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1. ABSTRACT

The wild type (WT) amyloid-f (10-35) peptide,
Ap (10-35), and its F19T mutant have been studied by
molecular dynamics simulations at 340 K in explicit water
solvent each for over 3.4 ps. The WT peptide has a strong
preference to form an E22-K28 loop (44% of total
conformations) and a reasonable stability for a strand-
loop-strand (SLS, L17-M35) (9%). The F19T mutant
has a significantly lower population of E22-K28 loop
(14%) and SLS structure (1.7%), but has a high
population of Q15-D23 loop (48%). A specific
interaction pattern among D23, V24, E22 and K28 was
found to stabilize the E22-K28 loop in WT. Our results
are in agreement with several experimental observations
including: (1) the NOE constraints for the AP are
reproduced; (2) the regions (15-23) and (22-28) can
form loops; (3) the WT peptide is more structured than
the F19T mutant. The current results also support our
early proposal that the SLS structure might be important
intermediate for monomer deposition to fibril, which
explains the experimental fact that F19T mutant resists
deposition to fibril.
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2. INTRODUCTION

The formation of cerebral amyloid aggregates is
characteristic of Alzeimer’s disecase (AD) (1,2). These
aggregates, composed of amyloid-f (AP) peptides of 39-43
amino acids, are shown to be related to the pathogenesis of AD
as they possess neurotoxicity (3-5). A possible way to develop
drugs for AD would be therefore the inhibition of the
formation of the AP aggregates (6-8). It becomes important to
elucidate the mechanism of AP aggregation and the
conformational features of all states involved in this process. It
is of particular importance to know the conformational features
of AP monomer, because the information about the monomer
state may help to understand the aggregation mechanism and
to design possible inhibitors (9,10). It has been recently found
that soluble AP oligomers, intermediates between the Af
monomer and the aggregates, are actually more toxic than the
aggregates (11,12). The inhibition of the aggregates may even
shift equilibrium of the AP peptides to the oligomers (11).

Several NMR experiments have been reported on
monomer conformations of the AP and its fragments in
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solution (13-19). AB (10-35) has been intensively studied
among various A fragments. Unlike full-length AP, it is
more soluble, which allows clearer NMR observations
about monomer conformations (13). Moreover, the AB (10-
35) can deposit onto the aggregates formed by the full-
length AP, indicating that the A (10-35) could be a proper
working model for the study of aggregation. Lee and co-
workers proposed a collapsed coil (CC) structure for the
AP (10-35) based on NMR NOE measurements (13,14).
The CC has several turns in the middle of the peptide. The
turns pack together and form a structured core.

There have been parallel efforts of molecular
dynamics (MD) studies on the monomer conformations of
the AP (20-30). The AP (10-35) has been studied by several
groups (20,22-24). Straub and co-workers first probed the
local dynamics of the CC with nanosecond-long
simulations (20). We carried out microsecond-long
simulations and found that the CC is dominant at room
temperature at pH 5.6. But other conformations also exist
(22). More recent replica exchange MD (REMD) simulations
by Baumketner and Shea found similar phenomenon (24).
Interesting, our simulations indicate the existence of a strand-
loop-strand (SLS) structure for the AB (10-35) monomer at the
room temperature. More importantly, this SLS structure exists
under other conditions such as high temperature (400 K) and
protonated E22 and D23 that mimic E22N and D23Q
mutations (22). Under these conditions, the CC structure
becomes unstable and disrupted. The SLS structure has a loop
(E22-K28) and two strands (L17-A21 and A30-M35). The two
strands contact with each other in an anti-parallel fashion. We
therefore proposed that the SLS structure might be an
important intermediate for monomer deposition to aggregates
(22). This seems to be in line with the finding by Lazo et al
that AP (21-30) exists as a loop structure in aqueous solution
(19). Mastrangelo et al also found by AFM experiment that Ab
(1-42) monomer exists as an SLS structure on silicon
surface (31).

Associated with the NMR studies on the AP (10-
35), it was found that the NOE signals of the AP correlate
with its ability of depositing onto aggregates (13,15,16). A
mutation, F19T, can change the signals and essentially
prevent the AP from deposition. A similar observation of
F19T mutation effect was also reported for AB(1-42) (32).
This mutation takes place in L17-21, the central
hydrophobic core (CHC). Although detailed structure could
not be derived, Maggio and coworkers indicated that the
mutation significantly increases the conformational
flexibility of the peptide. They suggested that there could
be certain deposition-active conformations, the loss of
which may account for the reduction in deposition rate for
the F19T mutant (15,16,33). Using a predictive algorithm,
Dobson et al were able to correlate the loss of deposition
ability of the F19T mutant with the decrease of
hydrophobicity and the B-sheet propensity of the CHC (34).
However, an understanding of the above phenomenon at a
molecular level is lacking. It would be very useful to make
a comparison of conformational features between the wild
type (WT) AP and the F19T mutant through molecular
dynamics simulations.
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To this end, we have carried out long MD
simulations for both WT A (10-35) and its F19T mutant
up to 3.5 us for each in explicit solvent at optimal
deposition temperature of 340 K (35). In this paper we
would like to (1) make a comparison in conformational
features between WT AP (10-35) and its F19T mutant; (2)
analyze the various factors that contribute to the
conformational difference, especially specific pattern of
side chain interactions in important conformations and
topologies of the AB; (3) to provide a rationalization of
reduced deposition of F19T mutant.

3. METHODS AND MATERIALS

3.1. MD simulations

All MD simulations were performed with the
GROMACS 3.2 software (36). The initial conformation of
the WT simulation was taken from the first one of the
conformations from the NMR experiments (PDB code:
1HZ3) (14). This conformation was also used as the initial
conformation of the F19T simulation except that the Phel9
was mutated into a Thr. To mimic the experimental pH
conditions, the ionizable groups of His and Lys are
protonated and the ionizable groups of Asp and Glu are
deprotonated (14). The WT or F19T peptide was put into a
dodecahedron box. The peptide is at least 1.1 nm distant
from any edge of the box. About 2,600 molecules of single-
point charge (SPC) water were filled in the box (37). Two
chloride ions were added to neutralize the systems. All
bond lengths of the peptides were constrained by the
LINCS algorithm (38). Geometry of water was constrained
by the SETTLE algorithm (39). A cut-off of 1.0 nm was
applied to non-bonded interactions. Electrostatic
interactions were treated by the reaction field method with
a dielectric constant of 78 beyond the cut-off (40). The
previous studies of another group and ours suggested that
the reaction field method can reasonably consider
electrostatic interactions of A} peptides in water (24,41). In
addition, we used a time step to 5 fs by increasing mass of
hydrogen to 4 a.u. and by using dummy atoms. It has been
demonstrated that this does not perturb thermodynamics
and dynamics of the systems (22,42).

All simulations started with a 2,000-step
minimization, followed by a NPT pre-equilibrium
simulation with positions of peptide atoms constrained. The
NPT production simulations were thereafter performed.
Conformations are recorded every five ps. Simulation
temperature and pressure were kept constant at 340 K and
1.0 atm by an external thermostat and a pressure bath with
coupling constants of 0.1 and 1.0 ps, respectively (43).

3.2. Calculations of intramolecular contacts

Three kinds of intramolecular contacts were
analyzed. First, the contacts between the C, atoms of
different residues were investigated. Residue i and j are
considered to have a C, contact if the distance between the
two C, atoms is less than 0.65 nm. Then a C, contact map
can be constructed with the point (i, j) on the map
representing the probability of the residues i and j having a
C, contact. For a peptide, the patterns on its C, contact
map can reflect its overall topology.
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Figure 1. Scheme of the sets of C,, constraints between L17-A21 and A30-M35 for defining the SLS structures.

Second, the number of the atomic contacts
between two groups of atoms was computed with a cut-off
distance of 0.54 nm. The contact number may indicate the
interaction strength between two groups if the interaction
originates from a van de Waals interaction or a
hydrophobic interaction.

Third, the contacts associated with hydrogen
bond (HB) interactions were calculated. If the D atom of a
proton-donor group (D-H) is closer than 0.35 nm to the A
atom of a proton-acceptor group (4), and if the angle D-H-
A is greater than 120°, then these two groups are considered
to have an HB contact.

Finally, we also analyzed salt bridge contacts for
ionic side chains of Lys, Asp and Glu. The salt bridges
have been studied for the AP in previous studies (22-
24,41). Unlike an HB, a salt bridge is basically a charge-
charge interaction and can be considered as spherical.
Therefore, if O of a carboxylic group and N of an
ammonium group are closer than 0.5 nm, the two groups
are considered to have a salt bridge contact, the same as we
did before (22).

3.3. Identification of a reverse loop

Finding a reverse loop in the AB (10-35) is one of
our major tasks during the conformational analysis. To
identify a reverse loop from the simulated conformations,
the C,, contacts between the residues i and j and between
the residues i+1 and j-1 are investigated. The simultaneous
presence of both two contacts in a conformation can
indicate that there is a possible loop spanning from the
residue 7 to the residue j and this loop has its two terminals
in an anti-parallel arrangement.
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3.4. Identification of the SLS

We previously defined the SLS according to sets
of the ij C, contacts (22). The similar sets of the C,
contacts are applied to the identification of the SLS in this
study. A conformation can be considered to have the SLS
topology only if it has a reverse loop spanning 22-28
(Section 3.3), and satisfies any set of the i-j C, distance
constraints (<0.65 nm) that are shown in Figure 1.

3.5. Conformational Clustering

The conformational clustering was carried out by
the root mean square deviation (RMSD) of atom distances
(44). If a set of selected atoms is chosen for a comparison
between two conformations a and b, the distance dj;
between any pair among this set of atoms is calculated. The
RMSD between those two conformations will be

where n is the number of the selected atoms. If the RMSD
falls within a certain cut-off, the conformations a and b
may belong to the same cluster in regards to the chosen
atoms.

4. RESULTS

4.1. The simulations are close to equilibrium and the
results are consistent with NMR experiments

It is important to examine first if the sampling is
adequate. We performed the conformational clustering for
the WT and the F19T simulations according to all the C,
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Figure 3. The probabilities of Loop 22-28 (a), Loop 15-23
(b) and the SLS (c) in the WT (black) and F19T (red)
simulations. (a) and (b) take an adjacent average over 20
neighboring data points. (c) takes an adjacent average over
50 neighboring data points.

atoms as described in Section 3.5. The clustering cut-off is
0.2 nm. As shown in Figure 2, the numbers of accumulated
clusters sampled appear to level off at the ends of the WT
and F19T simulations, implying that the two simulations
may be close to equilibrium. Moreover, the sampling of
certain topologies in the AP (10-35) was also investigated.
Three topologies, a loop 15-23, a loop 22-28 and a strand-
loop-strand (SLS), are our primary interests (Section 4.2
and 4.7). As demonstrated in Figure 3, all these topologies
fold and re-fold for many times during the WT and the
F19T simulations. This suggests that the sampling of these
structures may be adequate.
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Another important matter is to which extent the
simulations can reproduce experimental observations. For
the WT A (10-35) in water, Lee and co-workers have
reported thirty long range NOE constraints with NMR
spectroscopy, from which the collapsed coil (CC) was
derived (14). The upper bounds of these NOE constraints
are shown in Figure 3. We therefore calculated the inter-
proton distances corresponding to those NMR constraints.
An inter-proton distance is computed as <d®*>"¢ an
average over all the conformations. The distances for the
WT simulations are listed in Figure 3. Among the thirty
constraints, seventeen are fully satisfied, eight are weakly
violated (by less than 0.1nm) and two by 0.1 to 0.2 nm.
Only three of them are strongly violated (by more than 0.2
nm). Shea and co-workers recently performed the same
NOE analysis based on their REMD simulations of the A
monomer (24). The consistence of our results with
experiment is comparable to theirs.

Due to a lack of experimentally assigned NOE
data, a similar analysis was not carried out for the F19T
simulation. However, an expanded NOESY spectrum
indicates that the cross-coupling signals involving the
aromatic protons are much fewer in the F19T than in the
WT (13), suggesting that the F19T is less ordered (15). We
computed the contact numbers of the aromatic carbons of
F19 and F20 with all the other sidechain carbons carrying
hydrogen atoms. In the WT, F19 and F20 have on average
22.1 and 21.4 contacts, respectively; In the F19T mutant,
F20 has only an average of 14.6 contacts. In addition, the
F19T simulation samples 1,444 clusters and the WT
simulation sampled 748 clusters in the same amount of
time, indicating that the F19T mutant is more flexible and
less structured, in qualitative agreement with the
experiments (13,15).

4.2. The analysis of overall topologies reveals that the
WT favors Loop 22-28 and the F19T mutant favors
Loop 15-23

The map of the probabilities of the C, contacts
(Section 3.2) in the AB (10-35) was built over 0.7 million
conformations collected in the WT simulations (Figure 5,
top). Although the clustering results suggest that there is no
single cluster with a probability greater than 3%, the C,
contact map clearly shows that there are three main loop
topologies along the WT A (10-35), as indicated by the C,
contact bands which are vertical to the diagonal of the map.

First, the contact band in Box [ (Figure 5, top)
indicates that the AP (10-35) favors reverse loops (Loop /)
around E22-K28 with a turn around G25. This is in accord
with the experimental findings that E22-K28 has a high
loop propensity (19). It also agrees with our previous
calculation (22). The band in Box /I indicates that there is
another loop (Loop I7) roughly spanning Q15-D23 with a
bend around L17-F20. Additionally, a third loop (Loop III)
is found around N27-A30. It is minor compared to the first
two loops. The observations of the bends around L17-20
and the loops around N27-A30 are consistent with the
structures from experiments (14).
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Figure 6. Schematic representations of the loops 15-23 and 22-28 in the WT and the F19T mutant. The beads depict hydrophobic
residues. The thick green dash lines and the thin green dash lines represent the strong and the weakened interactions involving the
side chains of E22, D23, V24 and K28, respectively. The number below each structure indicates the population of this structure.

The C, contact map for the F19T mutant was also
constructed in the same way (Figure 5, bottom). The three
loop regions found in the WT are still present in the F19T
mutant except that the probability of Loop [ is greatly
reduced and the probability of Loop II is significantly
enhanced.

Loop / or 11, which is indicated by the C, contact
maps, is actually a collection of similar loop structures. An
explicit definition of Loop [ or I/ is needed to estimate the
loop population. We defined Loop 7/ as a group of
conformations with a loop exactly spanning E22-K28,
namely the loop 22-28. The loop 22-28 can be identified as
described in Section 3.3. This definition can lead to the
highest population of Loop / among all the other possible
definition of Loop /. Similarly, a loop exactly spanning
Q15-D23 is used to define Loop /. Schematic views of the
loops 15-23 and 22-28 of the WT and the F19T mutant are
displayed in Figure 6. The probabilities of the loops 15-23
and 22-28 for the WT are computed to be 0.10 and 0.44,
respectively while the same probabilities for the F19T
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mutant are 0.48 and 0.14, respectively. These data suggest
that the WT favors Loop 22-28 while the F19T mutant
favors Loop 15-23.

4.3. The analysis of electrostatic interactions reveals the
importance of the interactions between the E22 and D23
side chains and peptide backbone

Electrostatic interactions are one important
factor that render the AP (10-35) ordered structure
(13,14). There are four kinds of electrostatic interactions
including hydrogen bonds (HB) between backbone
amide groups, HBs between polar side chains, salt
bridges between charged side chains and HBs between
side chains and backbone. All four types are analyzed
according to Section 3.2.

The analysis reveals that HBs between
backbone amide groups are weak in both the WT and
the F19T mutant. Most of these HBs are less than
10% and none of them is more than 20%. Table 1
summarizes the probabilities of the HBs between the
polar side chains of the AP. All the HBs are
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Table 1. The probabilities (%) of hydrogen bonds between polar side chains for the WT and the F19T mutant'

E11* E22? D23’

WT F19T WT F19T WT F19T
Y10° 0.2 0.1 15.7 53 5.6 1.6
H13° 33.1° 53.2 9.4 6.9 23.2 19.6
H14® 32.2 16.7 6.0 16.9 30.5 44.3
Q15° 2.4 1.0 0.7 2.8 1.5 3.9
K16 8.7 1.0 14.5 12.7 2.6 17.7
F(T)19° 0.0 0.0 0.0 26.0 0.0 0.1
$26° 3.4 1.1 0.4 1.8 7.7 7.0
N273 3.7 0.7 2.3 2.3 6.6 13.1
K28* 2.3 1.8 15.3 4.6 20.0 3.8

Abbreviations: The probabilities related to Q15 and N27 are not listed as they are all lower than 3%;" HB acceptors;> HB donors.
An HB between a donor (4-H) and an acceptor (D) is considered to form if D and A4 are closer than 0.35 nm and the angle O-H-A
is greater than 120°° Only salt bridges between Lys and Asp or Glu are considered as all the HBs between them are less possible
than 3%, and a salt bride between a carboxylic group and an ammonium group is considered to form if any O atom of the
carboxylic group and the N atom of the ammonium group are closer than 0.5 nm;* The probabilities greater than 20% are

highlighted in bold.’

weak in the WT except for those involving the side chains
of H13, H14, E11 and D23. The E11 side chain favors HBs
with the H13 and H14 side chains and the D23 side chain
favors HBs with H13 and H14. Their probabilities are
greater than 0.2. Our findings are in accord with the NMR
experiments where the only observable NOE signals
between polar side chains are those among Asp, Glu and
His (13,14). The F19T mutation basically has little effect
on side-chain HBs of the AP except for the HBs between
E11 and H13 and between E22 and T19.

Table 1 also listed the probabilities of the salt
bridges involving E22, D23, K16 and K28. E22 forms a
salt bridge with K16 and K28, respectively, to a similar
extent. D23 is more likely to form a salt bridge with K28
than with K16. However, no salt bridge has an average
probability greater than 0.2. The F19T mutation disfavors
the E22-K28 and D23-K28 salt bridges but enhances the
E22-K16 and D23-K16 salt bridges

Finally, we analyzed all possible HBs between
polar side chains and backbone amide groups. Most HBs of
this sort are weak (<10%) in both the WT and the F19T
mutant except for the HBs involving the side chains of E22
and D23. The probabilities related to E22 and D23 are
shown in Figure 7. In the WT, the D23 side chain favors
HBs with two parts of the backbone, Q15-L17 and G25-
S26. The probabilities range from 0.2 and 0.4. On the
contrary, the E22 side chain has no detectable HBs with the
backbone. In the F19T mutant, E22 becomes more likely
(0.42-0.52) to have HBs with the L19-T19 backbone but
the HBs between the D23 side chain and the Q15-L17
backbone are weakened.

4.4. The F19T mutation breaks the central hydrophobic
core (CHC) and weakens the interactions between the
CHC and the C-terminal (CT)

The central hydrophobic core (CHC) (13)
fragment L17-A21 and the C-terminal (CT) fragment A30-
M35 are known to play key roles in the AB (10-35) folding.
By calculating the average numbers of atomic contacts, we
measured the strength of the hydrophobic interactions
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among the sidechains of the CHC and the CT (Section 3.2),
which are given in Figure 8 and 9.

As shown in Figure 8, in the WT the sidechains
of the CHC forms a compact core. F19 appears to be
critical for the intactness of this core. Its contact numbers
with its two adjacent residues, V18 and F20, are about 5.5
and 4.7, respectively. Besides, the side chains of L17 and
L18 have considerable interactions with the side chains of
F20 and A21. Upon the F19T mutation, the compact core is
disrupted, as indicated by the reduction in the contact
numbers between L17/V18 and F20/A21, and between the
residue 19 and its adjacent residues. In the meanwhile, the
V17-L18 and F20-A21 interactions are significantly
enhanced. Therefore, the compact core is actually broken
into two separated parts, L17-V18 and F20-A21. This
coincides with the experimental fact that the F19T mutation
in AP (10-35) can change the folding characteristics of the
CHC (15,16). As expected, similar analysis indicates that
for the WT and the F19T mutant, the mutation has little
effect on these hydrophobic interactions in the CT fragment
(data not shown).

We also investigated the hydrophobic interactions
between the CHC and the CT (Figure 9). In the WT,
considerable interactions are found between the CHC and
the CT. In particular, F19 and F20 in the CHC prefer
interactions with the CT, and L34 and M35 in the CT prefer
interactions with the CHC. In the F19T mutant, the residue
T19, which is hydrophilic, does not have strong interactions
with the CT fragment. V18 and F20, adjacent to T19, also
have their interactions with the CT reduced.

Table 2 summarizes the total numbers of
hydrophobic contacts of the CHC and the CT and between
the CHC and the CT. After the F19T mutation, the overall
number of contacts decreases by about 11 because of the
disruption of the compact core in the CHC and the
weakening of the CHC-CT interactions.

4.5. Structures and stabilities of Loop 22-28
The calculated probability of the loop 22-28 is
0.44 for the WT and 0.14 for the F19T. To understand the
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stability of this loop, it is necessary to look into the
structures of this loop and the stabilizing forces for the
structures. To do so, we gather all the conformations with a
loop 22-28 (Section 3.3) as an ensemble, namely the loop
22-28 ensemble. The ensemble was clustered according to
the side-chain heavy atoms of E22-K28 with a cut-off of
0.15 nm (Section 3.5). In addition, both electrostatic and
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hydrophobic contacts were analyzed for the ensemble as
were done in Section 4.3 and 4.4.

The clustering for the WT leads to the three most
populated clusters that account for about 75% of the
population of the ensemble. Interestingly, all of them have
a very similar pattern of side-chain interactions as shown in
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Table 2. The average numbers of hydrophobic contacts in
the central hydrophobic core (CHC) fragment L17-A21 and
the C-terminal (CT) fragment A30-M35 and between the
two fragments for the WT and the F19T mutant

CHC CT CHC-CT Sum
WT 19.3 9.5 22.1 50.9
F19T 13.9 10.5 15.1 39.5
(a) WT (b) F19T
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Figure 9. The average numbers of hydrophobic contacts
between the side chains of the central hydrophobic core
(CHC) and the C-terminal (CT) fragments for (a) the WT
and (b) the F19T mutant.

19.4%

12.5%

Figure 10. The most populated clusters of the loop 22-28
ensemble of the WT. The arrows indicate the directions of
the termini of the fragment 22-28. The number below each
structure is the population of the structure in the loop 22-28
ensemble.

Figure 6a and 10: 1) the D23 side chain lies on one side of
the loop plane and forms HBs with the G25-S26 backbone;
2) the E22, V24 and K28 side chains are on the other side;
3) E22 and K28 form a salt bridge; 4) the E22 and V24 side
chains clamp the K28 side chain through hydrophobic
interactions. This pattern is also supported by the data from
the contact analysis for the ensemble. The loop ensemble
has a probability of about 0.6 and 0.7 to have HBs between
the D23 side chain and the G25 and S26 backbone,
respectively. These probabilities are higher than the
overall probabilities shown in Figure 7, indicating that
the HBs between the D23 side chain and the G25-N26
backbone are especially favored in the loop 22-28. In
the loop ensemble, the chance to form a E22-K28 salt
bridge is about 0.33. But none of the E22-K16, D23-
K16 and D23-K28 salt bridges can be found. The
analysis on hydrophobic interactions also reveals that
the contact numbers between E22 and K28 and between
V24 and K28 are 3.7 and 1.8, respectively. These
interactions are two of the strongest hydrophobic
interactions in the loop ensemble.
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In contrast to the WT, the structures of loop 22-28
in the F19T mutant become more diversified and have no
dominant interaction pattern. Only the most stable cluster
has a similar pattern to that in the WT. This cluster
accounts for about 30% of population of the ensemble. The
probabilities of HBs between the D23 side chain and the
(G25-S26 backbone drop by about 0.15-0.2. The probability
of the E22-K28 salt bridge also decreases by about 0.2.
Besides, the contact numbers between E22 and K28 and
between V24 and K28 are 1.9 and 1.2, respectively.
Interestingly, the F19T mutation introduces several new
interactions into the loop 22-28 ensemble. For example,
both E22 and D23 are able to form a salt bridge with K16
(probabilities of about 0.2). The E22 side chain can form
HBs with the H13-H14 and L17-F20 (probabilities of 0.2).
Additionally, the total number of hydrophobic contacts
between E22 and the region H13-F20 increases by about
6.0 from the WT to the F19T mutant.

Taken together, the above analysis suggests that
the reduction in the population of the loop 22-28 correlates
with a loss of a special pattern of side-chain interactions
involving E22, D23, V24 and K28. The loss of the pattern
due to the mutation is accompanied with a gain of the
interactions of E22 and D23 with H13-F20. The gain can
be understood since the F19T mutant favors the loop 15-23,
which can bring H13-F20 to E22 and D23. Therefore, it
appears that the presence of the loop 15-23 can interfere
with the stability of the loop 22-28.

4.6. Structures and stabilities of loop 15-23

Similar clustering and contact analysis were
carried out for the loop 15-23 ensemble, which includes all
the conformations with a loop spanning 15-23. The
ensemble was clustered according to the side-chain heavy
atoms of Q15-D23 and the cut-off was set to 0.2.

The most populated loop clusters in the WT are
shown in Figure 11a. Clearly, most of the clusters have a
hydrophobic compact core composed of the L17-A21 side
chains despite that the structures of the clusters are
diversified. In particular, the F19 side chain is in the center
of the core in most of the clusters. A visual inspection on
the clusters with the core also reveals that the amide
hydrogen of the L17-F19 backbone is shielded by the core.
In addition to hydrophobic interactions, other kinds of
interactions, such as those between the D23 side chain and
the Q15-K16 and between E22 and K28, can also be found.

As shown in Figure 11b, upon the F19T mutation,
the compact hydrophobic core in the CHC fragment is
disrupted, which is consistent with our analysis of
hydrophobic interactions in the F19T in Section 4.4.
Without the hydrophobic core, the L17-T19 backbone
becomes more exposed. The exposure allows the E22
side chain to form HBs with the L17-T19 backbone. In
addition, the F19T mutant forms a HB (a probability of
about 0.37) between the side chains of E22 and T19 in
the loop 15-23. Thus, it appears that the aforementioned
HBs involving E22 correlate with the stability of the
loop 15-23.
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Figure 11. The most populated clusters of the loop 15-23
ensemble of (a) the WT and (b) the F19T mutant. The
arrows indicate the directions of the termini of the fragment
15-23. The number below each structure is the population
of the structure in the loop 15-23 ensemble.

6.3%

25.5% 13.5%

Figure 12. The distances between the C, atoms of K16 and
E22 from (a) the WT (a) and (b) the F19T simulations with
the OPLS-AA/L force field and the TIP3P water. The
graphs on right are the distributions of the distances. The
red dashed lines indicate distances of 0.65 nm.

Since the F19T mutation promotes Loop 15-23 and
which in turn affects the folding of other part of the peptide, it
is important to examine if the increased stability of Loop 15-23
depends on the simulation protocol. We therefore performed a
500 ns simulation (340 K) for each of the WT fragment, Ac-
QisKLVFFAEDy;-NH,, and its F19T mutant with the OPLS-
AA/L force field (45) and the TIP3P water model (46).
Electrostatic interactions were treated with the particle-mesh
Ewald (PME) method (47). The distances between the C,
atoms of K16 and E22 are shown in Figure 11. It is clear that
the F19T mutation (Figure 12b) increases the K16-E22 C,
contact (Figure 12a), as indicated by the contact
probabilities of 0.06 (WT) and 0.39 (CHC). This analysis
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indicates that our observation about the loop 15-23 does not
depend on the simulation methods.

4.7. Structures and stabilities of the SLS

We finally tried to analyze the propensity of the
AP (10-35) to form the SLS structures. We picked up the
conformations with a SLS topology by the methods as
described in Section 3.4. Our definition of the SLS intends
to allow L17-A21 and A30-M35 to be arranged in an anti-
parallel fashion and have as many C, contacts as possible
between hydrophobic residues. This leads to a SLS
probability of 8.7% in the WT, which is similar to the SLS
probability that we derived before (22). The representative
structures of the SLS ensemble reveal that L17-A12 and
A30-M35 indeed strongly interact with each other (Figure
13). The SLS probability in the F19T mutant is only about
1.7% much lower than in the WT, suggesting that the
mutation greatly destabilizes the SLS.

The destabilization of the SLS by the F19T
mutation may be understood as follows: 1) the SLS
possesses the loop 22-28 while the loop 22-28 is
destabilized by the F19T mutation; 2) the mutation severely
weakens the interactions between the CHC and the CT. The
analysis of hydrophobic interactions shows that the overall
number of contacts between the CHC and the CT is about
30 in the WT, but is reduced to about 19 in the F19T
mutant.

5. DISCUSSIONS AND CONCLUSSIONS

5.1. Intrinsic stability of the loop 22-28 in the WT AP
peptide

One important issue that we attempt to address
here is if the AB monomer is likely to have any obvious
conformation or topology, and what are the features of the
conformation or topology. Our simulation of the WT AP
revealed that a loop spanning E22-K28 has a population of
about 44% (Figure 6a, left). A loop that spans Q15-D23 has
a moderate stability (10%) (Figure 6a, right). Our findings
agree with recent observation that the fragment AB (21-30)
adopts a reverse loop structure (19). Besides, the AP
structures derived from NMR experiments also have a loop
around Q15-D23 (14).

More importantly, a dominant pattern of side-
chain interactions is found in the loop 22-28, which is
clearly shown in Figure 6a. In the loop 22-28, the D23 side
chain is on one side of the loop plane while the E22, V24
and K28 sidechains are on the other side. D23 form a
strong HB with the G25-S26 backbone. E22 and K28 form
a salt bridge. The hydrophobic moieties of E22, V24 and
K28 also have considerable interactions with each other.
Previous experimental (19) and theoretical (27) studies
have intensively investigated the side-chain interactions of
the region 22-28. From ROE measurements, Lazo et al
found that the A (21-30) favors a hydrophobic interaction
between V24 and K28 and a moderate electrostatic
interaction between K28 and E22 or D23 (19). Through
REMD simulations of the Af (21-30), Baumketner et al
found that D23 prefers HBs with the G25-K28 backbone
than an electrostatic interaction with K28. They found no
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17.8% 12.3% 8.2% 8.0% 5.7%

Figure 13. The most stable clusters of the SLS ensemble and their population in the ensemble (the numbers below). They were
clustered according to the side-chain heavy atoms of the regions L17-A21 and A30-M35 with a RMSD cut-off of 0.25 nm.
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Figure 14. Scheme of the dock-lock model of fibril elongation by deposition of AR monomer and the possible role of the SLS in
the elongation.

Too slow

interaction between V24 and K28 was found (27). Thus, come close to E22 and D23 that play important roles in the
our simulation results account for most interactions in the stability of the loop 22-28. (2) The mutation weakens the
loop 22-28 that were separately reported for the WT. interactions between L17-A21 and A30-M35. Since the two
regions flank the region E22-K28, they can bring two
5.2. Significant changes in AP conformation by F19T termini of the region 22-28 together and help to close the
mutation loop once they are in close contact.
In our simulations, the F19T mutation greatly
enhances the population of the loop 15-23 but significantly 5.3. Possible roles of D23-K28 salt bridge and E22/D23-
decrease the chance of the loop 22-28 (Figure 6b). The bakbone hydrogen bonds in the Af} folding
enhancement of the loop 15-23 by the mutation may be due An interesting finding from our simulations is
to two reasons. In the WT, the L17-A21 side chains form a that there is only a moderate salt bridge interaction between
compact core and shield the L17-F19 backbone. However, D23 and K28 although this salt bridge is known eventually
the mutation breaks the core and makes the L17-T19 to form in the aggregates according to experiments (48,49).
backbone more exposed, which allows strong HBs between The salt bridge is weak in our simulation, which agrees
the E22 side chain and the L17-T19 backbone. In addition, with ROE experiments (19) and a recent MD study on the
the hydroxyl group of T19 is likely to form a HB with the AP (10-35) (23). Furthermore, we found that the loop 22-
E22 side chain. 28 in particular disfavors the D23-K28 salt bridge. A
REMD study also observed the similar phenomenon (27).
Since the mutation happens inside the region 15- Therefore, the D23-K28 salt bridge may not be the major
23, its effect on the stability of the loop 15-23 is electrostatic interaction that determines the folding of the
straightforward. Nevertheless, what causes the population AP monomer and the intrinsic propensity of the loop 22-28.
reduction of the loop 22-28? Our analysis reveals two
possible causes. (1) The stabilizing interactions in the loop Instead, our systematic analysis showed that the
22-28 may be interfered by the formation of the loop 15-23. HB interactions between the side chains of E22 and D23
Once the loop 15-23 is formed, the region H13-F20 can and the peptide backbone are more important, and very
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sensitive to the F19T mutation. Moreover, E22 and D23
take part in quite different interactions despite that they
have similar side chains and are adjacent in the sequence.
In the WT, the D23 side chains form HBs with the Q15-
L17 and G25-S26 backbone but E22 basically forms no
HBs with the backbone. In the F19T mutant, the E22 side
chain favors HBs with the L17-T19 backbone in the F19T
mutant while the D23-backbone interactions are slightly
decreased.

Our results of E22/D23-bakcbone electrostatic
interactions agree with several experimental observations:
(1) NMR experiments (13,14) have shown that the AP (10-
35) changes its conformation with pH value increasing
from 2 to 5.6, indicating that the anionic sidechains of E22
and/or D23 may play roles in the AB folding. However, a
pK, study showed that the pH dependence of the AP
monomer does not rely on salt bridge interactions (50). The
E22 and D23 side chains may be involved in other types of
electrostatic interactions; (2) NMR experiments observed
the NOE coupling between Cp-H of D23 and N-H of G25
(14), indicating a possible HB between the D23 side chain
and the G25 backbone; (3) an inspection on the
conformations derived from NOE signals (13,14) shows
that the D23 side chain can from HBs with the Q15-L17
backbone; (4) another NMR study showed that an E22Q
mutation does not change the conformation of the AB (16).
Since this mutation neutralizes the E22 side chain, the
electrostatic interactions involving E22 is supposed to be
minor for the WT AP folding.

5.4. Importance of SLS to deposition

Both experimental (51,52) and theoretical (53)
studies established a model for AB deposition. In this
model, an AR monomer first docks onto fibril ends and then
undergoes a conformational rearrangement into fibrillar
structure. This is called two-stage dock-lock mechanism.
The rearrangement of AP conformation in the lock stage is
the rate-determining step. Interestingly, recent MD studies
by Thirumalai and co-workers suggested that an AB(16-22)
monomer could even add to pre-structured oligomers by the
same dock-lock mechanism (54). According to the model,
an AP monomer has many conformations in rapid
equilibrium, each of which can go through its own dock-
lock pathway. Therefore, A deposition is composed of
many parallel dock-lock pathways involving different A
conformations. Deposition rate should be determined by the
dominant pathways in which A monomer conformations
are stable and their rearrangements in the lock stage are

1. B. A. Yanker: Mechanisms of neuronal degeneration in
Alzeimer’s disease. Neuron 16, 921-932 (1996)

2. D. J. Selkoe: Neuroscience-Alzheimer’s disease:
genotypes, phenotypes and treatments. Science 275, 630-
631 (1997)

3. B. A. Yanker, L. K. Duffy and D. A. Kirschner:
Neurotrophic and neurotoxic effects of amyloid-f protein:

reversal by tachykinin neuropeptides. Science 250, 279-282
(1990)
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fast. Thus, these monomer conformations may be important
deposition intermediates.

Our previous (22) and the current studies have
shown that a strand-loop-strand (SLS) structure has
considerable stability for the wide type AP(10-35). This
SLS structure also has considerable population at the
conditions such as E22Q and/or D23N mutations (16,55)
and high temperature (16,56), which are known to promote
AP aggregation. More importantly, the overall topology of
the SLS structure resembles the A monomer conformation
in fibrils, which has a bend in V25-G29, leading to anti-
parallel contact between its two B-sheet regions V12-V24
and A30-V40 (48,49). It is not unreasonable to expect that
such a SLS monomer conformation, after docking to
preformed fibril end, can undergo a conformational change
to lock into the fibril with a relatively lower barrier
compared to other monomer conformations. Therefore, the
SLS structure may be an intermediate that correlates with
AP deposition activity (Figure 14).

Experiments demonstrated that the FI19T
mutation changes AP monomer conformations and
abolishes AP deposition activity (15,16). Our current
simulations indicate that the F19T mutation indeed causes a
significant change in the conformational feature of AB(10-
35) monomer. For the F19T mutant, both loop 22-28 and
SLS structures are significantly reduced in population by
about 4-5 fold, but loop 15-23 becomes dominant.
Experiments by Esler et al also revealed that a cross linking
between the sidechains of the residues 14 and 22 removes
the deposition activity of the AP (10-35) (16), indicate that
the loop 15-23 may not be an active deposition
conformation. Therefore, the current simulation results are
in accord with the above hypothesis that the SLS is an
important deposition structure, which accommodates the
experimental observation that F19T mutation abolishes Af
deposition activity.
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