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Molecular Dynamics Simulations and Free Energy
Analyses on the Dimer Formation of an Amyloidogenic
Heptapeptide from Human p2-Microglobulin:
Implication for the Protofibril Structure

Hongxing Lei, Chun Wu, Zhixiang Wang and Yong Duan*

UC Davis Genome Center and ~ Amyloid formation is associated with many neurodegenerative diseases.
Department of Applied Science  Recent findings suggest that early oligomeric aggregates could be major
One Shields Avenue, Davis sources of toxicity. We present a computational investigation of the first step
CA 95616, USA of amyloid initiation—-dimer formation of a seven residue peptide
(NHVTLSQ) from human B2-microglobulin at pH 2.0, which renders +2.0
units charges to each peptide. A total of over 1.2 us of simulations with
explicit solvent and 1.0 ps of simulations with implicit solvent were
conducted. Main-chain conformational restraint was applied to facilitate
the formation of ordered dimers. An antiparallel f-sheet with six main-chain
hydrogen bonds was dominant in the implicit solvent simulations. In
contrast, no stable dimers were observed in the two negative controls, the
mouse heptapeptide (KHDSMAE, +3.0 units charges) and the scrambled
human heptapeptide (QVLHTSN). Explicit solvent simulations presented a
more complex scenario. The wild-type human heptapeptide formed
predominantly antiparallel B-sheets (~38%) although parallel ones
(~12%) were also observed. Hydrophobic contacts preceded hydrogen
bond saturation in the majority of the association events in the explicit
solvent simulations, highlighting the important role of hydrophobic
interaction in amyloid initiation. The fact that the mouse dimer dissociated
immediately after the removal of conformational restraint suggests that the
higher conformational entropy barrier, along with the stronger charge
repulsion and weaker hydrophobic interaction, contributed to its inability to
form amyloid fibril. The closeness of positive charge pairs in the dimers of
the scrambled human heptapeptide may prohibit further B-sheet extension
and fibril growth. Combining the results from simulations and free energy
analyses, we propose that the building block for this amyloid fibril is
an antiparallel dimer with a two-residue register shift and six main-chain
hydrogen bonds. A double-layer protofibril structure is also proposed in
which two antiparallel B-sheets face each other and are held together by
hydrophobic staples and hydrogen bonds of the polar side-chains.
© 2005 Elsevier Ltd. All rights reserved.
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Introduction structure and function of proteins. Under certain
non-physiological conditions, proteins can partially

Proteins carry the major functional load  unfold, which could lead to aggregation. Protein
of biological machinery. Maintaining a normal  aggregation and occasionally ensuing amyloid
physiological environment is critical for the proper  fibril formation are believed to be the causes of
many severe neurodegenerative diseases including
Alzheimer’s, Parkinson’s, Huntington’s, and prion

Abbreviation used: GB, generalized Born. disea‘ses.lf4 Amyloidogenesis occurs on both
E-mail address of the corresponding author: physiologically folded proteins and naturally
duan@ucdavis.edu unfolded proteins, and peptides with no observed
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sequence homology.” On the other hand, a remar-
kably similar cross P structure, with B-strands
perpendicular to and hydrogen bonds parallel
with the fibril axis, has been observed in the fibril
structures from different sources.® Recent studies
have attributed the toxicity to the precursors of
amyloid fibrils, including misfolded proteins, sol-
uble oligomer aggregates, globular aggregate
beads, and protofibrillar structures.”® Therefore, it
is important to understand these early stages and
the entire process of amyloid formation.

A variety of biophysical and biochemical tech-
niques have been applied to study amyloidosis.*’
The techniques for detecting fibrils include Congo
red binding, thioflavin T (ThT) fluorescence,
transmission electron microscopy (TEM), circular
dichroism (CD), and Fourier transform infrared
spectroscopy (FTIR). Further structural characteri-
zation techniques include X-ray fiber diffraction,
cryo-electron microscopy, and solid-state NMR
(nuclear magnetic resonance) spectroscopy. By
applying these techniques, it has been revealed
that amyloid fibrils are generally unbranched, a
few micrometers in length, and about 10 nm in
diameter. Fibrils usually consist of two to six
protofibrils winding around each other. One of the
stabilization forces of the fibril structure is likely to
be the main-chain hydrogen bonds. Apart from
structural characterization of amyloid-related
proteins, considerable effort has been devoted to
smaller amyloid-forming peptides, mostly frag-
ments from prion protein!®-'2 and amyloid B
protein.’>'* A recent breakthrough was the high
resolution structure of an amyloid-like fibril of the
peptide GNNQONY originated from yeast prion by
X-ray crystallography.!>

Despite this progress, experimental detection and
characterization of early-stage species and their
dynamics has been a great challenge. Detailed
experimental information on the early-stage
structure transformation and association has
remained elusive. The need for the information on
the structure and dynamics of early species, which
have been linked to toxicity, has prompted many
molecular simulation studies. Traditional simula-
tions include stability studies of amyloid-prone
protein monomer and dimer,'®'* and conformation
transition of short amyloid-forming peptides.*>
In an elegant study of this kind conducted
by DeMarco and Daggett,* local conformational
transition was observed in a prion protein. This
transformed protein was then used to model
protofibril and the reconstructed electron
microscopy images showed decent similarity with
the experimental ones. In another direction, simula-
tions of the aggregation process at various stages
have been conducted. With simplified peptide
models, aggregation of relatively large systems
can be studied.”® Regular fibrils were observed
in simulation for systems containing up to 96
peptides.?**° However, detailed information,
including sequence-dependent features, is difficult
to obtain from simplified models.

More detailed information has been revealed from
aggregation simulations with all-atom models.
Simulations on peptide GNNQQNY from yeast
prion protein Sup35°"** demonstrated that the
favorable parallel B-sheet conformation was stabil-
ized by the peptide backbone dipoles and specific
side-chain interactions; namely the polar side-chain
“zipper” (hydrogen bonding) and the tyrosine
ring stacking. It was shown in a simulation of an
11 residue peptide fragment from transthyretin
(105-115)** that the spontaneously formed anti-
parallel out-of-register association was compatible
with experimentally determined distances and
chemical shifts. Residues 106-111 were found to be
crucial for the formation of stable hydrogen bonds. In
another study, a large number of short simulations
(1 ns each) were conducted on five short peptides to
obtain statistical information on dimer formation.** It
was concluded that hydrophobic interaction was
responsible for the initial association, as well as
trapping the peptides in local minima. In order to
speed the aggregation, explicit solvent was not
present in the above-mentioned simulations.
However, water can form explicit hydrogen bonds
with peptides, which is one of the solvent properties
that are not present in the existing implicit solvation
models. Therefore, explicit solvent models
are thought to give more complete information
about the simulated aggregation process than the
implicit ones.

Simulation with explicit solvent on peptide
AB1s-22 (KLVFFAE)35 suggested an obligatory
helical intermediate in the aggregation process,
while both hydrophobic and charged residues were
necessary to stabilize the oligomer. Replica
exchange was applied to a pentapeptide DFNKF>*
to explore the energy landscape of trimer formation,
in which Asn-Asn stacking was found to act like a
“glue” to greatly reduce the conformational search.
Several simulations with explicit solvent have been
conducted on the islet amyloid peptide NFGAIL. In
a stability study of pre-constructed NFGAIL
oligomers with various sizes (one to nine peptides)
and different orientations,” oligomers with anti-
parallel in-sheet and parallel between-sheet organi-
zation were found to be favorable, and the
stabilizing role of Phe was demonstrated by the
weak stability of the negative control NAGAIL. In
another study, 26 randomly oriented replicas of
NFGAIL peptides aggregated into one cluster
within 10 ns.*® Preference for extended confor-
mation and aromatic interaction was suggested to
be critical for the aggregation.

We have conducted a series of simulations on
peptide NFGAIL.>***' Hydrophobic force was
shown to be the driving force to form ordered
oligomers as well as disordered aggregates, which
are believed to be local minima. The crucial role
that Phe plays is to direct B-sheet stacking of
NFGAIL to form well-ordered oligomers in which
the side-chain of Phe was observed to fit right into
the concave surface around Gly of the neighboring
peptides. Elongation of the ordered oligomer was
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dominated by a primary pathway in which
peptides were first aggregated to the oligomer and
slowly moved to form main-chain hydrogen bonds
with one of the existing layers.

Human B2-microglobulin is one of the well-
studied amyloid-forming proteins.**™*® In the
work by Ivanova et al.,* a heptapeptide fragment
(NHVTLSQ) within the loop connecting the strands
F and G was found to form amyloid at pH 2.0 with
2.0 M NaCl. A zipper-spine model based on this
finding was proposed for the PB2-microglobulin
protofilament. It was also found that the corre-
sponding heptapeptide in mouse f2-microglobulin
(KHDSMAE) and a scrambled human heptapeptide
(QVLHTSN) could not form amyloid fibril under
the same conditions.

The human heptapeptide fragment (NHVTLSQ)
is quite unique among the known amyloid-forming
peptides. It does not contain aromatic residues,
which are believed to act as a nucleus in many
amyloid formation processes. Neither does it have
continuous Asn or Gln, which can form a polar
side-chain (hydrogen bond) zipper. Instead, it has a
net charge of 2 (at pH 2.0) near the N terminus

(NHJ and His™). We are interested in how this
highly charged peptide forms amyloid without an
aromatic stabilizing force and what role the charges
play in the process. Following our previous
works, 4! we applied main-chain conformational
restraint in most simulations, which has been
shown to greatly speed ordered peptide association.
To study the role of the solvent, we conducted
both explicit and continuum solvent simulations.
Our focus in this work is on the very first step
of amyloidogenesis-dimer formation. An amyloid
protofibril model is proposed based on the simu-
lations and free energy calculations.

Results

Dimer association in simulations with
generalized Born (GB) solvation

With the main chain restrained to the B-confor-
mation, a total of ten simulations (50 ns each) with
GB solvation were conducted on the human
heptapeptide (NHVTLSQ). The sampling of dimer
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Figure 1. Sampling of dimer association states presented in two-dimensional maps based on the angle between
two peptides and the distance between the C* atoms of the central residues on each strand (with cutoff 30 A when
drawing the map). (a) The human heptapeptide in simulations with GB solvation. (b) The human heptapeptide in
simulations with explicit solvent. (c) The mouse heptapeptide in simulations with explicit solvent. (d) The scrambled
human heptapeptide in simulations with explicit solvent.
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Figure 2. Highly populated B-sheets in the simulations. (a) The only dimer of the human heptapeptide in GB
simulations. (b) The most populated antiparallel B-sheet of the human heptapeptide in explicit solvent simulations.
(c) The second most populated antiparallel B-sheet of the human heptapeptide. (d) The most populated parallel B-sheet
of the human heptapeptide in simulations with explicit solvent. (e) The most populated antiparallel B-sheet of the mouse
heptapeptide in simulations with explicit solvent. (f) The most populated antiparallel -sheet of the scrambled human

heptapeptide in simulations with explicit solvent.

association is shown in Figure 1(a). The only highly
populated dimer (~14.9% of the total population)
was an antiparallel B-sheet and its representative
structure is shown in Figure 2(a). In this B-sheet,
the two strands formed six main-chain hydrogen
bonds and a ~9° twist angle. This associated state
was also stabilized by hydrophobic interactions,
most prominently the inter-strand Leu-Leu inter-
action. The register was shifted by two residues.
Presumably, the register shift and the antiparallel
arrangement are due to the charge—charge repul-
sion of the highly charged N terminals.

In contrast, the simulations on the mouse
heptapeptide (KHDSMAE) and scrambled human
heptapeptide (QVLHTSN), five trajectories each
and 50 ns each trajectory, did not result in any
detectable well-associated dimers, suggesting that
these two peptides in their monomeric forms may
have much higher solubility than the human
heptapeptide (NHVTLSQ). With an additional Lys
residue, the mouse heptapeptide has +3 units
formal positive charge near the N terminus, one
more net charge than the human heptapeptide.
Thus, a stronger repulsive force is expected,
particularly when the peptides are in close
proximity. The strength and positioning of the
hydrophobic side-chains in the mouse hepta-
peptide may have also led to a less favorable
hydrophobic interaction. As for the scrambled
human heptapeptide in which the protonated His
(with a +1 charge) is shifted to the central position,
the repulsive force between the central charged His

residues may have prevented the formation of
a stable dimer. This set of simulations was
consistent with the experimental observation that
neither the mouse heptapeptide nor the human
scrambled heptapeptide, could form amyloid under
the same in vitro condition.

We analyzed the energetics from the simulation
trajectories of the human heptapeptide and one of
the results is shown in Figure 3. In Figure 3(a), the
upper panel shows that the hydrophilic surface area
(black line) and hydrophobic surface area (red line)
dropped sharply after 18 ns. While the hydrophobic
surface area reached the minimum immediately, the
hydrophilic surface area continued to decline in the
next 2ns. This was consistent with the delayed
main-chain hydrogen bond saturation in the middle
panel compared to the Leu-Leu side-chain contact
in the lower panel. However, this time delay was
observed in only two trajectories. On other
occasions, the saturation of a main-chain hydrogen
bond occurred simultaneously with the formation
of the Leu-Leu contact. Overall, both main-chain
hydrogen bonding and hydrophobic side-chain
interaction contributed to the dimer formation and
stability.

We looked into the physical energy terms in the GB
simulations. The critical energy terms of the same
trajectory in Figure 3(a) are shown in Figure 3(b).
Overall, the potential energy (upper panel) and van
der Waals energy (middle panel) had similar features,
while the combined electrostatics and GB energy
(lower panel, this is solvent-screened “effective”



Dimer Formation of an Amyloidogenic Heptapeptide

1053

(a) 1500
“i.<: 1200
f}:’ 900
<
» 600
6
'g I
o 4
9 L
Fep ]
[ —— \‘ } I I I SRt Eae | T ‘
[ T T T ‘ T U T T ‘ T T T T ‘ T T ‘ T T T
< 30
8 20
C
g 10 ]
D ‘ L L | . J\‘ ‘u‘\ L 1 I} h{i ‘\M x ‘f‘m“\ ‘L\ ]\“ ‘W
0 10 20 30 40 50
Time (ns)
(b) -390 POT
i
-420 l Figure 3. Time histories of
450 [ various energy and structural
3 terms in a representative GB simu-
480 b lation trajectory of the human
—_ u heptapeptide. (a) Upper panel,
g 0 hydrophilic (black) and hydro-
= phobic (red) accessible surface
< -20 [ area. Middle panel, main-chain
= r hydrogen bond. Lower panel, the
g 40 minimum distance between the
Q L side-chains of the Leu residues
w -750 |- on each strand (Leu-Leu distance).
. (b) Upper panel, the total potential
-765 energy of the system. Middle
-780 panel, van der Waals energy.
L L ! Lower panel, vacuum electro-
0 10 20 30 40 50 statics plus GB energy; this is the

Time (ns)

electrostatics) displayed little change other than
thermal fluctuation. Figure 3(a) also demonstrates
that the peptides can be partitioned into monomer
and dimer states, and have consistently smaller
surface areas and shorter distances in the dimer
state. We therefore partitioned the trajectories into
associated and unassociated regions. In this par-
ticular trajectory, according to the change of surface
area, hydrogen bond, and side-chain contact, the
first 18 ns was in the unassociated state and the last
30 ns was in the associated state. After association,
the total potential energy decreased by ~23.9 kcal/
mol. Among which, van der Waals energy
decreased by ~21.2 kcal/mol and the combined
electrostatics and GB energy increased by 2.4 kcal/
mol (Table 1). Therefore, optimal packing of the two
strands strongly favored the dimer formations.
However, side-chain packing is at the expense of
side-chain entropy, which is one of the major
opposing forces. Since the simulations were

solvent-screened effective electro-
statics.

conducted with main-chain conformational
restraint, the main-chain conformational entropy
should also be kept in mind as another opposing
force. Dimer dissociation (and re-association)
occurred in eight of the ten trajectories, implying
competition among different forces and the
dynamic nature of the process.

Dimer formation in simulations with explicit
solvent

To understand the solvent contribution to the
dimer formation further, we carried out another set
of ten simulations (50 ns each) on the human
heptapeptide with explicit solvent. The sampling
of dimer association is shown in Figure 1(b). When
compared to the GB solvation, the simulations
with explicit solvent displayed a more complex
scenario. Two major antiparallel association modes
were sampled in the simulations (Figure 2(b),
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Table 1. Energetic dissection of the populated dimer species of the human heptapeptide from the simulations with

implicit and explicit solvent

Explicit
AE (kcal/mol) Implicit antiparallel Antiparallel 1 Antiparallel 2 Parallel
AEypw —212 —194 —217 —273
AEgg —42.8 —32.2 —19.9 50.5
AEnT —44 -73 —42 -16
AEcg 45.2 34.1 27.5 —453
AEsur N/A -39 —41 —-5.0
AEGgeLE 24 1.9 7.6 5.2
AEpoT —23.9 —24.8 —18.3 —23.8
AEpor N/A —287 —224 —2838

AEypw, the change of van der Waals energy upon dimer formation. AEg; g, the change of electrostatics energy upon dimer formation.
AENT, the change of internal energy (bond, angle, and dihedral) upon dimer formation. AEgg, the change of GB reaction field energy
upon dimer formation. AEgggrg, the combined change of GB and electrostatics energy upon dimer formation. AEgyg, the change of
energy due to surface area change upon dimer formation. AEpor, the change of potential energy (excluding AEsygr) upon dimer
formation. AEpqr, the change of potential energy (including AEgyur) upon dimer formation.

~9.7% and (c), ~8.4%), both had a register shift
of two residues with ~6° and ~45° strand twist
angles, respectively. Two additional antiparallel
B-sheet species were observed, including one
species with a three-residue register shift (11.3%)
and the other with a four-residue register shift
(8.4%), which will not be the focus of our further
analysis. Taken together, these antiparallel species
have a combined total of 37.6% snapshots. Among
these antiparallel species, one of the two-residue
register shift species (Figure 2(b)) was almost
identical with the only dimer sampled in the GB
simulation (Figure 2(a)). The other two-residue
register shift species (Figure 2(c)) was also similar,
albeit with much larger angle deviation from an
ideal antiparallel configuration and therefore fewer
main-chain hydrogen bonds.

A parallel species (Figure 2(d)) also was observed
in which the His side-chains were close in space.
However, the parallel species population was only
12.1%, about one-third of the antiparallel ones
(which was 37.6%). Thus, in contrast to the lack of
obvious preference observed in simulations of the
NFGAIL peptide,®*' the human heptapeptide
had a notably higher preference, by a factor of 3:1,
towards an antiparallel B-sheet, perhaps because
of the charge—charge interactions between the
N terminals, which have +2 units formal charges
on each peptide. It should be noted that the relative
populations of different association modes changed
with the number and length of the simulation
trajectories. Thus, the populations reported here
should be treated as only qualitative measures.
Nevertheless, the observation of predominantly
antiparallel B-sheets in the explicit solvent simu-
lations, the sole formation of the same species in the
GB simulations, and the lack of obvious preference
in the explicit solvent simulations of NFGAIL with
essentially an identical simulation protocol strongly
suggest that the human heptapeptide assumes an
antiparallel arrangement in the fibrils.

A representative trajectory with the formation of
the ordered antiparallel B-sheet conformation is
shown in Figure 4(a). There was an “intermediate”

dimer (between 2ns and 20ns) prior to the
formation of the ordered dimer. Interestingly, this
intermediate dimer formed in the absence of the
hydrophobic Leu-Leu interaction as shown in the
lower panel (structure not shown). During
the formation of the ordered dimer, the hydro-
phobic Leu-Leu contact formed near 21 ns, whereas
the saturation of the main-chain hydrogen bond
occurred near 24 ns. Another trajectory that led to
the formation of the twisted antiparallel confor-
mation is shown in Figure 4(b). The hydrophobic
and hydrophilic surface areas decreased simul-
taneously near 8 ns (upper panel). However, this
was initiated by the hydrophobic Leu-Leu contact
(lower panel) rather than main-chain hydrogen
bonding (middle panel), which had a 500 ps delay.
In fact, the delay of hydrogen bond saturation
(compared to the formation of hydrophobic contact)
was observed in most of the dimer association
events in the simulations of the human heptapep-
tide with explicit solvent.

We further analyzed the three populated dimers
(two antiparallel B-sheet and one parallel B-sheet)
found from the simulations with explicit solvent
using the MM-GB/SA method™® and the results are
shown in Table 1. The analysis suggests that the
antiparallel and parallel B-sheets are stabilized by
different forces. For the two antiparallel dimers,
electrostatics decreased by 32.2 kcal/mol and
19.9 kcal/mol, respectively, upon formation. In
contrast, due to charge repulsion, electrostatics
increased 50.5 kcal/mol upon formation of the
parallel dimer. The change in GB reaction field
energy compensated for most of the changes in
electrostatics, leaving a net increase of only
1.9 kcal/mol and 7.6 kcal/mol for the antiparallel
dimers and 5.2 kcal/mol for the parallel dimer.
On the other hand, the parallel f-sheet gained more
favorable van der Waals energy (—27.3 kcal/mol)
than the antiparallel ones (—19.4 kcal/mol and
—21.7 kcal/mol). Internal energy slightly favored
the antiparallel dimers (—7.3 kcal/mol and
—4.2kcal/mol) over the parallel dimer
(—1.6 kcal/mol). The slight gain in favorable
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energy due to surface area change was similar for
all three conformations. Overall, the total potential
energy decreases of the parallel B-sheet
(—28.8 kcal/mol) and the regular antiparallel
B-sheet (—28.7 kcal/mol) were notably more
than that of the twisted antiparallel B-sheet
(—22.4 kcal/mol).

We also compared the energy components of the
two similar antiparallel B-sheets from the simu-
lations with implicit and explicit solvent. The
potential energy changes (excluding the surface
area term, since it was disabled in the GB
simulation) were —23.9 kcal/mol for the B-sheet
from simulation with implicit solvent and
—24.8 kcal/mol for the simulation with explicit
solvent. The difference in the electrostatics was
compensated by the difference in GB reaction field
energy, leading to a similar change in “effective”
electrostatics, (2.4 kcal/mol for implicit and
1.9 kcal/mol for explicit). The van der Waals energy

most populated antiparallel mode.
For details please refer to the
legend to Figure 3.

slightly favored the one from simulations with
implicit solvent (—21.2 kcal/mol versus
—19.4 kcal/mol), while the internal energy slightly
favored the one from simulations with explicit
solvent (—7.3 kcal/mol versus —4.4 kcal/mol).

Simulation of the controls with explicit solvent

Five simulations (50 ns each) were conducted for
each of the two negative control peptides: the
mouse heptapeptide and the scrambled human
heptapeptide. With the main-chain restrained in
B-conformation, dimer association events were
also observed. The sampling of dimer association
is shown in Figure 1(c) and (d) for the mouse
heptapeptide and the scrambled human hepta-
peptide, respectively. Representative structures are
displayed in Figure 2(e) and (f). The mouse dimer
was primarily antiparallel with a two-residue
register shift, stabilized by six main-chain hydrogen
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bonds and a hydrophobic Met-Met inter-strand
interaction. The scrambled human dimer was also
primarily antiparallel with a two-residue register
shift, stabilized by six main-chain hydrogen
bonds and hydrophobic Leu-Leu and Val-Val
interactions, one on each face of the B-sheet.

These results from simulations with explicit
solvent were complementary to what we observed
in the GB simulations in which only the wild-type
human heptapeptide formed a stable B-sheet. We
examined the effect of main-chain conformational
restraint by removal of conformational restraints of
three representative antiparallel dimers, one from
each of the heptapeptide. The mouse dimer
dissociated within 1 ns, while the other two dimers
were much more stable (the human dimer was
stable up to 7 ns, and the scrambled human dimer
was stable throughout the 10 ns simulation). There-
fore, the large entropy loss upon dimer formation
may be an important factor that keeps the mouse
heptapeptide from forming a stable dimer and the
amyloid initiation would have to overcome this
additional barrier. As for the scrambled human
heptapeptlde, we found a pair of unfavorable His*
to NHY interactions at both ends of the dimer. There
are two tentative interpretations for the inability of
the scrambled human heptapeptide to form
amyloid. First, it could be that the observed dimer
is marginally stable, while further extension of this
B-sheet is prohibited because of the strong charge-
charge repulsion. Second, it is possible that the
strength of the above-mentioned charge—charge
interaction is underappreciated in the explicit
force field used in this study. With stronger
charge—charge repulsion, the observed scrambled
human dimer may not populate (as we observed in
the GB simulations).

Conformational preference of monomers

The residue identity has a major impact on the
conformational preference of peptides. According
to a statistical index,”! the human heptapeptide has
a similar preference for helix (average 1.03) and
sheet (average 1.04), while the mouse heptapeptide
has a much stronger preference for helix (average
1.22) over sheet (average 0.88). These are consistent
with the observations made in simulations on the
three monomers shown in Table 2. In these
simulations, both human heptapeptide and its
scrambled version exhibited notably higher popu-
lation (average 29% to 36%) than the mouse
heptapeptide (19%) in the B-extended confor-
mation. Furthermore, both the identity of the
amino acid and the local environment can affect
the configuration of each residue. For example the
populations of His> were almost identical 1r1 the
human and mouse heptapeptides, while His* in the
scrambled human heptapeptide shifted from PPII
to B conformations. The ability to form stable or
transient hydrogen bonds by the side-chains of
polar residues (Asn, Gln, Ser, Thr, etc.) can also have
a major impact on the conformation of the peptide.

Table 2. Populations of the conformational states of all
non-terminal residues in the monomer simulations with
explicit solvent

Conformational state

Beta PPII  Alpha Others

Human His2 27.8 72.0 0.1 0.1
7-mer Val3 68.2 31.6 0.0 0.2
Thr4 16.5 16.6 66.6 04

Leu5 20.8 14.4 64.2 0.6

Ser6 11.6 6.9 81.1 0.5

Average 29.0 28.3 42.4 0.4

Scrambled Val2 58.5 41.4 0.0 0.1
human Leu3 21.5 26.7 51.5 0.3
7-mer His4 42.2 56.9 0.7 0.2
Thr5 36.5 47.2 15.7 0.6

Ser6 20.5 16.0 63.0 0.5

Average 35.8 37.6 26.2 0.3

Mouse His2 28.3 713 0.2 0.2
7-mer Asp3 41.7 56.8 0.5 1.0
Ser4 7.9 3.5 88.3 0.3

Met5 5.6 41 90.3 0.1

Ala6 13.2 11.2 73.7 19

Average 193 29.4 50.6 0.7

When compared to the human heptapeptide, the
mouse heptapeptide had a lower population in
B-extended conformation and a higher population
in o-helical state, consistent with the measure based
on average secondary structure propensity. This
partly explains why the human heptapeptide could
form regular amyloid while the mouse hepta-
peptide could only form amorphous aggregates.

We further examined the most populated peptide
conformations by clustering. The three highest
populated conformations for each of the three
peptides are shown in Figure 5. As we may expect,
coiled structures were predominant in all monomer
simulations. The structural feature was similar for
both the human heptapeptide (upper panel) and the
mouse heptapeptide (lower panel). Consistent with
the data in Table 2, the N-terminal residues were in
a more extended conformation and the C-terminal
residues were more coiled. The most populated
clusters of the two peptides were similar in
conformation but different in population, showing
lower propensity for the mouse heptapeptide in the
extended conformation.

Dimer association without conformational
restraint

We embraced the technique of conformational
restraint to facilitate the formation of ordered
B-dimer and B-sheets in manageable simulation
time, allowing us to look for candidates that could
extend to form amyloid protofibrils. This also
allows us to examine the stabilizing forces that
help to initiate the amyloid formation. However,
simulations with conformational restraints could
not provide information on conformational tran-
sitions. Therefore, we conducted a 50 ns explicit
solvent simulation on the human heptapeptide
dimer without conformational restraint. Consistent
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60%

6%

5%

Figure 5. Representative conformations (with population indicated) in the monomer simulations with explicit solvent.
Upper panel, the human heptapeptide. Middle panel, the scrambled human heptapeptide. Lower panel, the mouse

heptapeptide.

with the monomer simulation, the individual
strands were not in an ideal B-conformation.

Due to the slow diffusion of the peptides and the
marginal stability of the dimers, the peptides were
separated during most of the 50 ns simulation. In
order to form an ordered dimer, the encountered
peptides need to be in a relatively extended
conformation and form specific and stable contacts.
Prior to that, a great number of local minima on the
energy surface may be sampled. Because the rate of
association is controlled by diffusion, diffusion
would play an important role in the dimer
formation. Nevertheless, because the likelihood of

the existence of two extended monomers in the
nearby vicinity would be much greater in a system
with a large number of peptides, an ordered dimer
could be significantly easier to form in solutions,
which could become the initial nucleus of amyloid
fibrils.

A few transient dimer associations were observed
during the 50 ns simulation (Figures 6 and 7).
The associations were stabilized mainly by hydro-
phobic contacts, which again highlights the import-
ant roles that hydrophobic force plays in the early
stage of aggregation. The peptides were found
in the extended forms in some of the dimers

2
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H-bond
T ‘ T ‘ T ‘ T
S

Figure 6. Time histories of
various driving forces in the simu-
lation with explicit solvent with-
out conformational restraint for

< 30
g 20§
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the human heptapeptide. For
details please refer to the legend
to Figure 3.

40 50
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Figure 7. Representative dimer structures in the simulation

the human heptapeptide.

(Figures 6 and 7). Both parallel and antiparallel
associations were observed. A few cross-strand
main-chain hydrogen bonds also formed in the
associated states. However, these hydrogen bonds
appeared to be insufficient to stabilize the dimers to
the B-sheet conformation and the dimers dissipated
quickly. This was in sharp contrast to the stable
B-sheets formed in the constrained simulations. It is
clear that dimer stability is intimately coupled to
peptide conformation and conformational entropy:.
We should also note, however, that the ultra-fast
association rate in the simulations with restraint
(~20ns) was highly exaggerated due to the
assumption that two extended monomers are
always close in space and do not change confor-
mation during the diffusion process. Apparently,
peptide conformation and conformational tran-
sition can have a major impact to both association
modes and dimer (oligomer) stability.

Discussion
Energetics and force field development

Quantitative energetic analysis has been a
challenge for simulations as well as experimental
studies of peptide association. Formation of a
peptide dimer is the result of the interplay between
enthalpy and entropy. Upon dimer formation, both
enthalpy and the conformational entropy of the
peptides decrease, while the former is favorable and
the latter is unfavorable. The components of the
enthalpy include favorable van der Waals, electro-
statics (especially hydrogen bond), unfavorable
charge repulsion, and others. Solvent also plays
important roles in this process by driving the
hydrophobic groups towards each other, by pre-
ferentially solvating the polar groups and by
forming transient hydrogen bonds with peptides,
among many other effects. The most difficult part of
energetic analysis lies in the solvent contribution,
because of the massive rearrangement of solvent
hydrogen-bonding network and the more intri-
guing solvent entropy change. Ions add another
dimension of complexity to this problem, since ions
can interact with solvent molecules, peptides and
with each other. Problems can also originate from

with explicit solvent without conformational restraint for

the enormous gap between the time for amyloid
formation (days) and the time accessible in simu-
lations (currently microseconds or less).

We present in Table 1 the potential energy
changes upon formation of the three primary
B-sheet species. The entropy of the peptides consists
of both backbone and side-chain conformational
entropy. The antiparallel B-sheets had a two-residue
register shift, therefore ten of the 14 residues were
restricted in the B-state. The parallel B-sheet did
not have a register shift, therefore all 14 residues
were restricted in the B-state. The entropy loss by
restricting the backbone in the extended state
is estimated to be ~4.8 cal/(mol K residue).”* So
the backbone entropy loss (we use TAS with
standard T=300K) is ~14.3 kcal/mol for the
antiparallel B-sheets and ~20.0 kcal/mol for the
parallel B-sheet. According to a mean side- chain
entropy scale,” the side-chain entropy loss is
~8.4 kcal/mol for the antiparallel B-sheets and
~12.3 kcal/mol for the parallel B-sheet. The total
loss of conformational entropy is ~22.7 kcal/mol
for the antiparallel B-sheets and ~32.3 kcal/mol for
the parallel B-sheet. When combining the potential
energy change with the entropy change, the free
energy of dimerization is —5.0 kcal/mol and
+0.3 kcal/mol for the two antiparallel B-sheets,
and +4.5 kcal/mol for the parallel B-sheet. This
could rationalize why the ordered antiparallel
B-sheet was the sole populated dimer observed in
the GB simulations.

We recognize that there are substantial errors in
the free energy estimation. There are also various
approaches to evaluate each of the three energy
components (potential energy, backbone entropy,
and side-chain entropy). Direct calculation of
absolute free energy in explicit solvent is still an
unsolved task at the moment and is beyond the
scope of this work. These are sources of uncertainty.
Nevertheless, this free energy estimation can still
give us qualitative information on the relative
stability of the dimer conformations in implicit
solvent.

Simulation force fields are under continuous
development. Notable secondary structure bias
was observed in early AMBER force fields (bias to
a-helix in ff94 and bias to B-extended in ff96). The
latest force field ff03 developed by our group has
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been shown to provide a better balance.”* However,
non-physical assumptions in the point-charge
framework will likely lead to certain artifacts that
increase the difficulty in interpreting simulation
results. In our current study, the simulation results
with GB solvation were more consistent with the
experimental data. This by no means suggests that
the GB solvation model is superior to explicit
solvent. It is likely that (different) problems exist
in both models. For example, charge interaction
could have been overestimated in the GB solvation
model due to the underestimation of solvent and
ion screening effects. On the other hand, limited
sampling in simulations with explicit solvent makes
the equilibrium property less certain. Generally
speaking, implicit solvation models are less accu-
rate than explicit solvation models. However,
kinetic trap is a more serious problem in simu-
lations with explicit solvent than those with implicit
solvent. Therefore, combining the results from both
types of simulations and identifying the consistent
feature may give a better understanding of the
simulated system. The addition of ions in simu-
lation can also be problematic. In a few trials with
2M NaCl (experimental condition), ion crystals
were formed in the simulations. This is why we
chose 0.2M NaCl in our simulations. We are
looking into all these problems and will take them
into account in future development.

Prediction of amyloid protofibril structure

The simulations clearly showed that the human
heptapeptide prefers an antiparallel B-sheet
arrangement. In the simulations with the GB
continuum model, a stable antiparallel B-sheet
was the only dominant species observed in the
simulations. In the simulations with the explicit
solvent TIP3P model, four antiparallel B-sheet
species were observed with a combined population
of 37.6% of all snapshots. Although a parallel
B-sheet was also observed, its population was only
12.1%, notably lower than the antiparallel B-sheets.
Among the antiparallel B-sheets observed in the
simulations, a two-residue register shift species was
observed in simulations with both GB and explicit
solvent. Free energy analyses also indicated that
this particular species was the most favorable state.
Therefore, we propose this antiparallel B-sheet with
six main-chain hydrogen bonds and a two-residue
register shift as the building block for the fibril formed
by the human heptapeptide. Furthermore, based on
this B-sheet structure, we constructed a putative
model for a layer of amyloid fiber. In this model, the
peptides are in an antiparallel B-sheet conformation
with a two-residue register shift (Figure 8(a)).

One interesting feature of this conformation is
that the N-terminal groups and the protonated His
side-chains, both have a+1.0 unit formal charge,
protrude from the main body of the B-sheet and are
exposed to solvent. Also interesting is the partition
of hydrophobic and polar surfaces. As shown
in Figure 8(a), Val and Leu are on one side of

the B-sheet and Thr and Ser are on the other side.
The hydrophobic surface appears to be a nice
template to dock another complementary hydro-
phobic surface. Indeed, it makes energetic sense to
have the two hydrophobic faces in contact, forming
a two-layer fibril building block with the hydro-
phobic faces sandwiched inside and the two
hydrophilic faces exposed to solvent.

We thus constructed a double-layer protofibril
filament by placing two eight-strand B-sheets
together with the hydrophobic surfaces facing
each other. The filament was then subjected to
energy minimization. The 16-mer double-layer
B-sheet is shown in Figure 8(b). In this construct,
the inner core comprises the Val and Leu side-
chains, forming hydrophobic staples. The two
hydrophilic side-chains, Asn and Gln, also form
cross-layer hydrogen bonds, further stabilizing the
double layer structure. The polar side-chains are
exposed to solvent and the charged groups are
outside the main body of the fibril and are fully
solvated. The filament is slightly twisted along the
hydrogen bond direction, by about 14° per step.

Conclusions

Amyloid fibrils have similar morphology, yet the
peptides that are capable of forming amyloid are
very diverse. Generally speaking, hydrophobicity,
hydrophobic  pattern, net charge, and
conformational preference of the peptide all have
a major impact on the aggregation propensity.
Furthermore, the pathways to fibrilization may be
as diverse as the peptides themselves. It has been
pointed out in some simulation studies that
aromatic ring stacking and “polar zipper” (continu-
ous GIn or Asn) are vital in the early aggregation of
some peptides. Here, we investigate the mechanism
of amyloid formation by a seven-residue peptide
from human B2-microglobulin. We are particularly
interested in this peptide because it has net charge
(+2) and does not have either aromatic residues or
continuous GIn (or Asn) as in other known
amyloid-forming peptides.

In the majority of our simulations we applied a
main-chain conformational restraint to facilitate
dimer association. In most simulations with explicit
solvent, a lag phase was observed between the
initiation of hydrophobic contact and saturation of
hydrogen bonding. We propose that hydrophobic
interaction is the driving force for the dimer
formation of the human heptapeptide, while
main-chain hydrogen bonds provide subsequent
stabilization. In the GB simulations, the antiparallel
B-sheet was the only major associated mode for
the human heptapeptide, whereas there was no
dimer formation in the other two negative control
peptides. In the simulations with explicit solvent,
multiple association modes were populated for
all three heptapeptides with predominantly anti-
parallel B-sheets in the human heptapeptide.
Simulations on the representative dimers in
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Py

Figure 8. Proposed models of the amyloid protofibril formed by the human heptapeptide. (a) A single-layer B-sheet
structure, showing hydrophilic (left) and hydrophobic sides (right) of the sheet. (b) A stereo view of the relaxed double-
layer amyloid protofibril filament with hydrophobic surfaces inside.

the absence of the conformational restraint resulted
in the immediate dissociation of the mouse dimer,
suggesting that the conformational entropy barrier
was an important factor preventing the mouse
heptapeptide from forming (stable) amyloid. As for
the scrambled human heptapeptide, the closeness
of positive charge pairs in the dimer may be the
main factor preventing further extension of the
B-sheet and fibril formation.

We investigated the conformational preference of
the three heptapeptides using free monomer
simulations with explicit solvent. The mouse
dimer displayed the highest propensity to form
a coiled structure, consistent with the lowest stability

of the mouse dimer. The similar features displayed in
the monomer simulations of the wild-type and
scrambled human heptapeptides suggest that factors
other than conformational preference are also critical
in amyloid formation. More specifically, the position-
ing of the charged and hydrophobic residues will
likely affect the aggregation propensity. In the
simulation of two human heptapeptides without
conformational restraint, dimer formation was also
observed in an apparently diffusion-controlled pro-
cess coupled with conformational sampling. The
peptides were found in the extended forms in some
of the dimers and were aligned either antiparallel or
parallel. However, there was only sporadic formation
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of main-chain hydrogen bonds. Taken together, this
set of simulations suggests that conformational
preference of the peptide is critical for the kinetic
association rate, provided that a thermodynamically
stable association exists.

Free energy analyses suggest that the same
antiparallel B-sheet found in the simulations with
both implicit and explicit solvent is the most stable
conformation. We thus propose this -sheet as the
basic building block for the protofibril. A multi-
strand B-sheet was constructed that revealed a clear
partition of hydrophobic and hydrophilic surfaces.
A double-layer protofibril filament was made by
docking two single-layer B-sheets by placing the
hydrophobic faces of two B-sheets against each
other. This filament may be stabilized by the
hydrophobic core formed by the Val and Leu
side-chains sandwiched by the B-sheet main chains.
Hydrogen bond interaction of the polar side-chains
(Asn and GIn) may also increase the stability.

Methods

All the simulations were conducted with the AMBER
simulation package.t The all-atom point-charge force field
ff03 was chosen to represent the peptides.”* We conducted
simulations with both implicit and explicit solvent. In the
simulations with implicit solvent, the generalized Born
(GB) approach was chosen to mimic the solvation effect.”®
To maintain B-conformation, the main-chain ® and ¥
torsion angles were restrained at —129(£30)°, and 124(+
30)°, respectively, to maintain the B-extended conformation
by a flat-well restraining function with a force constant of
20.0 kcal mol ™! radius™ > when deviation from the ideal
values exceeds £30°. In order to prevent the peptides from
flying away from one another, the distance between the
central residues of the two strands was restrained to within
30 A by a flat-well restraining function (i.e. there was no
restraining force when the two strands were closer than
30 A) with a force constant of 20.0 kecal ! mol ' A2, This
distance restraint was only applied to GB simulations. The
residues His, Asp, and Glu, and the C-terminal COO-
group were protonated to mimic the acidic experimental
condition at pH 2.0.*° The temperature was set to 310 K. The
ionic strength was set to 0.2 M. The cutoff for both general
non-bonded interaction and GB pairwise summation were
set to 12 A. The time-step was 1 fs in all the GB simulations.

Water solvent was represented by the TIP3P model in the
simulations with explicit solvent. Peptides were immersed
in a water box of a truncated octahedron with a minimum
distance of 9-10 A between the peptide and the box surface.
When two peptides were put into the same box, they were
20 A apart and parallel with each other. Na™* and C1~ were
added to the box to neutralize the system and to mimic the
ionic strength at ~0.2M salt concentration (NaCl). The
sizes of the system were approximately 8000 atoms.
The simulation temperature was set at 310 K to mimic the
experimental condition. The time-step was 2fs in all
simulations with explicit solvent. After the initial minimiz-
ation (500 steps steepest descent plus 500 steps conjugate
gradient), the systems were equilibrated for 20 ps with a
position restraint imposed on peptide atoms. The systems
were heated from 100 K to 310 K while the target pressure

1 http:/ /amber.scripps.edu

was maintained at 1 atm. This was followed by a 30 ps
constant volume relaxation with a main-chain dihedral
restraint on peptides. Five or ten 50 ns production runs (ten
for the human heptapeptide and five for the two controls)
were then followed, starting from the same conformation
with a different random velocity assignment. The same
main-chain conformational restraint was applied. The
cutoff for van der Waals interaction was set to 9 A.
A particle mesh Ewald (PME) method was used for long-
range electrostatic treatment.”® SHAKE was applied for
bond constraints. Slow-varying terms were evaluated every
two s’teps.57 System coordinates were saved every 2 ps.

Clustering was conducted on each individual trajec-
tory. The criterion for cluster was pairwise RMSD (root-
mean-square deviation) below 2.0 A between each
member and the center of the cluster. The ten most
populated clusters in each trajectory were selected for
further examination. The distance between the C* atoms
of the central residues on each strand was calculated to
evaluate the closeness of the two strands. The angle
between the two strands, omitting terminal residues, was
calculated to determine whether the association was in
parallel or antiparallel mode. The populations of the
dimer species were based on the sampling map (Figure 1)
using a boundary distance and angle as cutoff. To monitor
hydrophobic contact, the minimum distances between
each pair of hydrophobic side-chains were calculated.
Solvent-accessible surface areas (SASA) were determined
using the method of Lee and Richards with 1.4 A probe
radius.”® The radii of peptide atoms were taken from the
AMBER force field. Atoms N and O were defined as polar,
atoms S and C were defined as apolar (except for carbonyl
carbon atoms). A simple criterion for a hydrogen bond
was adopted, the cutoff for donor—acceptor distance was
set to 3.5 A, and no angular restrictions were applied.

In the monomer simulations, the main-chain dihedrals ®
and ¢ of each non-terminal residue were calculated for each
snapshot saved. Conformational states were defined by ®
and ¢ torsion angles. The alpha state is the conformation
with —180°<® < —10° and —100°<¢ <50°. The beta
state is the conformation with —180°<®<—90° and
50°<¢<180°. The PPII state is the conformation with
—90°<® < —10° and in 50°<¢{ <180°. The beta and PPII
states also include corresponding regions with ® and/or ¢
changed between 180° and —180°.

Energy evaluation was conducted on four dimer
species of the human heptapeptide, one from the
simulations with implicit solvent and three from the
simulations with explicit solvent. Energy of the unasso-
ciated state was also evaluated as a reference. Dimer and
unassociated species were selected based on surface area,
main-chain hydrogen bond, and side-chain contact. For
the simulations with implicit solvent, energy terms were
directly extracted from the output file. For the simulations
with explicit solvent, energy terms were evaluated using
the GBSA module in the AMBER package, and the same
unassociated reference was used for all three dimer
species (two antiparallel dimers and one parallel dimer).
We also compared using the unassociated states from the
restrained and unrestrained simulations as a reference
state and no significant difference was found.
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