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Abstract: Aggregation of Amyloid 5 (AS) peptide has been linked to the neurodegenerative Alzheimer’s
Disease and implicated in other amyloid diseases including cerebral amyloid angiopathy. Aj peptide is
generated by cleavage of the amyloid precursor protein (APP) by transmembrane proteases. It is crucial
to determine the structures of S-amyloid peptides in a membrane to provide a molecular basis for the
cleavage mechanism. We report the structures of amyloid 5 peptide (Af1-4 and ABi-42) as well as the
672—726 fragment of APP (referred to as ABi-ss) in @ membrane environment determined by replica-
exchange molecular dynamics simulation. AS1_40 is found to have two helical domains A (13—22) and
B(30—35) and a type | -turn at 23—27. The peptide is localized at the interface between membrane and
solvent. Substantial fluctuations in domain A are observed. The dominant simulated tertiary structure of
AB1-40 is observed to be similar to the simulated Aj,_4; structure. However, there are differences observed
in the overall conformational ensemble, as characterized by the two-dimensional free energy surfaces.
The fragment of APP (Af1-ss5) is observed to have a long transmembrane helix. The position of the
transmembrane region and ensemble of membrane structures are elucidated. The conformational transition
between the transmembrane Aj1_ss structure, prior to cleavage, and the AS1_4 structure, following cleavage,

is proposed.

Introduction

It has been proposed that the aggregation/oligomerization of
Ap peptides is an essential element of the pathogenicity of
Alzheimer’s Disease (AD).' > The Ap peptide is a product of
cleavage of the Amyloid Precursor Protein (APP)® by two steps.
APP, a type I transmembrane (TM) protein composed of
695—770 amino acid residues, is cleaved by [-secretase (BASE)
at the f-site between residues 671 and 672. The resulting
cleavage product is referred to as APP-C99. Cleavage of APP-
C99 by y-secretase occurs at the y-site near residues 709—715.”
To provide a molecular basis for Af-aggregation, it is crucial
to understand the structures of APP and the Af peptide in a
membrane, which have eluded experimental determination.
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Several isoforms of Af peptide have been isolated in vivo
including Aﬁl—_zs, Aﬁ1—39, Aﬁ1—40, Aﬁ|—42, and Aﬁ1—43- Aﬁ1—40
is the predominant sequence isolated from cerebrospinal fluid,**
while Af;_4, is the predominant component of senile plaques
in parenchyma.'%!!

Evidence suggests that A peptides can form not only fibril
structures'> 7 and soluble oligomers'® 2! in solution but also
cation-selective channels spanning lipid bilayers.>>~>* The low
resolution structure of Af peptide channels arranged on a
membrane surface has been probed using atomic force micros-
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copy (AFM) imaging.?® AB,_4 peptide consists of the fragments
of APP including 28 residues lying outside the membrane and
the first 12 amino acids of the TM portion (Gly;g-Leusy;) of
APP. It is reasonable to conjecture that monomeric Af3 peptide
may be located in the membrane after it is produced from
cleavage of APP. The critical evaluation of that conjecture is a
principal focus of this study.

The structure of the peptide residues 23—27, which contain
the VGSN motif, is of great interest given its importance as an
essential turn region in solid-state NMR fibril structures as well
as solution phase NMR structures in both aqueous®’ and
membrane-mimicking®® > solutions. First identified by Kir-
schner®® as a probable turn region essential to the Af fibril
cross-f3 structure, the VGSN turn has subsequently been
confirmed to be an essential component of aggregation-
competent Af peptide structures,'>1317-34741

Structures of the Af;—49 and AfS;—4, peptide monomers in a
membrane-mimicking (lower dielectric constant) solvent envi-
ronment, such as SDS micelle/water complex, TFE/water
complex, and HFIP/water complex, have been determined by
NMR spectroscopy.”® 2 In each of these structures, the Af
peptide consists of two helical domains (domain A and B)
separated by a kink or turn region. NMR studies of the AfS

(18) Lambert, M.; Barlow, A.; Chromy, B.; Edwards, C.; Freed, R.;
Liosatos, M.; Morgan, T.; Rozovsky, L.; Trommer, B.; Viola, K.; Wals,
P.; Zhang, C.; Finch, C.; Krafft, G.; Klein, W. Proc. Natl. Acad. Sci.
U. S. A. 1998, 95, 6448-6453.

(19) Walsh, D.; Hartley, D.; Kusumoto, Y.; Fezoui, Y.; Condron, M.;
Lomakin, A.; Benedek, G.; Selkoe, D.; Teplow, D. J. Biol. Chem.
1999, 274, 25945-25952.

(20) Hardy, J.; Selkoe, D. Science 2002, 297, 353-356.

(21) Mastrangelo, I. A.; Ahmed, M.; Sato, T.; Liu, W.; Wang, C.; Hough,
P.; Smith, S. O. J. Mol. Biol. 2006, 358, 106-119.

(22) Arispe, N.; Rojas, E.; Pollard, H. Proc. Natl. Acad. Sci. U. S. A. 1993,
90, 567-571.

(23) Aurispe, N.; Pollard, H.; Rojas, E. Proc. Natl. Acad. Sci. U. S. A. 1993,
90, 10573-10577.

(24) Kawahara, M.; Arispe, N.; Kuroda, Y.; Rojas, E. Biophys. J. 1997,
73, 67-75.

(25) Jang, H.; Ma, B.; Lal, R.; Nussinov, R. Biophys. J. 2008, 95, 4631—
4642.

(26) Lin, H.; Bhatia, R.; Lal, R. FASEB J. 2001, 15, 2433-2444.

(27) Zheng, J.; Jang, H.; Ma, B.; Nussinov, R. J. Phys. Chem. B 2008,
112, 6856-6865.

(28) Sticht, H.; Bayer, P.; Willbold, D.; Dames, S.; Hilbich, C.; Beyreuther,
K.; Frank, R.; Rosch, P. Eur. J. Biochem. 1995, 233, 293-298.

(29) Coles, M.; Bicknell, W.; Watson, A.; Fairlie, D.; Craik, D. Biochem-
istry 1998, 37, 11064-11077.

(30) Shao, H.; Jao, S.; Ma, K.; Zagorski, M. J. Mol. Biol. 1999, 285, 755—
773.

(31) Crescenzi, O.; Tomaselli, S.; Guerrini, R.; Salvadori, S.; D’Ursi, A.;
Temussi, P.; Picone, D. Eur. J. Biochem. 2002, 269, 5642-56438.

(32) Tomaselli, S.; Esposito, V.; Vangone, P.; van Nuland, N. A. J.; Bonvin,
A. M. J. I.; Guerrini, R.; Tancredi, T.; Temussi, P. A.; Picone, D.
Chembiochem 2006, 7, 257-267.

(33) Kirschner, D. A.; Inouye, H.; Duffy, L. K.; Sinclair, A.; Lind, M.;
Selkoe, D. J. Proc. Natl. Acad. Sci. U. S. A. 1987, 84, 6953-6957.

(34) Massi, F.; Peng, J. W.; Lee, J. P.; Straub, J. E. Biophys. J. 2001, 80,
31-44.

(35) Massi, F.; Straub, J. E. Proteins 2001, 42, 217-229.

(36) Massi, F.; Straub, J. E. Biophys. J. 2001, 81, 697-709.

(37) Tarus, B.; Straub, J.; Thirumalai, D. J. Am. Chem. Soc. 2006, 128,
16159-16168.

(38) Tarus, B.; Straub, J. E.; Thirumalai, D. J. Mol. Biol. 2008, 379, 815—
829.

(39) Borreguero, J. M.; Urbanc, B.; Lazo, N. D.; Buldyrev, S. V.; Teplow,
D. B.; Stanley, H. E. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 6015—
6020.

(40) Cruz, L.; Urbanc, B.; Borreguero, J. M.; Lazo, N. D.; Teplow, D. B.;
Stanley, H. E. Proc. Natl. Acad. Sci. U. S. A. 2005, 102, 18258-18263.

(41) Baumketner, A.; Bernstein, S. L.; Wyttenbach, T.; Lazo, N. D.;
Teplow, D. B.; Bowers, M. T.; Shea, J.-E. Protein Sci. 2006, 15, 1239—
1247.

17844 J. AM. CHEM. SOC. = VOL. 131, NO. 49, 2009

peptide in an SDS micelle/water complex environment™® and
complementary molecular dynamics (MD) simulation studies**
have suggested that it may reside predominantly on the micelle/
membrane surface rather than being imbedded in the hydro-
phobic interior.*

Simulations of short and important AS fragments (includ-
ing Aﬁm—zz, Aﬂ21—30, Aﬂ|0—35, Aﬂl—m, Aﬂ1—42) in aqueous
solution,>*~*'*372 in aqueous urea solution,>® and in HFIP/
water solution®* have been investigated. Several studies of the
Ap peptide in a membrane environment using molecular
dynamics simulation have been reported.**> > In a pioneering
study, the insertion of the A4 and A4, peptides into an
implicit membrane model was studied using Monte Carlo
simulation.>® Differences in the degree of insertion of the two
peptides were noted and attributed to differences in peptide
sequence. The activity of enzymes that function in a membrane
environment can be influenced by membrane composition and
structure. Marenchino et al. reported that the activity of
a-secretase is influenced by details of the membrane environ-
ment.> It is reasonable to assume that consideration of APP
and APP-C99 protein structure and fluctuations in the membrane
region will be important to a complete understanding of the
relative level of production of Af peptide isoforms.

In order to characterize the ensemble of Af|_4 peptide
structures in the membrane environment, we have investigated
the structure of monomeric Af;—4 peptide (DAEFR HDSGY
EVHHQ KLVFF AEDVG SNKGA IIGLM VGGVYV) in an
implicit membrane environment using replica-exchange molec-
ular dynamics (REMD) simulation.®® The structures are de-
scribed in terms of the interdomain angle between domain A
and B, the tilt angle of domain B, and the depth of insertion of
the peptide into the membrane. The ensemble of structures are
clustered and projected on to a free energy surface that defines
the relative stability and interconnectedness of the dominant
structural basins.
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APP is cleaved by f3-secretase at the [5-site, resulting in the
creation of APP-C99. The tertiary structures of the APP and
APP-C99 have not been experimentally determined. Currently,
the position of the TM domain of APP and APP-C99 is not
known exactly.?>®' To address this question, we have used
REMD to simulate the structure of the APP fragment 672—726,
referred to as Af1—ss (Af1-4 + IATVI VITLV MLKKK), in a
membrane environment. We have identified Af;-ss as a
“minimal model” of APP-C99. Differing from APP-C99 only
in the truncation of the C-terminal tail region, the Af3;—ss peptide
includes all residues of Af3;_4, and all residues identified as
being essential to the cleavage of APP-C99 by y-secretase.®
The structural ensemble of Af3;—ss interacting with a membrane
was characterized in terms of the tilt angle between the z-axis
and the TM domain, allowing for the identification of the TM
domain region of APP/APP-C99.

Material and Methods

Initial Protein Structures. The initial structure used in the
simulation of AB,_4 was Protein Data Bank (PDB) ID: 1BA4.%°
Two residues, ILE and ALA, were added to the C-terminus of PDB
ID: 1BA4 to create the initial structure of Af3;_4, and 15 residues
(IATVI VITLV MLKKK) were added to the C-terminus of PDB
ID:1BA4 to create the initial structure of AfS|_ss.

Implicit Solvation Model of the Membrane. Implicit solvation
models are often used to reduce computational time. The ap-
propriateness of an implicit solvation model will depend upon the
system studied and the paticular observables of interest. For certain
systems, the use of existing implicit solvent models has been shown
to lead to erroneous results.*” The most dramatic successes of the
application of implicit solvation models include the simulation of
protein insertion in membranes.®*~® Our calculations were per-
formed using the generalized Born model with a simple switching
function (GBSW)®>~®® in the CHARMM program.®® GBSW is one
of the more popular implicit solvent models and captures the
essential character of the membrane/water interface. Use of the
GBSW solvation model can dramatically reduce the simulation time
and lead to substantially enhanced sampling of the protein
conformations by removing steric contacts with explicit solvent and
lipid molecules. It has been argued that the GBSW method closely
approximates the energetics of the Poisson—Boltzmann solvation
model. The interfacial region between the solvent and lipid region
of the membrane was modeled using a continuous and smooth
switching function.

The PARAM?22 force field with dihedral cross-term corrections
(CMAP)®’ was used. The time-step was 2 fs with a cutoff distance
of 20 A. The smoothing length was 0.6 A at the dielectric boundary,
defined by the optimized Poisson—Boltzmann atomic radii for
proteins with 24 radial integration points and up to 20 A and 38
angular integration points. A surface tension coefficient of 0.04 kcal/
mol A? was used. The profile of the membrane consists of a 25 A
hydrophobic core with a 5 A membrane/solvent interface on either
side.
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Several continuum dielectric membrane models are commonly
employed. These models provide approximate “mean field” ener-
getics but lack fluctuations in the shape of the membrane and the
disorder characteristic of more detailed atomistic membrane models.
Using a coarse-grained model of the membrane provides a
dramatically enhanced sampling for the peptide conformational
ensemble using REMD. To assess the adequacy of the model
employed for the problems studied, we compared our simulation
results for the structure of the shorter Af3;_49 and Af;—4, peptides
with (1) the results of a study using an all atom model of peptide,
membrane, and solvent*?> and (2) existing experimental results
derived from solution NMR studies of the Af_4 and AfS|—4
peptides in nonpolar solvent and micelle environments.>®* 3> That
comparison (see Results) suggests the appropriateness of the
approximate membrane model and REMD sampling method used
for our study of the structure of the longer Af3;—ss peptide for which
there is no experimental structure.

REMD Simulation. Replica-exchange molecular dynamics
(REMD) simulation is a popular enhanced conformational sampling
method.®® The dynamics of noninteracting replicas of the system,
each at a specified temperature, are calculated by traditional MD
simulation. Pairs of replicas that have nearest neighbor temperatures
are exchanged every few steps using the Metropolis criterion to
ensure detailed balance. Each replica may diffuse through temper-
ature space which helps to avoid being trapped in a local basin of
the potential energy surface. As a result, the REMD method can
sample a wider conformational space than traditional MD simulation.

We used 32 replicas spanning a temperature range of 300—700
K. The exchange frequency between nearest neighbor replicas was
every 2 ps and the exchange ratios averaged between 24—40%.
The total simulation length was 10 ns for each replica. The total
simulation lengths were 320 ns for Af3;—4 and 320 ns for AS;_ss.
The initial 4 ns (128 ns in total) of each simulation was discarded
to avoid any dependence on the initial protein structure. To manage
the REMD simulations, we used the MMTSB tool set.”®

Analysis. The weighted histogram analysis method (WHAM)”'
was applied to the analysis of all simulations discussed. The
secondary-structure assignments used the DSSP definition’? based
on hydrogen bonding informed by electrostatic energy calculations.

Results

The Structure of Af;_4 in a Membrane Environment. We
simulated Af{—4 in a membrane environment using REMD.
The average secondary-structure of the protein at 300 K was
analyzed using DSSP’* and the weighted histogram analysis
method (WHAM).”' The averaged occupancies of a-helix, 3/10-
helix, hydrogen bonded turn, bend, and coil components are
shown in Figure 1(a). The two a-helical components character-
ize the structure of the protein, whereas f3-sheet components
were rarely observed. These observations are consistent with
the general tendency of peptides to assume helical structures in
a membrane environment, and with existing NMR structures
for Afi—4 in a TFE/water, HFIP/water, or SDS micelle
environment. The sequence 1—12 is a coil, 13—22 a helix
(domain A), 23—29 a turn, 30—35 a helix (domain B), and
36—40 a coil. Domain A can be further divided into subdomains
A1 (13—18) and domain Ay (19—22). The A; domain consists
of a rigid helix while domain Ay is less prominent. Overall,
the simulated structures of the Af;_49 peptide consist of two
helical domains separated by a turn region in reasonable
agreement with experimentally determined Af peptide structures
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Figure 1. (a) The secondary structure content for residues of Af;_4 at
300 K. (b) The population of domains and sites of Af3;—4 at 300 K. The
dashed and dotted lines indicate the interface between the lipid headgroup
region and the hydrophobic core region of the membrane, and the interface
between the membrane and solvent, respectively. The positions of the
N-terminus (green), domain A (13—18) (blue), N¢ of Lysyg (red), domain
B (30—35) (magenta) and C-terminus (cyan) are shown. The vertical axis
indicates the z-axis oriented normal to the membrane surface.

in a variety of membrane-mimicking or lower dielectric solvent
environments (see Table 1).28732

Figure 1(b) shows the averaged populations of the central
position of the N-terminual residues (green), domain A; residues
13—18 (blue), N¢ of Lysyg (red), domain B residues 30—35
(magenta), and C-terminual residues (cyan) as projected onto
the z-axis oriented normal to the membrane surface at 300 K.
Also indicated are the boundaries between the hydrophobic core
region and the lipid headgroup region (dashed line), and the
interface between the lipid headgroup region and solvent region
(dotted line). In our simulations, the solvent regions have a high
dielectric constant (¢ = 80), while the hydrophobic core region
is assigned a low dielectric constant (¢ = 1). The intermediate
lipid headgroup region is modeled using a dielectric constant
that was scaled linearly between the solvent and membrane
interfaces. All components of the Af;_4 peptide are located
on one side of the membrane, while the N-terminal residues
are outside of the membrane region. Domain A consists of
hydrophobic and hydrophilic residues *HHQKLV and lies
between the hydrophobic core and solvent. N of Lys,s is located
on the interface between the membrane and solvent. Domain
B—residues *°AIIGLM—consists of hydrophobic residues, and
favors the hydrophobic core regions of the membrane. It is,
however, located just below the interface between the lipid
headgroup region and the hydrophobic core region, with domain
B being elevated by interactions of the C-terminus and Lys,s
with the solvent.

The principal component analysis (PCA) combined with
WHAM, which has been used to analyze the total root-mean-
square fluctuations of the peptide backbone in studies of the

73—76
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mechanism of protein folding and stability,”*”” 8! can also be

used to classify the structures. We determined the contribution
of each principal component (PC). The contributions of the first
five PCs to the protein’s root-mean square fluctuations are in
order: 19.59%, 14.32%, 8.55%, 7.03%, and 5.66%. The first
and second PCs contribute 33.91% and may serve as good order
parameters. The first and second PC vectors are shown in Figure
2.

The orange horizontal line is the interface between the
membrane and solvent, and the green horizontal line indicates
the interface between the lipid headgroup region and the
hydrophobic core region. The first PC shows domain A sliding
in the lipid headgroup region with domain B tilting and inserted
into the hydrophobic core region of the membrane. The motion
of the first PC is scissor-like [Figure 2 (a)]. In the second PC
both domains (A and B) move face-to-face. The motion of the
second PC is like that of a nail clipper [Figure 2 (b)].

Figure 3 (a) shows the free energy landscape projected onto
the first and second PC axes at 300 K. The free energy was
defined as AG(q1,q.) = —kgTIn Py(q1,9>), where ¢; and g, are
the first and second PCs, respectively, and Pg(gi,q2) is a
canonical probability distribution function at temperature 7'
reweighted using WHAM. Three regions and seven local
minimum (LM) basins were identified. The first region includes
basin A 40PCA-LM1 (PC1, PC2) = (10, 2), LM5 (22, —2)
and LM6 (2, 16). The second region includes Aff 40PCA-LM?2
(—10, 2), LM3 (—12, 20), and LM4 (—16, 14). The third region
includes AS 40PCA-LM7 (=2, 44). The basins were numbered
according to the their depth in free energy. The global minimum
basin (the basin of lowest free energy) is LM1, while the basin
of second lowest free energy is referred to as LM2. The
structures of the most populated clusters in each basin are shown
in Figure 3(a). The global minimum structure A 40PCA-LM1
has two helical domains that are located on residues 13—22
(domain A) and residues 29—35 (domain B), and the turn region
is between residues 23—27.

The free energy landscape at 300K along the inter domain
angle (0), between domain A; and B, and the tilt angle (o), of
the domain B axes, is shown in Figure 3(b). The angles are de-
fined as 6 = arccos(a-b/(lallbl)) and o = arccos(b+(—2)/(Ibllz)),
where @ is the vector of domain A(13—18), b is the vector of
domain B (30—35), and Z is the vector of the z-axis (0,0,1)7.
We show seven local minima basins. The global minimum basin
(Af400a-LM1) and the second minimum basin (LM2) are
located at (6,a) = (63°,45°) and (0,a) = (120°,51°), respectively.

Figure 3(c) depicts the conformations of each PCA basin
whose potential energy is less than —600 kcal/mol projected
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Table 1. Secondary Structural Regions Determined by Experiment Compared with Our Simulations Results

papers environment helices (A and B) turn, kink PDB ID
H. Sticht et al.?® ApB—40 in TFE/water A:15-23, B:31-35 24-30 1AML
M. Coles et al.>® ABi—4 in SDS/water A:15—24, B:28—36 25—27: Kink 1BA4

H. Shao et al.*®
O. Crescenzi et a

ApBi—4 in SDS/water

Afi_4 in the aqueous solution
of fluorinated alcohols

Api-4 in HFIP/water

AB|—40 in membrane

1.31

S. Tomaselli et al.*?
present work

A:10—24, B:28—42 25-27
A:8—25, B:28—38 26—27: Type 1 1IYT

A:10—22, B:28—32
A:13-22, B:30—35

25—26: f-turn 120Q
23—26: Type 1 8

Figure 2. The first (a) and second (b) principal component vectors are
shown in stereo (para). The structures are representative of the ensemble
of Afi-4 peptide structures occupying the global minimum of the free
energy landscape. The orange and green horizontal lines demonstrate the
solvent-membrane and lipid interfaces, respectively. The yellow allows indi-
cate the domain vectors (A (@) and B (b)). The vectors of the domain (A,
and B) are defined as @ = p; — p, and b =75, — 5y, respectively, where py,
D2, S1, and S, are the averaged position of the center of geometry of the
heavy atoms of the residues 12—17, 14—19, 29—34, and 31—36. The purple
and green arrows represent the first and second principal component vectors,
which indicate fluctuations of the domains. The illustrations were prepared
using VMD®® and Raster3D.5¢

onto the 6 and o axes. The major cluster of A 40PCA-LM1
conformations is related to the global minimum basin (A5406a.-
LM1) on the free energy landscape, though the conformations
in basin AB40PCA-LMI1 can be separated into two groups. The
major cluster of AB40PCA-LM2 conformations corresponds to
Ap40 6o-LM2 on the 6-a space.

The free energy landscape along the 6 and a axes is a flat
surface surrounded by high walls. The flatness is due to the
significant fluctuation of the inter domain angle 6. The high
wall reflects fluctuation of the helix domain motions due to the
difference in the dielectric constant between the membrane and
solvent. The distribution associated with the global minimum
basin (AB40PCA-LM1) has a substructure of two minima when
expanded along the 6 axis (reflecting fluctuations in domain
A)). Allowing for fluctuation, the tilt angle of domain B and
the inter domain angle would be o ~ 45° and 6 ~ 63° in the
global minimum structure.

The distribution of separations between Asp,; O and Serys
HN in Figure 4(a) shows that the most probable separation is
2.2 A, indicating that the relative positions of Aspy; and Seryg
are often stabilized by a hydrogen bond. The minimum of the
free energy landscape along the ¢ and v axes of Valy, and Gly,s

T T
AB4OPCA

N6
Lig———5¢
a0 120 150 18
8 (deg)

0 30 60 80 120 150 1800 30 80
6 (deg)

Figure 3. (a) Free energy landscape of Af3;—4 at 300 K shown as a function
of the first principal axis (PC1) and the second principal axis (PC2). The
interval between the contour lines were set to 0.5 kcal/mol for 0—10 kcal/
mol (black-blue-purple-red), 1 kcal/mol for 10—20 (red-yellow), 10 kcal/
mol for 20—50 (yellow-light pink) and 50 kcal/mol for 50—300 kcal/mol
(light pink-light cyan-white). LM1, 2, 3, 4, 5, 6 and LM7 (Af8 40PCA) are
structures of high probability indicative of the associated local minima
basins. LM1 is the global minimum structure. Orange horizontal lines define
the interface between membrane and solvent, and green horizontal lines
define the interface between the lipid headgroup region and the hydrophobic
core region of the membrane. The secondary structure is shown by color
as red (a-helices), pink (3/10-helices), green (turn), cyan (bend), and white
(coil). The side chains of three residues Glu,,, Asp,s, and Lys,s, are shown
explicitly. The illustrations were prepared using VMD® and Raster3D®¢
(b) Free energy landscape of Af3;—4 at 300 K along the 6 and o axes. The
interval between the contour lines are same as (a). The labels LM, 2, 3, 4,
5, 6, and -LM7 (Af4060a) indicate local minima basins. LM1 is the global
minimum basin. (¢) The local minimum basin structures derived from the
PCA are projected onto the 6—a space. The local minima basin structures
derived from the PCA (Af 40PCA) indicated by dots are LMI (red), 2
(green), 3 (blue), 4 (magenta), 5 (cyan), 6 (yellow), and LM7 (black).

is located at (¢,1) = (—60°,—36°) and (¢,y) = (—84°,—6°),
respectively (see Figure 4, parts (b) and (c)). The global
minimum basin structures are populated near the free energy
surface minimum (GM) on the ¢—1 free energy landscape (see
Figure 4, parts (d) and (e)). On the basis of our simulations,
the structure of residues 23—26 is best represented as a type |
[-turn.

Table 1 provides a comparison between peptide secondary
structural regions identified from solution phase NMR studies
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Figure 4. (a) The population of the distance between Asp,; O and Serys
HN. The most populated distance is 2.2 A. The free energy landscapes of
Api-49 at 300 K projected on the backbone ¢ and 1 axes of residues Valy,
and Gly,s are shown in parts (b) and (d), respectively. GM is global
minimum basin. The structures of the PCA (A340PCA) represent LM 1(red),
LM2(green), LM3(blue), LM4(magenta), LM5(cyan), LM6(yellow), and
LM?7(black) are projected onto the ¢p—1 space of Val,y (¢) and Gly,s (e).

and our simulations results. The position of the helical regions
and intervening turn determined from our simulations are largely
consistent with the NMR-derived peptide structures, providing
validation for the simulation model and conformational sampling
method employed in this study.

The Structure of Af;_ss in the Membrane Environment. The
APP fragment 672—726 (referred to here as Af;_ss) was
simulated using REMD and the protocol used in the simulation
of AB1—40. The secondary structure of Af3;—ss at 300 K is shown
in Figure 5(a). Residues 13—18 that form domain A; and
residues 30—53 that are included in domain B (30—36) are
found to have helical structures separated by a bend region.

The average distributions of the domains A; (blue), B3g—3¢
(magenta), N¢ of Lys,s (red), N of Lyss; (orange), C-terminus
(cyan), and N-terminus (green) at 300 K are shown in Figure
5(b). The N¢ of Lyss; and the C-terminus are located on the
opposite side of the membrane from the N-terminal domain, A;
domain, and the N; of Lys,s suggesting that Af;_ss acts as a
transmembrane domain through the formation of a membrane
spanning helix in residues 30—53.

The PCs of the root-mean-square fluctuations of the backbone
of the residues 1—40 in Af;_ss were also calculated. The
contribution of the first five PCs are in order: 24.63%, 12.59%,
7.97%, 7.13%, and 4.87%. The first and second PCs, the first
and third PCs, and the second and third PCs contribute 37.22%,
32.6%, and 20.56%, respectively. The first and second PCs could
serve as good order parameters for the classification of peptide
structures. The first and second PC vectors are shown in Figure
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dashed and dotted lines indicate the interface between the lipid headgroup
region and the hydrophobic core region of the membrane, and the interface
between the membrane and solvent. Also shown are the distributions of
the position of the N-terminus (green), domain A (13—18) (blue), N, at
Lys,s (red), domain B (30—35) (magenta), C-terminus (cyan), and N, of
Lyss; (orange) projected onto the z-axis, which is normal to the
solvent—membrane interface.

6. The first PC is characterized by antiparallel up and down
motion of domains A and B along the z-axis, which is normal
to the solvent-membrane interface. The second PC is character-
ized by antiparallel motion to the right and left. Three yellow
arrows represent vectors a, b, and ¢. The definitions of vectors
a and b are identical to those vectors used to analyze AfS;—4.
We define domain C (39—52) and vector ¢ =7, — 7», where 7,
and 7, are the averaged centers of geometry of the heavy
backbone atoms of residues 46—52 and 39—45, respectively.
The insertion/tilt angle of domain C (y) is defined as y =
arccos(¢* (—2))/(I¢lZ])).

The free energy landscape projected onto the plane formed
by the first and second PC axes at 300 K shows seven local
minimum basins (Figure 7 (a)) for Af;_ss at positions AfS
55PCA-LM1 (6, —6), LM2 (—26, 6), LM3 (16, —20), LM4 (6,
—22), LMS (—22, —4), LM6 (52, —2), and LM7 (—16, 14).
The basins can be classified into four groups. The first group is
formed by Af 55PCA-LMI and LM7, the second group contains
LM2 and LMS, the third group contains LM3 and LM4, and
the fourth group contains LM6. A3 55PCA-LM1 is the global
minimum basin and has one large transmembrane (TM) helix
(30—52) and one short helical domain (13—18). Characteristic
structures of the most populated clusters in each basin are shown
in Figure 7(a). The free energy difference between the global
minimum basin and second local minimum basin is only 0.35
kcal/mol. In spite of this small energetic gap, the global
minimum and second local minimum structures present a very
different structure in domain A. It is expected that the structure
of LM1 would be the dominant structure of Af;_s5 as LM1
has a wide basin as well as the lowest free energy, while basin
LM2 is more narrow and would be entropically disfavored.
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(b) »,

/Salvent region

v-rsmm region

Figure 6. The first (a) and second (b) principal component vectors are
depicted in stereo (para) using the global minimum structure of Af;_ss.
The vectors (green and orange) extending over residues 1—40 in Af3;_ss
portray displacements in the directions of the principal component eigen-
vectors. See 2 for definitions of graphical elements. This graphic was
illustrated using VMD®® and Raster3D.5¢

The free energy landscape projected onto the interdomain
angle (0) and the tilt angle (o) axes at 300 K is shown in Figure
7(b), with identification of the six local minima. The global
minimum basin (LM1) and the second minimum basin (LM?2)
are located at (6,0) = (99°,21°) and (6,a0) =(129°,21°),
respectively. The landscape is characterized by a high wall
surrounding a largely flat free energy surface, as the motion of
these domains is restricted by the membrane interface and TM
domain region. The cluster of structures representing the global
minimum AfS 55PCA-LMI1 of the 0-a free energy surface
cannot be said to represent the Af3;—ss peptide conformational
distribution. A large number of structures are found to be
distributed over AB55600a-LLM2 and between the AS5560a-LM1
and AS55600-LMS5 (see Figure 7(c)). This result suggests that
the tilt angle of the domain B (30—35) fluctuates between the
values of y = 45° and 18°. The TM helix spanning residues
30—52 bends about residues Glys;; and Glyss allowing for
fluctuations on the order of 20° in the orientation of domain B
relative to the TM helical axis.

The free energy landscape projected onto the o and y axes
is shown in Figure 7(d). The global minimum basin is located
at (y,a) = (24°,21°). The orientation of domain B and domain

L2
(128.21) "B
0 30 80 o {ﬂdﬂ )120
180 T e T
(d) ApS5ya

150

GM (24, 21)

Figure 7. Free energy landscape along the PC1 and PC2 axes at 300 K for
Af)-ss. The intervals between the contour lines are set to 0.5 kcal/mol for
0—10 kcal/mol (black-blue-purple-red), 1 kcal/mol for 10—20 (red-yellow),
10 kcal/mol for 20—50 (yellow-light pink) and 50 kcal/mol for 50—300 kcal/
mol (light pink-light cyan-white), respectively. Characteristic structures rep-
resenting the local minima basins are labeled (AS55PCA)-LM1, 2, 3, 4, 5, 6,
and LM7. (A55PCA)-LM1 is the global minimum structure. Orange horizontal
lines depict the interface between membrane and solvent, and green horizontal
lines indicate the interface between the lipid headgroup region and hydrophobic
core region in the membrane. The protein’s secondary structure is shown by
color as red (a-helices), pink (3/10-helices), green (turn), cyan (bend), and white
(coil). The six key residues, Glu,,, Aspas, Lyssg, Glysy, Glyss, and Glysg are
explicitly shown. This graphic was illustrated using VMD® and Raster3D%¢
(b) Free energy landscape projected on the 8 and o axes at 300 K for the
Api-ss. The interval between the contour lines are same as (). AB55600 -LMI,
2,3,4,5, and -LM6 are local minima basins and LM1 is the global minimum
basin. (c) The protein structures characteristic of each local minimum basin
are projected into the 6—a space. The structures indicated by dots are
(AB55PCA)-LM1(red), 2 (green), 3 (blue), 4 (magenta), 5 (cyan), 6 (yellow),
and LM7 (black). (d) Free energy landscape projected on the y—a plane at
300 K. y is the angle between the domain C (35—52) vector and the z-axis.
The interval between the contour lines are same as (a). (¢) The local minimum
basin structures characteristic of each local minimum basin were projected onto
the y—a space. The dots are the same as (c).
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Hydrophobic core region

Figure 8. A schematic view of APP (Af3;—ss) and Af3;—4 in a membrane.
Orange and green lines indicate the interface between the lipid headgroup
region and the hydrophobic core region of the membrane, and the interface
between the membrane and solvent, respectively. Yellow lines indicate the
hydrogen bond (22—28 for APP, 23—26 for Af|—4). Orange and yellow
arrows indicate the vector of domain B in Af3|_ss and the vector of domain
A;in ABi—4. The helical domains A (13—22), A; (13—18), Ay (19—22), B
(30—35), and C (39—52) are represented by cylinders.

C is similar, and sequence 30—55 appears as one straight TM
domain. Figure 7(e) shows the projection of each PCA basin
structure onto the y—a space. The structures forming the global
minimum basin [AS55PCA-LMI1 (red dots)] are distributed in
the region 10° < a < 60° and 5° < y < 40°.

Discussion and Summary

The predicted structures of the Af;—4 monomer at a
membrane interface indicate that the protein structure is
characterized by two helical domains A 3,3 and B335 separated
by a type I § -turn. The secondary structure is similar to that
derived from NMR experiment® for the A4 peptide (PDB
ID:1AML) in a TFE/water environment (see Table 1). The
tertiary structure of the simulated protein differs from the
experimentally derived structure in the relative orientation of
the helices. The TFE/water environment lacks the interface
between the membrane and solvent, which imposes constraints
on the relative orientation of the A and B domains of the protein.
Api—4 is observed to be localized on the interface between the
membrane and solvent, which is consistent with the results of
long time MD simulations.*” Domain A is localized atop the
hydrophobic core region near the solvent—membrane interface
while domain B is found inserted into the hydrophobic core
region of the membrane.

The flexibility of the domain A; (13—18) vector results from
the S-turn hinge with significant contributions from the molten
nature of the domain Ay helix and position of Gly,g (see Figure
8). The tilt angle a of Af|_4 and interdomain angle 6 are
roughly 45° and 63° in the global minimum structure, repec-
tively. The angles of these domains fluctuate with the constraints
imposed by the membrane solvent interface. The flexibility of
domain A; may lead to fluctuations of the peptide associated
with its ejection from the membrane.

The structure of Af3|_ss in the membrane has one long TM
helix (30—52) that consists of domains B and C, and one small
helical domain A (13—18). The secondary structure observed
in our simulations of Af3;_ss is similar to that of APP-C99 in
the LMPG micelle, proposed based on NMR spectroscopy.®"
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The position of the small helix, which we observed to involve
residues 18—22, is somewhat different than has been observed
in prior experiment.®' It is reasonable to assume that the
observed difference in the position of the small helix may result
from differences between the experimental micelle and simulated
membrane environments. The TM helix is observed to bend
around Glys; and Glyss, and domain B (30—35) displays
significant fluctuations. The peptide residues between Leuss and
Leus, are found in the hydrophobic core region of the membrane
(see Figure 9).

These results provide insights into the process of creation of
ApB—4 from enzymatic cleavage of APP/APP-C99 (see Figure
8). Lys and Gly residues play important roles in determining
the nature of the peptide membrane interaction. Both residues
can be located at the interface. We found Lys,s, Glyzg, Glyss,
and Gly;g of Af31—49 to be localized at the interface between the
hydrophobic core region and lipid headgroup region in the
membrane. LySQS, Glyzg, Gly33, LyS53, LyS54, and LyS55 of Aﬁ|755
are located near the interface between the membrane and the
solvent. As a result, the Lys residues tend to serve as anchors
located at the opposing interfaces. Lys,s is located on the upper
side of the membrane, while Lyss4 and Lysss are located on the
lower side of the membrane.

The Gly residues can serve as hinges separating the hydro-
phobic and hydrophilic domains of the peptide. Glysg in Af—ss
appears to play an important role in stabilizing the TM domain
(30—55) region relative to fluctuations in the membrane
thickness. The TM domain (30—55) is somewhat longer than
our simulated membrane thickness. As a result, the TM domain
is observed to bend at Glyss. Through this mechanism, the length
of the TM domain can be adjusted to the membrane thickness
by the bending or the tilting of the TM domain about the Glysg
residue. The tilt angle of domain C is observed to be y ~ 24°
and the averaged tilt angle of domain B is a ~ 21°. The
interdomain angle between domain B and domain C is roughly
177°. Importantly, y-secretase can bind to the structurally stable
domain C neighboring the residue 38—43. In the y-secretase
membrane protein complex, the active site is located in the
membrane region. Although the membrane structure will
fluctuate, the structure of APP near the y-site must allow for
interaction with the active site of y-secretase. It is possible that
the y-site, through the incorporation of Gly38, acts as a hinge
between domains B and C.

Recently, experimental evidence that APP may exist as a
homodimer has been reported.®** In previous work,®* we
predicted the structure of an APP fragment dimer. The
hydrophobic core region of the APP fragment was observed to
be unchanged in the homodimer conformation. However, the
position of Valyy in the monomer peptide was observed to be
closer to the membrane interface. The tilt angle of AfS;_ss
observed in this study is 2x larger than the average tilt angle
of the previous study.®* In the absence of a better understanding
of the structure of the y-secretase complex, it is unclear how
those structural perturbations may affect cleavage. However,
we have demonstrated that Glysg in the dimer acts as a hinge
between the Gly-xxx-Gly interface and domain C. We conjecture
that Glyss plays a crucial role in allowing domains B and C to

(84) Miyashita, N.; Straub, J. E.; Thirumalai, D.; Sugita, Y. J. Am. Chem.
Soc. 2009, 131, 3438-3439.

(85) Humphrey, W.; Dalke, A.; Schulten, K. J. Mol. Graphics 1996, 14,
33-38.

(86) Merritt, E.; Murphy, M. Acta Cryst. D, Biol. Cryst. 1994, 50, 869—
873.
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Lipid head group region

Hydrophabic core regior

30 3334 TM domain
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Figure 9. The membrane regions of Af3;—4 and Af3;_ss are shown, where white, gray, and black indicate the solvent region, the lipid headgroup region, and
the hydrophobic core region, respectively. Light gray or dark gray (gradation) are used if the residues are close to the solvent or hydrophobic core regions.

maintain a position near the y-site in the membrane. It will be
prudent to evaluate how the flexibility of those APP domains,
influenced by the composition of the APP sequence, is correlated
with y-secretase activity.

The TM domain includes the domain B (30—35) in Af;_ss.
However, following APP-C99 cleavage by y-secretase, domain
B aligns with the membrane surface. The domains in the solvent
region, especially 22—29, are pulled into the membrane region
leaving the C-terminal region of Af3;—4 located in the membrane
region. The VGSN (24—27) region and the salt bridge between
Asp,s and Lys,s have been identified as key structural elements
of the monomer and fibril structures of Af peptide in
solution."*'>'737~# T our simulations of the membrane AB;_4
peptide system, Asp,; does not contact Lys,s, while Aspy; O
and Asny; N are observed to form a stabilizing contact. The
peptide is observed to from a type I S-turn, but the side chains
do not face each other. The side chains of Gluy, and Asp,; are
located in the solvent regions, and Lys,s is located in the lipid
headgroup region.

In predicted structures of the APP (Af;—ss peptide), the
VGSN region is localized in the solvent region and consists of
a loop. Gluy, and Lys,g are located on the interface between
the solvent region and the lipid headgroup region, and a salt
bridge is formed between these side chains. The VGSN and
neighboring residues are typically observed to form bend, turn
or loop structures. It is clear that the hydrogen bonding structure
would be changed through the process APP/APP-C99 — Af
peptide in membrane — soluble Af peptide — oligomer/fibril
structure. The pillowy region 19—22, namely domain Ay in
ApB1—49, is also deformed during the release of Af3;—_4) from APP.
Domain B tends to maintain a helical structure that is perpen-
dicular to the membrane surface (with a tilt angle of 99°). The
N-terminal side of domain B (around Alasy) of AS;_ss is located
on the outside of the membrane, while the Alasy of Ay is
located in the lipid headgroup region, close to the hydrophobic
core region. We observe that domain A; of both Af;—4 and
ApPi—ss is predominantly found oriented along the membrane
interface.

The domain Ay region of Af;—ss tends to be observed outside
the membrane near domain B, while domain Ay of Af_4 tends
to be observed within the membrane region. The domain Ay
region is observed to be helical in the membrane environment
and a coil in an aqueous environment. The Ay region is extended
in APP due to tension centered in the 20—28 loop region, but
Aq forms a helix in Af;—4 by the relaxation of this tension
following peptide cleavage.

Considerable attention has been given to the consequences
of the two residues defining the difference between A4 and
ABi—4. It has been speculated that the addition of two
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Figure 10. The o helix content for residues of Af3;—4, and free energy
landscape along the 6 and a axes for Af3;_4, at 300 K. The interval between
the contour lines is set to 0.5 kcal/mol for 0—10 kcal/mol (black-blue-
purple-red), 1 for 10—20 (red-yellow), 10 for 20—50 (yellow-lightpink)
and 50 for 50—300 kcal/mol (lightpink-light cyan-white). The labels LM1,
2, and LM3 indicate local minima basins. LM1 is the global minimum basin.

hydrophobic residues to the C-terminal region of the peptide
may be responsible for the enhanced aggregation propensity
observed in some experimental studies. Following the protocol
described for the simulation of Af—_4 in this study, we have
also simulated the conformational ensemble of Af;_4, in the
implicit membrane environment. We show the free energy
surface along the 6 and o axes in Figure 10. Basin LM1 is
separated from LM?2 by a high free energy barrier (10 kcal/
mol) at AfS;—4. The free energy surface is somewhat different
between Af|—49 and Af—4. The most probable structures for
APi-4 and Af_4 are displayed in Figure 3(a) LM1 and 10
LMI. In spite of the presence of two additional hydrophobic
residues in the C-terminal region of Af;_4, no significant
difference in the most probable structures of Af3;—4 and Af|—4
is observed in our simulations. This is somewhat different from
the conclusion of the earlier study by Mobley et. al>® that noted
differences in the degree of insertion of Af3;_49 and AfB1—4. We
note that our study uses a slightly different computational model,
but also has a more complete sampling of the peptide confor-
mational ensemble than was feasible in that earlier work.

In summary, we have studied the structure of the AfS—4,
APi-4, and APP/APP-C99 fragment (Af3;—ss) in a membrane
environment using replica exchange molecular dynamics simu-
lation and free energy analysis. The structures and conforma-
tional change during the release of Af—4 peptide from APP
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are largely affected by the system environment, including the
solvent regions, lipid headgroup regions, and hydrophobic core
region. The C-terminal sequence of both peptides favors the
membrane region, and the 13 residue N-terminal sequence favors
the solvent region and forms a coil. Af;_4 favors the lipid
headgroup region and solvent region, and the APP fragment
(Api-ss) has a long TM domain (30—55) in the opposing lipid
headgroup regions and hydrophobic core region. Residue 30—55
in the APP fragment forms a transmembrane helix. The
disappearance of the helix following cleavage at the y-secretase
cleavage site enhances the structural change. The structures of
domain Ay and the loop/turn regions are modified by the system
environment.

The results of our study provide a structural basis for the
docking of APP with y-secretase, an essential step in the creation
of Af peptide from APP. In particular, the intrinsic flexibility
observed in the simulated transmembrane sequence of APP,
modeled as Af_ss, in the vicinity of the y-site may be essential
in facilitating interaction between the APP protein and the active
site of y-secretase (see Figure 8). Depending on the peptide
sequence and local structure, the splicing position can vary,
resulting in Af peptide fragments of different length. The results
of this study suggest that sequence variations in APP, some of
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which are associated with the early onset of amyloid disease,
may effect the population and distribution of Af peptide
isoforms in a way that influences the overall process of
amyloidosis.

In closing, we note that APP is known to form homodimers
in a membrane environment, structures stabilized by interpeptide
contacts encoded by the Gly-xxx-Gly sequence motif. Recently,
we carried out a simulation study of a transmembrane APP
fragment (Af»;-s55) homodimer in a membrane environment.®*
That study led to putative homodimer structures for both the
wild-type protein and a mutant. Our combined studies lead to
important conjectures regarding how sequence may inform the
angle of peptide insertion in a membrane and subsequent peptide
cleavage, considerations that are essential aspects of A peptide
production in the initial stages of the aggregation pathway.
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