogen bonds were found in the
interfaces with adjacent helices. All these findings additionally
justify use of the TM2–TM5 pair as a template for protein–pro-
tein interactions.

Two alternative models of antiparallel orientation of the in-
teracting helices were built based on the AqpM template. In
the first model, termed Antiparallel 1, APH-1 TM4 was aligned
with AqpM TM2, and PS-1 HR9 was aligned with AqpM TM5.
The Antiparallel 2 model was constructed using swapped tem-
plate helices (Figure 5). The pattern of interactions between
PS-1 HR9 and APH-1 TM4 is quite different from that in previ-
ous models. Because the angle between helices is smaller
(268), the contact area is longer but narrower (Figure 6a and b)
and involves the whole GxxxGxxxG motif. Small residues from
both helices are arranged linearly and placed alternately. A
schematic representation of these interactions is shown in Fig-
ure 6c. Although the whole motif is involved in the interaction,
the contact surface is much smaller : in the case of the Antipar-
allel 1 model, the contact surface is 4.11 nm2, whereas the re-
spective value for the Antiparallel 2 model is 4.33 nm2. Addi-
tionally the closest distance between helices (measured in
cross-point between helix centers) is larger (0.75 nm) than pre-
vious models based on the GpA template. The binding energy,
however, is much lower for these models than for the two pre-
vious models with helices oriented parallel : the binding energy
for Antiparallel 1 was �218 kJmol�1, and for Antiparallel 2,
�234 kJmol�1 (Table 1).

The alignment scores calculated for the Antiparallel models
were smaller than for the Parallel models: for Antiparallel 1, 8
for APH-1 TM4 and 10 for PS-1 HR9; for Parallel 2, 11 for APH-1
TM4 and �5 for PS-1 HR9. Such alignment scores are in con-
trast to the interacting energies and contact surfaces that
favor the Antiparallel 2 model. A negative score comes mainly

from the flanking residue pairs in AqpM TM2 and PS-1 HR9
containing Trp residues (Figure 5). Confining the analyzed frag-
ment to 16 instead of 18 residues increases the alignment
score from �5 to +6.

In the Antiparallel 2 model alignment, the second 3D struc-
ture of the interface is possible because S133 of APH-1 and
N405 of PS-1 can form a hydrogen bond. Such additional at-

traction increases the contact surface (4.39 nm2) and
greatly improves the binding energy (�262 kJmol�1)
of interacting helices (Table 1 and Figure 6b).

Discussion

In the present work, four molecular models of helix–
helix interactions in the putative interface between
APH-1 and PS-1 were proposed. The spatial distribu-
tion of residues along the APH-1 TM4 helix strongly
suggests the face of the helix containing three Gly
residues forms an interface that is able to interact
with another helix within the g-secretase complex.
This agrees with APH-1 topology and that its N-termi-
nus TM4 traverses the membrane from cytoplasm to
the extracellular matrix. Two models of interaction
based on GpA predict that the direction of PS-1 HR9
should also point from the cytoplasm to the extracel-
lular environment which is in contrast to all pub-

Figure 5. Two alignments of APH-1 TM4 and PS-1 HR9 using the template sequences of
TM2 and TM5 helices of AqpM. Rounded squares mark helical sequence areas in the
modeled helices. These areas were taken to calculate interaction energies and contact
surface areas. Grey boxes denote the most important residues for alignment.

Figure 6. The Antiparallel 2 model of the interface between APH-1 TM4 and
PS-1 HR9 based on the homology to AqpM. Ca of Gly and Ala forming the
interface are shown as shaded spheres. FAD-related residues, C410 and
L418, analyzed for the influence of mutations on the interface are also
shown. a) Side view: the thick arrows indicate directions of helices. b) Side
view rotated 908 : the dashed ellipse marks the contact area. c) Schematic
representation of helix–helix interactions in the model. Because of the large
number of interactions, the helical wheels were slightly distorted so that all
interactions are clear in the figure.
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lished topologies of PS-1. The antiparallel orientation of both
helices gave rise to two other proposed models of interaction
resembling that found in AqpM and formed by a row of small
residues.

Molecular biological investigations indicate that the initial
assembly of g-secretase starts from the formation of the sub-
complex between APH-1 and NCT independently of the con-
served GxxxGxxxG motif of APH-1.[29] On the other hand, it was
determined that certain mutations in this motif affect the inter-
actions of the APH-1–NCT sub-complex with presenilin.[19] An
important insight into these interactions has been made re-
cently by two independent research groups, suggesting that
the APH-1–NCT complex interacts with the C terminus of PS-1
rather than with PS-1 NTF.[30,31] Such an interaction was pro-
posed based on co-immunoprecipitation of APH-1–NCT with
PS-1 CTF in partly detergent-solubilized membranes. All these
results comply with the notion that the C-terminal region of
PS-1 may interact with the GxxxGxxxG motif of APH-1.

All three HRs (8–10) in PS-1 CTF bear the GxxxG motif. How-
ever, HR8 directly forms the catalytic site, and HR10, which
contains the PAL region, is also recognized as essential for the
catalytic activity of g-secretase. According to Wang et al. , HR10
is not involved in the formation or stabilization of the g-secre-
tase complex.[32,33] The PAL motif is required by other aspartic
proteases and most of them do not form a complex with addi-
tional proteins for activity.[2] Taking into account the fact that
HR8 and HR10 are involved in substrate processing, HR9 seems
to be the most plausible one to form an interface for interac-
tion with APH-1 (Figure 7).

Genotyping of the APH-1 TM4 fragment in our FAD patients
indicated that DNA sequence variation of the fragment does
not contribute to familial Alzheimer’s disease development.
Our data is in agreement with the results presented by Poli
et al. ,[23] which indicate that sequence variation in any of the
two APH genes are not risk factors for SAD in the Italian popu-
lation. Three out of six different polymorphisms in the aph1b
gene results in amino acid substitutions (T27I, V199L, and
F217L), whereas the others are either silent or in noncoding re-

gions. All amino acid polymorphisms identified by Poli et al.
are outside TM4.

Calculated alignment scores are mostly positive, indicating
the feasibility of both chosen templates, GpA and AqpM, for
comparative modeling. Negative scores obtained for the best
model, Antiparallel 2, come from two flanking residue pairs in
AqpM TM2 and PS-1 HR9 containing Trp residues (Figure 5).
Removal of these pairs by confining the analyzed fragment to
16 residues instead of 18, increased the alignment score from
�5 to +6. This effect can also be achieved by introducing a
single amino acid gap to align two Trp residues from both se-
quences. Trp–Trp pair alignment is valued at +17 points in
this score. Flanking Trp residues are very important for the
proper anchoring of transmembrane helices in the membrane.

In the GpA-based models created, two interacting helices
are oriented in parallel (that is, with the same membrane-span-
ning vector). A lower binding energy obtained for the wild-
type (Table 1) suggests that the Parallel 1 model is better (Fig-
ure 4a and b). However, the parallel orientation of PS-1 HR9 in
relation to APH-1 TM4 is contrary to most of the experimental
evidence available so far. Although several topologies of PS-1
are currently debated, most of them assume PS-1 HR9 directs
its C-terminal end toward the cytosolic side. Thus, we exam-
ined the antiparallel orientation of PS-1 HR9 in relation to APH-
1 TM4 and built the respective molecular models.

In antiparallel orientation, the (A409)xxxAxxx ACHTUNGTRENNUNG(G417) motif lo-
cated on the PS-1 HR9 helix can interact with an extended
(A118)xxxGxxxGxxx ACHTUNGTRENNUNG(G130) motif found in APH-1 TM4. This is
because of a much smaller helix–helix angle relative to the par-
allel models. Paradoxically this extension diminishes the con-
tact surface but also greatly improves the binding energy
(Table 1). This strongly suggests that the antiparallel models
are a better approximation of the interface. Among them the
Antiparallel 2 model is characterized by the lowest binding
energy (Figure 6a and b). This energy may be much lower if
the additional conformations of the Antiparallel 2 model (Fig-
ure 6b) that resulted from our modeling study are taken into
consideration. The hydrogen bond between S133 of APH-1
and N405 of PS-1 greatly improves interactions in the model
and stabilizes the complex. As was found by Schneider and En-
gelman[34] in mutational studies of glycophorin A, the motifs of
two small residues can assist but are not sufficient for trans-
membrane helix interactions. The framework of adjacent side
chains is essential for creating stable helix interactions, so the
case of each (small)xxx ACHTUNGTRENNUNG(small) motif must be tested independ-
ently. In the analyzed PS-1–APH-1 interface there is a long net-
work of small residues (Figure 6a) and a hydrogen bond be-
tween interacting helices. Such an arrangement of residues in
the Antiparallel 2 model provides the lowest binding energy
and the most probable mode of interaction.

The analyzed fragments were confined to 18 residues to ex-
clude all ionic interactions, but such interactions are also very
important for a strong interface. In the Parallel models there is
a hypothetical possibility of ionic interaction between D140
from APH-1 TM4 and K429 (or K430) from PS-1 HR9. However,
taking into account the large angle between interacting heli-
ces (368), the potentially interacting ionic residues are distant

Figure 7. Scheme of topologies of PS-1 and APH-1 with the suggested inter-
face between them highlighted by arrows. The locations of two catalytic as-
partic acid residues of PS-1 are also shown.
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from one another. In the Antiparallel models there are no such
attractive ionic interactions of flanking residues. Instead, in the
Antiparallel 1 model there is a possibility of a repulsive interac-
tion between K429 (or K430) from PS-1 HR9 and R115 from
APH-1 TM4. But in the Antiparallel 2 model there is a possibility
of formation of an additional hydrogen bond between D403
from PS-1 HR9 and N136 from APH-1 TM4. Further experimen-
tal data are required to reveal all details of the binding of both
proteins. Another issue of great importance to the binding is
the influence of adjacent helices in both interacting proteins
on the interface. Because of short loops between transmem-
brane helices in PS-1 and especially in APH-1, the binding in-
terface is composed of more than one helix from each protein.
However, the driving force for creation of this interface is hy-
drophobic in nature and, in particular, based on (small)xxx-
ACHTUNGTRENNUNG(small) motifs.

In the recent paper by Sato et al.[35] confirms the stoichiome-
try of g-secretase components PS-1/PEN-2/nicastrin/APH-1 is
1:1:1:1, and also that APH-1 is present in this complex as a mo-
nomer. The (small)xxxACHTUNGTRENNUNG(small) motifs present in PS-1 and APH-1
do not lead to dimerization of both proteins separately. This
behavior may be due to hiding of these motifs in immature
forms of both proteins but also due to repulsive interactions
of ionic residues flanking the transmembrane helices contain-
ing such motifs in homodimeric interfaces.

The proposed interface fragment of the PS-1 HR9 helix con-
tains three FAD-associated mutations (A409T, C410T, and
L418F).[13] The influence of these mutations was assessed by
comparison of the binding energies and contact surfaces, and
the results are presented in Table 1. Analysis of this data sug-
gests that mutations C410T and L418F introduced into the
models have nearly no effect on binding energy, whereas
A409T greatly improved this energy (�264 and �287 kJmol�1

for the first and the second Antiparallel 2 conformations, re-
spectively). The rationale behind this is the formation of an ad-
ditional hydrogen bond between A409T of PS-1 and
G126(carbonyl) of APH-1 (the side chain of S129 is also a potential
partner). Other mutations are outside the area of the analyzed
interface; however, they may influence the PS-1–APH-1 contact
by altering interactions with adjacent helices of respective pro-
teins. For analysis of such effects the whole structures of both
interacting proteins are needed.

Conclusions

The most negative binding energies calculated for the Antipar-
allel 2 model as well as its mutants corroborate the most
recent studies on membrane topology of the PS-1 molecule.
This strongly advocates the antiparallel relation between the
APH-1 TM4 and PS-1 HR9 helices. The model containing a
GxxxG motif represents the core of the APH-1–PS-1 interface.
Analysis of binding energies and contact surfaces of helix–helix
interactions suggests that the Antiparallel 2 model is the most
probable approximation of the single helix–helix interface be-
tween APH-1 and PS-1. The (small)xxxACHTUNGTRENNUNG(small) hydrophobic
motif would be a driving force for the assembly both proteins.
Then additional interactions, like flanking residues forming hy-

drogen bonds or ionic interactions and adjacent helices from
both proteins, would contribute to this interface by modifying
and strengthening it. The created model is only the first step
for building the whole interface, but it contains the recogni-
tion pattern that facilitates the assembly of APH-1 and PS-1.
This model can be used in further studies on refinements of
the molecular constitution of g-secretase and its components
and possibly for future drug design as well.

Experimental Section

Modeling helix–helix interactions

Homology/comparative modeling was performed based on helix–
helix template structures employing GxxxG motifs. We used two
TMs from the dimer of glycophorin A (GpA, PDB code: 1AFO)
which served as a template for parallel orientations of interacting
helices. Another system involving TM2 and TM5 from aquaporin
(AqpM, PDB code: 2F2B) was used as a template for antiparallel
orientations of interacting helices. The alignments were performed
manually based on small-residue motif pairing and maximal over-
lapping of transmembrane helices. The alignment scores were cal-
culated using PAM250 substitution matrix by summing individual
scores from each pair of aligned amino acids. This matrix provides
no penalty for Gly/Ala substitution, which is a requirement for
modeling (small)xxxACHTUNGTRENNUNG(small) interactions.

In the case of the GpA template two alignments were possible
with a shift of one target sequence by four residues, so we devel-
oped two alternative 3D models of interactions for parallel orienta-
tions of interacting helices. In the case of antiparallel orientations
two alternative models were built based on swapped TM helices of
the template in sequence alignments. Based on these alignments
four different models of helix–helix interface (named Parallel 1, Par-
allel 2 and Antiparallel 1, Antiparallel 2) were developed. The use of
a comparative modeling program was not needed because we
modeled two separate helices in the interface and we wanted to
have full control of the optimization process of such a fragile
system. All amino acid substitutions were done manually based on
identical location of backbone atoms and identical angles.

For energy refinements, helices in each model were end-capped
with acetyl and N-methyl groups on their N and C termini, respec-
tively. These helices were trimmed to 18 amino acids to eliminate
any charged residues, which may strongly influence calculations of
interaction energy between helices. Each model was then subject-
ed to energy minimization in vacuum, first using the steepest de-
scent method and then simulated annealing. In the second
method, the temperature was continuously lowered from 300 to
0 K during the molecular dynamics simulation. The simulated an-
nealing was applied in three steps by gradual unfreezing, allowing
the motion of 1) hydrogen atoms only, 2) hydrogen + side chain
atoms, and 3) all atoms (no constraints).

In order to validate the optimized complexes we calculated the in-
teraction energies defined as the difference between the total
energy of the complex and the sum of total energies of two sepa-
rate helices. We also calculated the contact surface of the interface
as a difference between the sum of solvent-accessible surfaces of
separated helices and the solvent-accessible surface of the com-
plex divided by two. All calculations were performed in Yasara Dy-
namics program v. 6.10 (Yasara Biosciences) using the AMBER 99
force field. Yasara is a molecular modeling program for building
proteins and small molecules, energy minimization, and molecular
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dynamics. Yasara allows for interactive (involving manual dragging)
molecular dynamics, which greatly facilitates finding new confor-
mations and exploring the various binding modes. Because of
built-in semiempirical procedures, Yasara is also able to calculate
the partial atomic charges needed for molecular mechanics and
dynamics procedures, for small molecules, and nonstandard resi-
dues.

APH-1 TM4 genotyping in patients with FAD

The cohort of 55 unrelated patients with FAD diagnosed in the
outpatient clinic of the Department of Neurodegenerative Disor-
ders of the Medical Research Centre of the Polish Academy of Sci-
ences in Warsaw were investigated in the study. All patients were
examined by a neurologist, a neuropsychologist, a psychiatrist, and
had a CT scan of the brain. The diagnosis of AD was confirmed
using a standardized protocol according to the National Institute
of Neurological and Communicative Disorders and Stroke–Alzheim-
er’s Disease and Related Disorders Association (NINCDS-ADRDA).
FAD was diagnosed if at least one additional first-degree relative
suffered from dementia. Written consent was obtained from all
participants or their relatives. The study was approved by the
Ethics Committee of the MSWiA Hospital in Warsaw.
Genomic DNA was isolated from whole blood by salting out. The
polymerase chain reaction (PCR) was performed in a volume of
25 mL with Qiagen Taq PCR Master Mix (2.5 U Taq DNA polymerase,
1O Qiagen PCR buffer containing 1.5 mm MgCl2, 200 mm each
dNTP) and primers (20 pmol each). Amplified fragment, which cor-
responds to the fourth transmembrane domain (TM4) in the APH-
1a protein, encompasses a part of exon 3, intron 3, and a part of
exon 4 of the APH-1a gene sequence. Sequencing PCR was per-
formed in a volume of 10 mL with the ABI PRISM Big Dye Termina-
tor v1.1 Cycle Sequencing Kit. The direct sequencing was per-
formed on ABI PRISM 310.
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