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Abstract
Using REMD and united atom implicit solvent model we examine the role of backbone hydrogen
bonds (HBs) in Aβ aggregation. The importance of HBs appears to depend on the aggregation stage.
The backbone HBs have little effect on the stability of Aβ dimers or on their aggregation interface.
The HBs also do not play a critical role in initial binding of Aβ peptides to the amyloid fibril. Their
elimination does not change the continuous character of Aβ binding nor its temperature. However,
cancellation of HBs forming between incoming Aβ peptides and the fibril disrupts the locked fibril-
like states in the bound peptides. Without the support of HBs bound Aβ peptides form few long β-
strands on the fibril edge. As a result the deletion of peptide-fibril HBs is expected to impede fibril
growth. As for the peptides bound to Aβ fibril the deletion of interpeptide HBs reduces the β
propensity in the dimers making them less competent for amyloid assembly. These simulation
findings together with the backbone mutagenesis experiments suggest that a viable strategy for
arresting fibril growth is the disruption of interpeptide HBs.

Introduction
Polypeptide chains show apparent generic propensity to assemble into supramolecular ordered
structures called amyloid fibrils.1 Amyloid formation is a complex multistage conformational
transition, which is initiated with the oligomerization of monomers and progresses with the
development of protofibrils and mature amyloid fibrils as final products.1–3 Amyloid formation
is linked to more than 20 various disorders, including Alzheimer’s, Parkinson’s, and
Creutzfeldt-Jakob diseases.4 Biomedical studies have showed that oligomeric species5 and, to
a lesser extent, fibrils6 have cytotoxic properties. Structural studies have uncovered a
remarkable homogeneity of amyloid fibril cores based on β-sheet structure.7–12 Backbone
hydrogen bonds (HBs) linking polypeptide chains into β-sheets and side chain interactions
render amyloid fibrils remarkably stable against dissociation.13 In contrast to structurally
ordered fibrils, oligomers sample multitude of conformations and exhibit a distribution of sizes
starting with dimers.14–16

Aβ peptides, the fragments of amyloid precursor protein cleaved during cellular proteolysis,
are the amyloidogenic species, which are linked to the onset of Alzheimer’s disease. The most
common Aβ species are 40-mer Aβ1–40 fragments, which have been shown to form
polymorphic amyloid fibrils.17 Among them is a two-fold symmetry structure of Aβ1–40 fibril,
which is derived from the solid-state NMR experiments under agitated conditions9 (Fig. 1).
This structure reveals that Aβ peptides are organized into parallel in-registry β-sheets laminated
into four layers. 8,9 Elongation of Aβ fibrils was proposed to proceed via addition of monomers
according to the two-stage “dock-lock” mechanism.18–21 During the first (docking) stage
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disordered incoming Aβ peptide binds to the fibril without integration into the fibril structure.
During the second (locking) stage a bound Aβ monomer adopts an ordered fibril conformation
through structural reorganization. Using computer simulations we have probed the
thermodynamics of Aβ fibril growth by computing its free energy landscape.22 Our studies
have suggested that the docking and locking stages are fundamentally different. The former
occurs without detectable free energy barriers and resembles polymer adsorption on attractive
walls. In contrast, locking is governed by rugged free energy landscape and is associated with
the formation of β-sheets by Aβ peptides on the edges of amyloid fibrils.22

It is natural to expect that backbone HBs provide an important contribution to fibril energetics.
Indeed, hydrogen-deuterium exchange experiments have shown that roughly half of HBs in
Aβ fibril remain protected even after 1000 hours of observation.23 These data imply that Aβ
fibril has a rigid structural core shielded from water and stabilized by HBs. Direct experimental
evaluation of the role of HBs can be accomplished by backbone mutagenesis, which replaces
amide bonds with N-methyl, ester, or E-olefin peptide bonds.24–26 The experiments established
that a deletion of a single HB may slow down the fibril assembly,26 whereas elimination of
several HBs could prevent fibril formation all together.27 Although these experiments
demonstrate the importance of HBs, it is not clear how their deletion affects the structure of
Aβ peptides and fibrils and the mechanisms of their growth on a molecular level. In particular,
(i) what are the roles played by the backbone HBs formed between incoming peptides and the
fibril during docking and locking stages of fibril growth? (ii) What are the changes in the
structure of Aβ peptides bound to the fibril or included in oligomer occurring in response to
HB deletion? (iii) Are interpeptide HBs important for the stability of oligomers as they are for
the fibrils?

Although it is challenging to address these questions experimentally, some insights can be
obtained by means of all-atom computer simulations.28 Recently, all-atom molecular dynamics
(MD) was used to explore the stability and energetics of fibril architectures29–32 and to study
the fibril elongation.22,33–36 In this paper, we use exhaustive replica exchange MD (REMD)
and implicit solvent model to study the effects of deletion of interpeptide HB on Aβ
aggregation. Our overall goal is to probe the contribution of backbone HBs as a class of
interactions to aggregation process. We show that the elimination of HBs forming between
incoming peptides and the fibril has small destabilizing effect on Aβ binding to the fibril. By
comparing the thermodynamics of Aβ docking in the systems with and without peptide-fibril
HBs we concluded that their docking transitions are similar. In contrast, deletion of peptide-
fibril HBs disrupts the locked state by drastically reducing the propensity of a bound Aβ peptide
to form extended β-strands. As a result, the bound Aβ peptides experience a loss in β-structure.
Finally, we report that the elimination of interpeptide HBs in Aβ dimers does not block their
formation, but reduces the propensity for the β structure. We also discuss the comparison
between our in silico data and experimental observations.

Model and Simulation Methods
Molecular dynamics simulations

Simulations of Aβ peptides were performed using CHARMM MD program37 and united atom
force field CHARMM19 coupled with the SASA implicit solvent model.38 Full description,
applicability, and testing of the CHARMM19+SASA model can be found in our previous
studies.32,39,40 In particular, we have shown that CHARMM19+SASA force field accurately
reproduces the experimental distribution of chemical shifts for Cα and Cβ atoms in Aβ
monomers.39,41 Combination of CHARMM19 force field and SASA model has been used to
fold α-helical and β-sheet polypeptides42,43 and to study aggregation of amyloidogenic
peptides.22,44
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Simulation system
We used Aβ10–40 peptides, which are the N-terminal truncated fragments of the full-length
Aβ1–40 (Fig. 1). Solid-state NMR studies have shown that the two-fold symmetry fibril
structures of Aβ1–40 and Aβ10–40 peptides are similar.9,45 Similarities in oligomerization
pathways of Aβ1–40 and Aβ10–40 were reported experimentally 14 and computationally. 46 It
is also known that the first nine N-terminal residues in the Aβ1–40 fibril are disordered.9
Consequently, we use Aβ10–40 as a model of the full-length Aβ1–40 peptide.

Two Aβ10–40 systems, hexamer and dimer, were considered. Because these systems were
introduced in our previous studies,22,39 we provide only their brief description. The hexamer
includes four peptides forming a fibril fragment and two incoming peptides interacting with
the fibril (Fig. 1). The structure of the Aβ10–40 fibril fragment is modeled using the coordinates
of backbone atoms determined from the solid-state NMR measurements.9 To emulate the
stability of large fibril sample, the backbones of fibril peptides were constrained to their
experimental positions using soft harmonic potentials with the constant kc = 0.6kcal/(molÅ2).
The harmonic constraints permit backbone fluctuations with the amplitude of about 0.6Å at
360K, which are comparable with the fluctuations of atoms on the surface of folded proteins.
47 Constraints were not applied to the side chains of fibril peptides or to the atoms in incoming
peptides. The latter were free to dissociate and reassociate with the fibril. The constraints
capture the rigidity of amyloid fibril and eliminate the necessity to simulate large fibril systems
to achieve their stability. Throughout the paper the peptides in grey in Fig. 1b are referred to
as fibril and the colored peptides are termed incoming.

The second system includes two Aβ10–40 peptides and is designed to investigate the formation
of the simplest oligomer, dimer.39 No constraints were applied to this system. Hexameric and
dimeric systems were subject to a spherical boundary condition with the radius Rs = 90Å and
the force constant ks = 10kcal/(molÅ2). The concentration of Aβ peptides is ~ 1mM.

To study the contribution of hydrogen bonds (HB) to aggregation we deleted interpeptide
electrostatic interactions between the NH and CO backbone groups in the incoming peptides
and the fibril. This modification of the energy function affects only electrostatic interactions
between the incoming peptides and the fibril and do not perturb any other electrostatic
interactions. In the dimer, all interpeptide electrostatic interactions between the NH and CO
backbone groups were canceled. The deletion of these interactions eliminates interpeptide HBs
and is similar in spirit to N-methyl, ester, or E-olefin backbone mutagenesis.24–26 However,
it is important to keep in mind that experimental backbone mutagenesis is site specific, whereas
in our study the backbone mutation spans the entire chain. Technically, the selected
electrostatic interactions were canceled using the BLOCK functionality in CHARMM. The
hexamer and dimer systems with intact or canceled HBs are referred to as wild-type (WT) and
mutant (MT), respectively.

Replica exchange simulations
Conformational sampling was performed using replica exchange molecular dynamics
(REMD).48 The REMD implementation is described in our previous studies.22,39 Briefly, 24
replicas were distributed linearly in the temperature range from 330 to 560K (hexamer) or from
300 to 530K (dimer) with the increment of 10K. The temperature ranges span the spectrum of
conformational states of Aβ peptides from aggregated to completely dissociated. Small
temperature increment ensures significant overlap of energy distributions from neighboring
temperatures, a prerequisite for efficient conformational sampling. The exchanges were
attempted every 20 (hexamer) or 80ps (dimer) between all neighboring replicas with the
average acceptance rate of 37% (hexamer) and 53% (dimer). Five REMD trajectories were
produced for the mutant hexamer resulting in a cumulative simulation time of 24μs. We also
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obtained five mutant dimer trajectories with the cumulative simulation time of 81 μs. Between
replica exchanges the system evolved using NVT underdamped Langevin dynamics with the
damping coefficient γ= 0.15ps−1 and the integration step of 2 fs. Because the initial parts of
REMD trajectories are not equilibrated and must be excluded from thermodynamic analysis,
the cumulative equilibrium simulation time is reduced to τsim ≈ 16μs (hexamer) and ≈ 66μs
(dimer). The REMD trajectories were started with random distributions of (incoming) peptides
in the sphere.

Computation of structural probes
To probe the interactions between Aβ peptides, we computed the number of side chain contacts.
A side chain contact is formed, if the distance between the centers of mass of side chains is
less than 6.5Å. If both amino acids in contact are apolar, the contact is considered hydrophobic.
Backbone HBs between NH and CO groups were assigned according to Kabsch and Sander.
49 In all, we defined two classes of interpeptide backbone HBs. The first includes any HB
between incoming peptide and the fibril (hexamer) or between the peptides in the dimer. The
second class corresponds to parallel β-sheet HBs. A parallel HB (pHB) is formed between the
residues i and j, if at least one other HB is also present between i+2 and j or j +2 (or between
i − 2 and j or j − 2). This definition of pHB follows from the structural analysis of parallel β-
sheets. A peptide is considered bound, if it forms at least one hydrophobic side chain contact
with the fibril.

In our previous studies bound states of incoming peptides with large number of pHBs were
termed “locked”. Because in this study interpeptide HBs are canceled, we describe the locked
state using parallel side chain contacts. Interpeptide parallel contact between the residues i and
j occurs, if at least one other side chain contact is formed between adjacent residues i+k and
j +k (k = ±2). Parallel contacts take place, if the incoming peptide binds to the fibril in parallel
registry similar to that occurring in parallel β-sheets.

The secondary structure content was computed using the distribution of (φ,ψ) dihedral angles
as described in our previous study.39 The thickness D of the layer formed by incoming peptides
bound to the fibril edges is computed using the approach introduced earlier.22 Throughout the
paper angular brackets <..> imply thermodynamic averages. Because hexamer system includes
two indistinguishable incoming peptides, we report averages over two peptides. The same
applies to the dimer system. The distributions of states produced by REMD were analyzed
using multiple histogram method.50 The convergence of REMD simulations and error analysis
are presented in Supporting Information.

Results
Using REMD we probed the interactions of the mutant (MT) Aβ10–40 peptides with the amyloid
fibril and in the dimers (Fig. 1). The Aβ10–40 mutation is accomplished by switching off inter-
peptide hydrogen bonds (HBs). Because we have previously investigated the fibril growth and
dimer formation for the wild-type (WT) Aβ10–40 peptide,22,32,39 the mutation effect is
considered by comparing the MT and WT. Following experimental Aβ fibril structure,9 we
distinguish two sequence regions in Aβ10–40, the N-terminal (Nt, residues 10 to 23)
corresponding to the first fibril β-strand β1 and the C-terminal (Ct, residues 29 to 39)
corresponding to the second fibril β-strand β2 (Fig. 1a). The MT thermodynamic quantities are
obtained at the temperature 360K, at which the WT Aβ peptide locks into fibril-like state as
reported earlier.22,32
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Binding of Aβ peptides to amyloid fibril
To investigate binding of the MT Aβ10–40 peptides to amyloid fibril, we computed the thermal
averages of the number of peptide-fibril side chain contacts <C(T)> as a function of temperature
T. Fig. 2a shows that at all temperatures <C(T)> (and the number of hydrophobic peptide-fibril
contacts <Ch(T)>) are smaller than those computed for the WT. For example, at 360K the MT
peptide forms <C>≈ 36.2 side chain contacts with the fibril that is about 15% smaller than for
the WT (≈ 42.7). The average number of hydrophobic contacts <Ch> at 360K is decreased by
20% (from ≈ 9.8 to 7.9). Although the peptide-fibril HBs are energetically canceled, we can
formally consider their “formation”. The HB definition demonstrates that the number of
peptide-fibril HBs <Nhb> present in the MT system is ≈ 1.5. For comparison, for the WT
<Nhb>≈ 10.5. It is also instructive to consider the probability of binding of MT Aβ peptide to
the fibril, Pa. (Operationally, Pa is defined as a probability of forming any hydrophobic peptide-
fibril side chain contact.) It follows from the inset to Fig. 2a that for the MT Pa ≈ 1.0 at T ≲
450K and the temperature dependencies of Pa for the WT and MT are almost indistinguishable.

Further insight into MT binding energetics is obtained by computing the free energy of Aβ
incoming peptide as a function of the number of peptide-fibril hydrophobic contacts, F(Ch)
(Fig. 2b). Compared to the WT, the MT free energy profile F(Ch) is more shallow and the
stability of the MT bound state is reduced by ΔΔFB–U = ΔFB–U (MT) − ΔFB–U (WT) ≈
1.4RT, where ΔFB–U (MT) and ΔFB–U (WT) are the binding free energies of the MT and WT.
More importantly, the MT free energy profile F(Ch) does not reveal binding barriers and is
qualitatively similar to that of the WT. For the latter we have shown that the docking (binding)
to amyloid fibril is consistent with the continuous transition.22 Additional information about
the MT binding can be extracted from the temperature dependence of the hexamer free energy
F(T) (inset to Fig. 2b). If the underlying structural transition is continuous, F(T) is expected to
follow a quadratic dependence on temperature F(T) ~ −(T − Td)2, where Td is the docking
temperature. 51 The inset to Fig. 2b demonstrates that F(T) can be fit with the quadratic function
with Td = 375K. Interestingly, for the WT Td is about the same (380K).22

In our previous studies of Aβ fibril elongation we considered the thickness D of the layer formed
by the incoming peptides bound to the fibril edge.22 The temperature dependence D(T) is
indicative of the nature of Aβ binding transition. According to the theory of adsorption of
polymers on attractive walls,52 if the binding transition is continuous, the thickness of adsorbed
layer D(T) follows the inverse temperature dependence (Tu − T)−1, where Tu is dissociation
temperature. The inset to Fig. 2b shows that in the temperature range of binding (340 ≲ T ≲
490K) D(T) indeed scales as (Tu − T)−1. Furthermore, the temperature dependencies D(T) for
the WT and MT are almost identical except for the low temperatures T ≲ 370K ≈ Td (see
Discussion).

Taken together, our results suggest that the docking (binding) of the MT and WT are similar
and the peptide-fibril backbone HBs make minor contribution to binding.

Peptide-fibril hydrogen bonds and locked state
We now examine the impact of canceling peptide-fibril HBs on the locked state formed by the
Aβ peptides. In our previous study we have showed that the locked state is associated with the
formation of parallel β-sheets by the WT peptides bound to the fibril edge.22,32 For the WT
the occupancy of the locked state exceeds 0.5 at the locking temperature Tl ≈ 360K. Appropriate
progress variable mapping locking transition is the number of peptide-fibril parallel HBs,
Nphb (see Methods). For the WT, <Nphb>≈ 6.0 at 360K.22 Even though the peptide-fibril HBs
in the MT, including the parallel ones, are switched off, it is still instructive to analyze them.
We found that at 360K the MT “forms” virtually no parallel HBs (<Nphb>≈ 0.2).
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To provide further evidence that the MT locked state is disrupted, we compute the number of
peptide-fibril parallel side chain contacts <Cp> (see Methods). At 360K the WT peptide forms
<Cp>≈ 12.0 contacts with the fibril. When HBs are switched off, <Cp> decreases almost three-
fold to 4.4. Additional observations concerning the changes in the locked state follow from the
parallel contact maps <Cp(i, j)> (Fig. 3). The WT map <Cp(i, j)> indicates that parallel contacts
tend to occur along the diagonals (including the main one) implying that the incoming Aβ
peptide forms parallel in- or off-registry conformations with the fibril. The WT contact map
<Cp(i, j)> is also consistent with the formation of long β -strands. In contrast, the MT map
<Cp(i, j)> shows a disordered pattern, which seems to disfavor extended parallel arrangements
between incoming peptides and the fibril.

The lack of cooperativity in the formation of MT parallel contacts is supported by the
distribution of β-strand lengths. Fig. 4 displays the thermal distribution of the number of
residues N(Ls) belonging to the β -strands of the length Ls. It is seen that long β -strands are
formed less frequently in the MT than in the WT. For example, the number of residues
participating in short β-strands (Ls < 3) is similar for the MT and the WT (5.7 and 6.1,
respectively). However, the number of residues in long β-strands (Ls ≥ 3) is reduced in half in
the MT compared to the WT (4.7 vs 9.0, respectively). This observation is confirmed by the
inset to Fig. 4, which shows the ratio NWT (Ls)/NMT (Ls) as a function of Ls. The number of
residues occurring in the short β -strands is about the same (NWT (Ls)/NMT (Ls) ~ 1). In contrast,
the probability of occurrence of long β-strands in the MT is suppressed. For instance, there is
an almost four-fold decrease in the number of residues involved in the β-strands of the length
Ls = 10.

If there are few long β-strands in the MT, then one would expect that the deletion of interpeptide
HBs changes the secondary structure in the bound Aβ peptides (Fig. 5a). Indeed, the average
fraction of β-strand structure <S> is decreased one-third, from ≈ 0.52 (the WT) to ≈ 0.36 (the
MT). Simultaneously, the helix fraction <H> increases two-fold, from 0.11 (the WT) to 0.22
(the MT). It follows from Fig. 5a that the most significant changes in the MT secondary
structure are observed in the N-terminal Nt, in which the β-strand and helix contents, <S(Nt)>
and <H(Nt)>, become almost equal (0.36 and 0.33, respectively). For comparison, for the WT
<S(Nt)> and <H(Nt)> are 0.55 and 0.15.22

In the previous studies we have reported that the Aβ10–40 N-terminal represents the primary
aggregation interface engaged in the fibril growth.32 To probe the MT aggregation interface,
we analyze the distribution of peptide-fibril side chain contacts <C(s1,s2)> formed between
sequence regions in the fibril s1 and incoming peptides s2. It follows from Table 1 that the Nt
and Ct regions in the WT fibril form 18.3 and 14.7 contacts with incoming peptides, whereas
the Nt and Ct regions in the WT incoming peptide form 20.8 and 12.1 contacts with the fibril.
32 In the MT fibril, the Nt and Ct regions form 13.7 and 14.2 contacts with incoming peptides.
There are 17.2 and 10.7 contacts formed by the Nt and Ct regions of the MT incoming peptide.
For both systems, the Ct-Ct interactions are the least frequent. Overall, for the MT N-terminal
the preference to be involved in the aggregation interface appears to be less pronounced
compared to the WT. In fact, the standard deviation in the distribution of <C(s1,s2)> is 3.0 for
the WT and 1.8 for the MT.

The results presented above argue that the deletion of peptide-fibril HBs destabilizes the locked
state by disrupting the formation of long β-strands in Aβ peptides bound to the fibril. As a
consequence an increase in the helix propensity and concurrent decrease in the β-strand content
are observed in the bound Aβ peptides.
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Interpeptide hydrogen bonds in Aβ dimers
To study the importance of backbone HBs for Aβ10–40 dimer formation we computed the
thermal average of the number of interpeptide side chain contacts <Cd> in the MT dimer. At
360K <Cd> is ≈ 25.4 that is about 15% smaller than <Cd> in the WT dimer (≈ 30.0). The
deletion of HBs has no impact on the probability of dimer formation Pd (i.e., the probability
of forming any hydrophobic interpeptide side chain contact), which remains ≈ 1.0. However,
the MT dimer has a smaller fraction of residues <S> sampling β-structure and an elevated helix
content <H> (Fig. 5b). At 360K <S> is decreased from 0.37 (the WT) to 0.28 (the MT), whereas
<H> reaches 0.29 in the MT compared to 0.21 in the WT. Therefore, upon deletion of HBs the
helix and β-strand propensities become similar. Interestingly, the change in β-structure is
mainly observed in the Nt region (Fig. 5b), where <S(Nt)> decreases from 0.36 in the WT to
0.22 in the MT, but <H(Nt)> raises from 0.32 to 0.46, respectively. As a result, in the MT <H
(Nt)> exceeds <S(Nt)> more than two-fold. For comparison, the Ct region mostly retains its
secondary structure (<S(Ct)> and <H(Ct)> change from 0.36 and 0.11 in the WT to 0.31 and
0.14 in the MT). The secondary structure changes are consistent with the analysis of the dimer
free energy landscape (Fig. S2 in Supporting information). The free energy of the β rich state
increases by ΔΔFS = 1.7RT, from ΔFS = −7.8RT in the WT to −6.1RT in the MT.

To check if canceling interpeptide HBs alters the dimer aggregation interface, we computed
the distribution of interpeptide side chain contacts <Cd(s1, s2)> formed between Aβ10–40
sequence regions (Table 2). It is seen that the numbers of Nt-Nt contacts <Cd(Nt, Nt)> in the
MT and WT are considerably larger than <Cd(s1, s2)> formed between other regions. For both
systems <Cd(Nt, Nt)> constitutes about 41% of all <Cd(s1, s2)> contacts. Furthermore, it
follows from Table 2 and Fig. S3 (Supporting Information) that for the MT the number of
interpeptide contacts formed by the Nt <Cd(Nt)> (≈ 13.6) is almost twice as large as <Cd(Ct)
> (≈ 7.2), the number of contacts formed by the Ct. For comparison, for the WT <Cd(Nt)>≈ 2
<Cd(Ct)> also. In addition, Table 2 shows that the values of <Cd(s1, s2)> for the MT and WT
differ by no more than 20%. These findings suggest that the deletion of HBs mostly preserves
the distribution of interpeptide interactions in the dimer and except for the changes in secondary
structure has minor impact on its formation.

Discussion
Deletion of hydrogen bonds has different effect on docked and locked states

In this paper we examined the effect of deletion of HBs forming between Aβ incoming peptides
and the fibril. By comparing the thermodynamics of fibril growth for the WT and MT fibrils
we arrived at the following conclusions.

Docked state—Switching off peptide-fibril HBs causes minor destabilization of the bound
state of Aβ peptides. In particular, the binding free energy for the MT increases ΔΔFB–U ≈
1.4kcal/mol relative to the WT and the number of side chain contacts linking bound peptide to
the fibril decreases 15 to 20% (Fig. 2). The deletion of HBs does not change the continuous
character of Aβ binding to the fibril. The MT free energy profile F(Ch) in Fig. 2b remain
barrierless and the temperature dependencies of the hexamer free energy F(T) and the thickness
of the layer formed by bound peptides D(T) are similar for the WT and MT. From the fit to F
(T) we inferred that the docking temperature Td is not affected by the backbone mutation.

Following our previous studies we have computed the probabilities of binding of the MT
peptides to the concave (CV) and convex (CX) fibril edges, PCV and PCX (Fig. 1b and Fig. S4
in Supporting Information). To this end, we assumed that the peptide is bound to the CV (CX)
edge, if the z-coordinate of its center of mass, zcm, is positive (negative). (Because peptide
binding to the fibril sides is negligible, these definitions capture the binding to the edges.22)
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The MT incoming peptides demonstrate a strong preference to bind to the CV edge (PCV ≈
0.92), whereas the CX edge has low affinity (PCX = 1 − PCV ≈ 0.08). Strikingly, the binding
of the WT Aβ10–40 peptide is characterized by identical PCV and PCX values. To further
substantiate this observation we have analyzed the free energy of the MT incoming peptide F
(z) along the fibril axis z. The free energy F(z) has two well-defined minima associated with
the CV and CX binding (data not shown). Importantly, the free energy gap between the two
minima ΔFCV–CX = FCV − FCX ≈ −2.6RT is almost the same as that obtained earlier for the WT
(≈ −2.5RT).22 Therefore, the deletion of HBs does not alter the preference of incoming Aβ
peptides to bind to the CV edge.

Taken together, the results of our study suggest that the peptide-fibril HBs do not play a critical
role in binding (docking) of Aβ peptides to the amyloid fibril.

Locked state—In contrast to the docked state, the locked state is disrupted by the cancellation
of HBs. Due to the backbone mutation parallel HBs are eliminated and the number of parallel
peptide-fibril side chain contacts <Cp> decreases three-fold implicating that parallel alignment
of incoming peptides with the fibril is compromised. More importantly, Fig. 4 demonstrates
that without HBs few long β-strands can be formed by the MT incoming peptides upon binding
to the fibril edge. As a result compared to the WT the MT parallel contact map <Cp(i, j)> is
poorly organized (Fig. 3). In line with these findings the deletion of HBs leads to partial
conversion of the β-strand structure into helix in the bound Aβ peptides. These observations
demonstrate that the extension and the formation of β-strands in the bound Aβ peptides are
primarily induced by the peptide-fibril backbone HBs. Similar conclusion has been reached
by us in the previous study, in which we compared the secondary structure in Aβ monomers,
dimers, and the incoming peptides bound to the fibril.39

The temperature dependence of the bound layer thickness D(T) also supports the disruption of
the MT locked state. The plots of D(T) obtained for the WT and MT diverge at low temperatures
T ≲ 370K. In this temperature interval the WT D(T) levels off due to the formation of the
locked state at Tl = 360K. In contrast, for the MT D(T) continues its monotonic decrease
suggesting the lack of the rigid structure in the bound peptide.

To complement structural analysis we scrutinize the energetics of the MT binding to the fibril
at 360K. Elimination of HBs increases the average effective energy <Eint> of interactions
between incoming peptide and the fibril by <ΔEint>=<Eint(MT)> − <Eint(WT)>= 30.5kcal/
mol (from −89.5 to −59.0kcal/mol). In particular, due to the backbone mutation peptide-fibril
electrostatic and van-der-Waals interactions, <Eel> and <Evdw>, increase by 14.8 and
21.7kcal/mol, but these are partially offset by the decrease in the solvation energy <Esolv> by
≈ 5.9kcal/mol. Importantly, the cancellation of HBs directly contributes only to the change in
electrostatic energy <Eel>. Therefore, changes in other energy terms implicate a structural
reorganization in the bound Aβ peptides. This conclusion is consistent with the disruption of
the β-rich locked state.

Finally, it is worth noting that the deletion of HBs reduces the polarization of the aggregation
interface involved in the fibril growth. Most of peptide-fibril interactions for WT Aβ10–40
peptides involve the N-terminal Nt. However, this preference becomes muted for the MT. One
may conjecture that the lack of ordered β-structure in the MT peptide reduces the differences
in the binding affinities of the Nt and Ct sequence regions.

Thus, our results suggest that backbone HB are critically important for the locking stage in
fibril growth. Elimination of HBs disrupts the locked state, but does not prevent the binding
of incoming Aβ peptides to the amyloid fibril. Therefore, the deletion of HBs is expected to
impede fibril elongation.

Takeda and Klimov Page 8

J Phys Chem B. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Deletion of hydrogen bonds has minor impact on Aβ10–40 dimer
We have explored the consequences of canceling backbone HBs formed between Aβ peptides
in the dimer. Our data suggest that the deletion of HBs has a minor destabilizing effect on the
dimer. The number of interpeptide side chain contacts in the MT dimer decreases about 15%
compared to the WT. Furthermore, the distribution of interpeptide side chain contacts remains
virtually intact in the MT, i.e., the respective changes do not exceed 20% (Fig. S3 and Table
2). As in the WT the N-terminal of the MT forms most of interpeptide contacts and constitutes
the primary aggregation interface.39 Therefore, the interpeptide backbone HBs contribute
relatively little to the dimer aggregation.

This conclusion is supported by the analysis of dimer energetics. At 360K the average effective
energy <Eint> of interpeptide interactions is −61.8kcal/mol, which represents 69% of <Eint>
associated with the peptide-fibril interactions. The average energies of van-der-Waals and
electro-static interpeptide interactions <Evdw> and <Eel> in the dimer constitute approximately
70% of the respective peptide-fibril energies (−17.8 and −57.0kcal/mol for the dimer and −27.5
and −81.5kcal/mol for the peptide-fibril interactions). The same relation applies when the
changes in solvation energy <Esolv> upon dimer formation or binding of incoming peptide are
considered. However, the energy of interpeptide HBs <Ehb> in the dimer (−4.5kcal/mol)
represents only 36% of the energy of peptide-fibril HBs (−12.6kcal/mol). These calculations
illustrate small contribution of HBs to the aggregation interface in the dimer compared to that
involved in the fibril growth. As a result, the deletion of HBs makes no significant change in
the Aβ dimer stability.

Deletion of hydrogen bonds changes secondary structure propensities
It is important to note that switching off backbone HBs does change the secondary structure
propensities in Aβ peptides. The average fraction of β-strand structure <S> is decreased 30%
and 24% in the incoming peptides and dimer, respectively. Simultaneously, there is an increase
in the helix fraction <H> in both Aβ systems. Interestingly, the most pronounced changes
<ΔS>=<SMT> − <SWT> and <ΔH>=<HMT> − <HWT> occur in the Nt sequence region (Fig. 5,
the subscripts refer to the MT and WT). For example, <ΔS(Nt)> and <ΔS(Ct)> are −0.14 and
−0.05 for the dimer or −0.19 and −0.15 for the hexamer. Similarly, the changes in helix structure
<ΔH(Nt)> and <ΔH(Ct)> are 0.14 and 0.03 for the dimer or 0.18 and 0.07 for the hexamer.
For the dimer the ratio of β-strand to helix fractions, <S(Nt)> / <H(Nt)>, decreases from 1.1 in
the WT to 0.5 in the MT. For the hexamer, <S(Nt)> / <H(Nt)> changes from 3.6 to 1.1,
respectively. As a result in the Nt the helix propensity exceeds the β one (dimer) or becomes
comparable with it (hexamer).

Because the formation of β-structure is a hallmark of locking Aβ peptides into the fibril, it is
not unexpected that the deletion of HBs has a major impact on the fibril growth, but only minor
impact on the dimer formation. Broadly speaking, the interpeptide HBs appear to drive the
acquisition of β-strand content in aggregated Aβ species. Although their elimination does not
block the dimer assembly or binding of incoming peptides to the amyloid fibril, without HBs
the Aβ aggregated species become less competent to form amyloids.

Comparison with the experiment and other simulation studies
The contribution of HBs to aggregation has been studied experimentally by backbone
mutagenesis.25,26,53 In these experiments, the amide backbone groups are replaced with N-
methyl or ester groups, effectively eliminating one HB. It is also possible to introduce E-olefin
backbone modifications, in which both, donor (NH) and acceptor (CO), are deleted that cancels
up to three HBs. It has been shown that short amyloidogenic Aβ fragments, Aβ16–20, in which
two ester bonds are introduced, do not assemble into amyloid fibrils and remain monomeric
even at elevated concentrations (~ 1mM).24 Ester mutations have similar albeit not so dramatic
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effect on the full-length Aβ1–40 peptides. Single site amide-ester substitution in the Aβ central
hydrophobic cluster (residues 17 to 20) may slow down aggregation.26 Interestingly, the WT
amyloid fibril can still seed the Aβ1–40 mutant with ester backbone modification. These
observations show that elimination of a single HB is not sufficient to prevent Aβ1–40 fibril
formation. However, the E-olefin substitution at Phe19 and Phe20 in Aβ1–40, which disrupts
several HBs per peptide in the fibril structure (Fig. 1), blocks fibril formation.27 Importantly,
the WT Aβ1–40 fibril can no longer act as a deposition template for the E-olefin mutant peptides.
Therefore, if sufficient number of backbone HBs is deleted, the fibril formation and growth
can be inhibited.

Similar observations follow from the experiments on N-methylated Aβ mutants.25 Double
backbone modifications at the positions Leu17 and Phe19 or at Gly37 and Val39 do not prevent
fibril formation, but slows down aggregation by a factor of two. However, simultaneous
insertion of N-methyl groups at these four sequence positions blocks aggregation and renders
Aβ monomeric. Although N-methyl backbone mutations are not as conservative as ester or E-
olefin substitutions, they are still indicative of the critical role played by backbone HBs in
fibrillogenesis. Hence, the experiments on backbone mutagenesis are qualitatively consistent
with our in silico findings.

The importance of backbone peptide-fibril HBs for fibril elongation also follows from the
recent MD studies,54,55 which investigated the binding of short N-methyl peptides, Aβm, to
Aβ fibril. According to these studies there are several modes of inhibiting fibril elongation.
One includes Aβm binding to the fibril edges by forming backbone HBs. Because N-methyl
mutations in Aβm backbone are introduced at alternating sequence positions, bound Aβm
creates a “cap” with the outward “face” incapable of forming HBs with incoming peptides.
Other modes occur when Aβm chains bind to the fibril in disordered orientation on its edges.
Although those MD studies 55 were too short to observe fibril dissociation, they nevertheless
revealed the destabilization of Aβ fibril fragments when coincubated with Aβm. These findings
support our conclusion that the deletion of peptide-fibril HBs primarily destabilizes the locked
state.

Finally, it is important to discuss the accuracy of implicit solvent model. We have previously
showed that this model reproduces a number of experimental observations, 40 including the
distribution of chemical shifts, dissociation temperature, and fibril growth mechanism. To
provide additional test of the model accuracy we compare the energy of a backbone HB
determined from the experiments and our simulations. The backbone ester and E-olefin
substitutions afford an accurate estimate of the strength of backbone HB.56 Kelly and
coworkers have found that a HB formed between the β-strands in the Pin WW domain has the
energy of −1.3kcal/mol. Because this estimate is obtained in the apolar environment, it is likely
to be in the upper end of HB stability.57 Our computational analysis of the WT binding
energetics reveals that the electrostatic energy associated with the peptide-fibril HBs <Ehb> is
−12.6kcal/mol. Because, on an average, the WT Aβ peptide forms <Nhb>≈ 10.5 HBs with the
fibril, the average energy of a single peptide-fibril HB is −1.2kcal/mol. This estimate is very
close to the experimental one suggesting that the implicit solvent model fairly well captures
the energetics of fibril growth.

Conclusions
Using REMD and united atom implicit solvent model we examined the role of interpeptide
backbone HBs in Aβ fibril growth and dimer formation. The importance of HBs appears to
depend on the aggregation stage. Backbone HBs have little effect on the stability of Aβ dimers
or on the distribution of dimeric interpeptide interactions. The HBs also do not play a critical
role in binding (docking) of Aβ peptides to the amyloid fibril. Elimination of peptide-fibril

Takeda and Klimov Page 10

J Phys Chem B. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



HBs does not change the continuous character of Aβ docking transition or the temperature, at
which it occurs. In contrast, cancellation of peptide-fibril HBs disrupts the locked states in the
bound Aβ peptides. Without HBs incoming Aβ peptides form few long β-strands upon binding
to the fibril edge. Because the bound Aβ peptides fail to form the fibril-like locked states, the
deletion of peptide-fibril HBs is expected to impede fibril growth. As for the peptides bound
to the fibril the deletion of interpeptide HBs reduces the β propensity in the dimers making
them less competent for amyloid assembly. Taken together these findings suggest that
interpeptide HBs play increasingly important role along the amyloidogenic assembly pathway
becoming essential for the formation of fibril-like state. Our findings are consistent with the
backbone mutagenesis experiments suggesting that a viable strategy for arresting fibril growth
is the disruption of HBs between incoming peptides and the fibril. The energies of a typical
backbone HB obtained from our simulations and estimated experimentally are in good
agreement.
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Fig. 1.
(a) The sequence of Aβ10–40 peptide and the allocation of the N-terminal Nt and C-terminal
Ct regions. (b) Cartoon representation of the mutant Aβ10–40 hexamer. Fibril fragment includes
four Aβ peptides in grey and consists of four parallel in-registry β-sheets formed by the β1 and
β2 strands, which correspond to the Nt and Ct regions (panel (a)). Spacial allocation of β1 and
β2 in the fibril gives rise to two distinct fibril edges - concave (CV) and convex (CX). Two
incoming peptides in orange with side chains shown are bound to the CV fibril edge. The
deletion of peptide-fibril backbone HBs in the mutant suppresses the formation of long β-
strands in incoming peptides and disrupts their locking in fibril-like ordered conformations.
The fibril structure is visualized using Chimera.58
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Fig. 2.
(a) Binding of Aβ10–40 peptides to amyloid fibril is probed by the thermal averages of the
numbers of peptide-fibril side chain contacts <C(T)> and hydrophobic contacts <Ch(T)> as a
function of temperature. The inset displays the probability of peptide binding to the fibril,
Pa. The data in black and grey correspond to the MT and WT, respectively. (b) Free energy of
incoming Aβ10–40 peptide F(Ch) as a function of the number of peptide-fibril hydrophobic side
chain contacts Ch: the MT (filled circles), the WT (open circles). The free energy of Aβ binding
to the fibril is ΔFB–U = FB − FU, where FB and FU = 0 are the free energies of the bound (B)
and unbound (U, Ch = 0) states. FB is obtained by integrating over the B states (shaded in grey),
for which F(Ch) ≤ Fmin + 1.0RT, where Fmin is the minimum in F(Ch). The free energies F

Takeda and Klimov Page 15

J Phys Chem B. Author manuscript; available in PMC 2011 April 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Ch) are computed at 360K. Left inset: Temperature dependence of the MT hexamer free energy
F(T). Quadratic fitting function F(T) ≃ −α(T − Td)2 (α = −0.009kcal/(molK2) and Td =
375K) is shown by black continuous curve. Maximum value of F(T) is set to zero. Right inset:
The thickness D(T) of the layer formed by Aβ peptides bound to the fibril edge as a function
of temperature (filled and open circles represent the MT and WT, respectively). Continuous
line marks the fit to the MT data with the inverse temperature function D0/(Tu − T), where
D0 =592KÅ and Tu = 578K. The panels (a) and (b) suggest that the deletion of peptide-fibril
backbone HBs has a minor impact on Aβ binding to the fibril.
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Fig. 3.
The contact maps <Cp(i, j)> display the probabilities of forming side chain parallel contacts
between the fibril residue i and the residue j from incoming peptide: the WT (left panel), the
MT (right panel). The maps <Cp(i, j)> are computed at 360K and color coded according to the
scales. The residues from the Nt and Ct sequence regions are boxed (Fig. 1a). The figure
suggests that the deletion of peptide-fibril backbone HBs in the MT disfavors the formation of
β-strand structure in the bound Aβ peptides.
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Fig. 4.
Thermal distribution of the number of residues N(Ls) involved in β -strands of the length Ls in
bound Aβ peptides. Filled and empty bars correspond to the MT and the WT, respectively. The
inset shows the ratio NW T (Ls)/NMT (Ls) as a function of Ls, where NW T (Ls) and NMT (Ls) are
computed for the WT and MT. The figure indicates that long β-strands occur less frequently
in the MT Aβ peptides bound to the fibril than in the WT. The distributions N(Ls) are computed
at 360K.
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Fig. 5.
(a) Thermal distributions of the fractions of helix <H(i)> and β-strand <S(i)> structure formed
by the residues i in Aβ10–40 peptides bound to the fibril: the MT (filled circles), the WT (open
circles). (b) Distributions <H(i)> and <S(i)> computed for Aβ10–40 dimer: the MT (filled
circles), the WT (open circles). The deletion of backbone HBs in the MT induces strand-to-
helix structural conversion in the dimers and incoming peptides. The distributions <H(i)> and
<S(i)> are obtained at 360K.
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Table 1

Distribution of side chain contacts <C(s1,s2)>‡ between incoming peptide and the fibril in the MT system

fibril Nt fibril Ct

peptide Nt 7.8(9.5)† 9.4(11.3)

peptide Ct 5.9(8.8) 4.8(3.3)

‡
s1 and s2 denote sequence regions Nt and Ct in the fibril and incoming peptide.

†
Numbers in parenthesis refer to <C(s1,s2)> computed for the WT. Both distributions <C(s1,s2)> are obtained at 360K.
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Table 2

Distribution of interpeptide side chain contacts <Cd(s1, s2)>‡ in the MT dimer

Nt Ct

Nt 7.0(8.3)† 4.1(4.8)

Ct 1.9(2.3)

‡
s1 and s2 denote sequence regions Nt and Ct.

†
Numbers in parenthesis refer to <Cd(s1, s2)> computed for the WT. Due to exhaustive REMD sampling <Cd(Nt,Ct)>≈<Cd(Ct, Nt)>. Both

distributions <Cd(s1, s2)> are obtained at 360K.
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