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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder that is characterized by the formation of extracellular amyloid- β (A

β) plaques. The underlying cause of AD is unknown, however, post-translational modifications (PTMs) of A β have been found

in AD patients and are thought to play a role in protein aggregation. One such PTM is pyroglutamylation, which can occur

at two sites in A β, Glu3 and Glu11. This modification of A β involves the truncation and charge-neutralization of N-terminal

glutamate, causing A β to become more hy- drophobic and prone to aggregation. The molecular mech- anism by which the

introduction of pyroglutamate (pE) pro- motes aggregation has not been determined. To gain a greater understanding of

the role that charge neutralization and trun- cation of the N-terminus plays on A β conformational sam- pling, we used the

Drude polarizable force field (FF) to per- form molecular dynamics simulations on A β pE3-42 and A β pE11-42 and comparing

their properties to previous simulations of A β 1-42. The Drude polarizable FF allows for a more accurate representation of

electrostatic interactions, therefore pro- viding novel insights into the role that charge plays in pro- tein dynamics. Here, we

report the parametrization of pE in the Drude polarizable FF and the effect of pyroglutamyla- tion on A β. We found that A

β pE3-42 and A β pE11-42 alter the permanent and induced dipoles of the peptide. Specifically, we found that A β pE3-42 and

A β pE11-42 have modification- specific backbone and sidechain polarization response and perturbed solvation properties that

shift the A β conforma- tional ensemble.
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Alzheimer’s disease (AD) is a neurodegenerative disorder
that is characterized by the formation of extracellular amyloid-
β (Aβ ) plaques. The underlying cause of AD is unknown,
however, post-translationalmodifications (PTMs) of Aβ have
been found in AD patients and are thought to play a role
in protein aggregation. One such PTM is pyroglutamyla-
tion, which can occur at two sites in Aβ , Glu3 and Glu11.
This modification of Aβ involves the truncation and charge-
neutralization of N-terminal glutamate, causing Aβ to be-
come more hydrophobic and prone to aggregation. The
molecular mechanism bywhich the introduction of pyroglu-
tamate (pE) promotes aggregation has not been determined.
To gain a greater understanding of the role that charge neu-
tralization and truncation of the N-terminus plays on Aβ
conformational sampling, we used the Drude polarizable
force field (FF) to perform molecular dynamics simulations
on AβpE3-42 and AβpE11-42 and comparing their properties
to previous simulations of Aβ1-42. The Drude polarizable
FF allows for a more accurate representation of electro-
static interactions, therefore providing novel insights into

Abbreviations: Alzheimer’s disease, AD; post-translational modification, PTM; amyloid-β , Aβ ; pyroglutamate, pE; force field, FF; amyloid precursor
protein, APP; quantum mechanics, QM; molecular mechanics, MM; Monte Carlo/simulated annealing, MC/SA; root-mean-square deviation, RMSD;
root-mean-square error, RMSE; adopted-basis Newton-Raphson, ABNR; solvent-accessible surface area, SASA

1



2 Davidson and Lemkul

the role that charge plays in protein dynamics. Here, we
report the parametrization of pE in the Drude polarizable
FF and the effect of pyroglutamylation on Aβ . We found
that AβpE3-42 and AβpE11-42 alter the permanent and in-
duced dipoles of the peptide. Specifically, we found that
AβpE3-42 and AβpE11-42 have modification-specific back-
bone and sidechain polarization response and perturbed
solvation properties that shift the Aβ conformational en-
semble.
K E YWORD S
amyloid-β , Alzheimer’s disease, post-translational modifications,
pyroglutamate, polarizable molecular dynamics simulations,
Drude oscillator

1 | INTRODUCTION
The amyloid β -peptide (Aβ ) is an Alzheimer’s disease (AD)-associated protein that is derived from the amyloid pre-
cursor protein (APP) [1], a membrane protein believed to perform many functions [2]. APP is proteolytically cleaved
by β -, and γ-secretases to form Aβ [3]. Cleavage can occur at various locations, resulting in Aβ peptides containing
36-43 amino acids [3, 4], with the most common amyloidogenic form of Aβ comprising 42 residues [5]. After Aβ is
cleaved, it is released into the extracellular space, where it aggregates into oligomers and ultimately fibrils [6]. This
aggregation process, and themechanism bywhich oligomers convert into fibrils, is not fully understood, but mutations
and post-translational modifications (PTMs) are known to accelerate aggregation [6]. Previous studies indicate that
the truncation of the N- and C-termini plays a role in protein aggregation [7, 8, 9].

Several N-terminal truncations have been found in Aβ peptides from AD brains [10, 5, 11]. Here, we will discuss
two N-terminal truncations, which leave Glu3 and Glu11 as the new N-termini of the peptides, which can be cyclized
by glutaminyl cyclase to form N-terminal pyroglutamate (pE) residues [12, 13, 14]. Importantly, the pyroglutamylation
of N-terminal residues is thought to be a driving force in protein aggregation [15]. Studies have also shown that
pyroglutamylated Aβ is prevalent in AD brains [10, 15] and that the most abundant forms of Aβ in AD brains are
AβpE3-42 and AβpE11-42 [16, 17]. It is also known that AβpE3-42 is cytotoxic and enhances aggregation [18]. Similarly,
AβpE11-42 fibrils have also been found to be more toxic than unmodified fibrils [9]. Although we understand that
these truncated, post-translationally modified species of Aβ are toxic, the atomistic details of how pyroglutamylation
perturbs Aβ secondary and tertiary structure to modulate aggregation are largely unknown.

Molecular dynamics (MD) simulations have been widely employed to investigate Aβ dynamics [19, 20]. MD sim-
ulations provide atomistic insights into the dynamical behavior of proteins and how they may unfold, sample different
conformations, and aggregate. Previous studies on Aβ have principally used nonpolarizable force fields (FFs), provid-
ing many useful details of how this peptide misfolds [21, 22, 23]. Gillman et al. used MD simulations to examine
pE-containing Aβ pores, finding that AβpE3-42 forms ionic pores in lipid bilayers with higher conductance than pores
formed by Aβ1-42 [23]. That study highlighted the importance of investigating how pyroglutamylation changes the
electronic properties of the Aβ monomer. However, few studies have simulated pyroglutamylated Aβ , likely because
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most FFs lack suitable parameters for this species. One limitation of nonpolarizable FFs is that fixed charges cannot re-
distribute in response to changes in their environment, which may be particularly relevant in the case of pE-containing
Aβ , as it is believed to be more hydrophobic due to the loss of several charged and polar residues in its N-terminal
region. To advance our understanding of pE-containing Aβ dynamics, we used the Drude polarizable FF [24, 25] to
gain insight into how truncation and pyroglutamylation affect Aβ properties.

We previously performed simulations of Aβ mutants to understand the role of electronic polarization and charged
amino acids in its dynamics and unfolding of a crucial central region [26]. We found that charge-altering point mu-
tations perturb the secondary structure composition of each Aβ variant and modulate the folding free energies of a
core fragment of the peptide as a function of dipole cooperativity among backbone amide groups. Furthermore, we
found the interactions between the sidechain and peptide-bond dipole moments result in a hydrophobic C-terminal
region (residues 29-42) that may be more aggregation-prone in the Aβ mutants. Here, we expand upon these findings
by performing polarizable MD simulations of two pyroglutamylated Aβ42 peptides, AβpE3-42 and AβpE11-42. Though
it is known that AβpE3-42 and AβpE11-42 are found in AD brains, the extent to which pyroglutamylation modulates
the monomeric Aβ conformational ensemble is unknown. Our principal goal was to understand the role that the N-
terminus plays in Aβ misfolding, and how PTMs lead to shifts in secondary and tertiary structure in the earliest events
along the aggregation pathway.

2 | METHODS
2.1 | Pyroglutamate Parametrization
Parametrization of pyroglutamate was performed using standard methods for the Drude FF, which have been re-
viewed previously [24]. Quantum mechanical (QM) geometry optimizations and dipole moment calculations were
performed with the Gaussian09 program [27] and single-point interaction and configurational energies, and molec-
ular polarizability calculations were computed with Psi4 [28]. The MP2/6-31+G* model chemistry was used for all
QM geometry optimizations, and the RIMP2/aug-cc-pVQZ model chemistry was applied for molecular polarizability,
interaction energy, and single-point energy calculations, for consistency with other elements of the Drude FF [24, 25].

All molecular mechanics (MM) calculations were performed using the CHARMM program [29] with the Drude-
2019 polarizable FF [25]. The initial set of coordinates for the pyroglutamate dipeptide (comprising pyroglutamate
with an N-methylacetamide capping group on the C-terminus) was built using the CHARMM internal coordinate
builder. After each step in the parametrization process, energy minimization was performed to compare the molecular
geometry against that of the QM-optimized structure. Initial bonded and nonbonded parameter assignment was done
by analogy to chemically similar groups already present in the Drude FF.

Following an initial geometry comparison, the electrostatic parameters (charges, atomic polarizabilities, and Thole
screening factors) were optimized. The parameters associated with the C-terminal amide group of the pyroglutamate
dipeptide were kept fixed for compatibility with the existing Drude-2019 FF. Initial parameters for other atoms and
bonds were taken from the Gln and backbone parameters from Drude-2019 FF and refined using methods described
in Lin et al. [25]. A Monte Carlo/simulated annealing (MC/SA) algorithm [30] was used to optimize the atomic polar-
izabilities and Thole screening parameters, as well as dihedral force constants. The error function was defined as the
root-mean-square error (RMSE) between the QM and MM values for the quantities being fit (see below). The initial
temperature was set to 500 K and was periodically scaled by a factor of 0.75 until the RMSE converged. New pa-
rameters were accepted if the RMSE decreased or if, in the case of an increase, the Metropolis criterion was satisfied
at the current temperature. Convergence was defined as the RMSE difference being less than 0.001 between two
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consecutive MC/SA cycles.
The target data for fitting electrostatic parameters were the QM total dipole moment, |µ|, and its µx, µy, and

µz components, and the total molecular polarizability (α iso) and its diagonal αXX, αYY, and αZZ components. The
Drude dipole moment and molecular polarizabilities were obtained by reading the QM optimized geometry, adding
Drude oscillators and lone pairs, and relaxing the Drude oscillator positions via steepest-descent and adopted-basis
Newton-Raphson (ABNR) minimization, as described by Lin et al. [25]. The gas-phase QM molecular polarizability
overestimates the electric field response in solution [24, 25], so the calculated values were scaled by 0.85 for use as
target data in the fitting protocol.

A key feature of the parametrization of the Drude FF is the explicit consideration of individual interactions of
chemical functional groups with water, in terms of both geometry and interaction energy. These interaction energy
calculations are used to tune interactions in a self-consistent manner throughout the entire FF and are used to validate
and, if necessary, further optimize the electrostatic parameters derived by targeting QM dipole moment and molec-
ular polarizability values. We assessed the interactions of water molecules placed in-plane and out-of-plane around
the lactam ring of the pyroglutamate dipeptide (Figure 1). The distances between the water molecules and the pyrog-
lutamate dipeptide functional groups were optimized via rigid QM scans in Gaussian09 [27] using the MP2/6-31+G*
model chemistry, and interaction energies were obtained in Psi4 [28] using the RIMP2/aug-cc-pVQZmodel chemistry,
with counterpoise correction for basis-set superposition error [31, 32].

F IGURE 1 Geometries for all water interactions with the pyroglutamate dipeptide. Each calculation was
performed on a dimeric system (one pyroglutamate dipeptide and one water molecule). The composition of the
image represents all the interactions that were considered as a part of the parameter validation and optimization.

One torsion in the pyroglutamate dipeptide was not previously parametrized in the Drude FF, namely N-Cδ-Cγ-
Cβ . Starting from the QM optimized geometry, configurations were generated that set this torsion to values from -40°
to 40° in intervals of 10°. The geometries were optimized with this torsion frozen and all other degrees of freedom
allowed to relax. Drude dihedral parameter refinement was performed with the MC/SA algorithm described above.



Davidson and Lemkul 5

2.2 | Molecular Dynamics Simulations
System Setup. The starting coordinates for the full-length Aβ42 were obtained from the denatured WT structures
produced in the simulations described in our previous work [26]. The full-length simulations, to which properties are
compared here, were published in that study. AβpE3-42 and AβpE11-42 were generated by deleting residues 1-2 and 1-
10, respectively. The new N-terminal Glu was patched in CHARMM to produce the pyroglutamylated N-terminus to
make AβpE3-42 and AβpE11-42 using the CHARMM internal coordinate builder [29]. The C-termini of all peptides were
modeled in their ionized forms. As with the full-length peptide, we simulated AβpE3-42 and AβpE11-42 in triplicate for
1 µs each, totaling 3 µs for each Aβ42 variant. All systems were initially prepared using the additive CHARMM36m
(C36m) protein FF [33], then later converted to the Drude-2019 polarizable FF [24, 25] with the addition of the
pyroglutamate parameters described above.

Each protein was solvated in a 72-Å cubic box of CHARMM-modified TIP3P [34, 35, 36] water and ~150 mM
KCl, including K+ counterions. The systems were energy-minimized in CHARMM [29] using 1000 steps of steepest
descent minimization and 1000 steps of ABNR minimization.

Equilibration and Production Simulations. Following minimization, equilibration was carried out in NAMD [37] for
1 ns. During equilibration, position restraints were applied to all non-hydrogen protein atoms with a force constant of
5 kcal mol-1 Å-2. An NPT ensemble was maintained by regulating temperature at 310 K with the Langevin thermostat
method [38, 39] using a friction coefficient, γ, of 5 ps-1. The pressure was set to 1 atm using the Langevin piston
method [39] (oscillation period = 200 fs; decay time = 100 fs). Periodic boundary conditions were applied in all
directions, and the short-range van der Waals forces were smoothly switched to zero over 10 – 12 Å. The particle
mesh Ewald (PME) method [40, 41] was used to calculate the electrostatic interactions with a real-space cutoff of 12
Å and grid spacing of approximately 1 Å. Bonds to hydrogen atoms were held rigid using the SHAKE algorithm [42],
allowing an integration time step of 2 fs in C36m simulations.

Following C36m equilibration, the systems were converted to the Drude polarizable model using CHARMM by
adding Drude oscillators and lone pairs to the equilibrated coordinates. Additionally, the TIP3P water molecules were
converted to the polarizable SWM4-NDP model [43]. Drude oscillators were relaxed using 2000 steps of steepest
descent and 1000 steps of ABNRenergyminimization. TheDrude systemswere equilibrated inNAMDusing extended
Lagrangian integration, implemented as Langevin dynamics [44, 45]. An NPT ensemble was maintained, and the
temperature and pressure were set to 310 K and 1 atm, respectively, unless otherwise specified. Bonds involving
hydrogen atoms were constrained using the SHAKE algorithm as described above.

The temperature was regulated using a dual Langevin thermostat, coupling all real atoms at 310 K (γ = 5 ps-1) and
the Drude oscillators to a low-temperature relative thermostat at 1 K (γ = 20 ps-1). The short-range Lennard-Jones
potential was switched to zero from 10 – 12 Å and electrostatic interactions were calculated with PME, using the
same settings as the additive simulations. The same harmonic position restraints and bond constraints were applied
as the additive simulations, but the integration time step was set to 1 fs because of the high-frequency nature of the
Drude-atom bonds. To avoid polarization catastrophe, a “hard wall” constraint [46] was applied to allow a maximum
Drude-atom bond length of 0.2 Å. Equilibration of polarizable systemswas carried out for 1 ns. Following equilibration,
the restraints were removed and the production simulations were performed in OpenMM [47, 48]. The NPT ensemble
was maintained using the same thermostat settings as equilibration, except that pressure was regulated at 1 atm using
a Monte Carlo barostat with box scaling attempted every 25 integration steps.
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2.3 | Analysis
Assessment of Convergence. Analysis of the simulations was performed on the last 500 ns of each replicate, totaling 1.5
µs of analyzed time for each system. Because we built the pyroglutamylated Aβ systems from the starting structures
described previously [26], the first 500 ns of each trajectory was characterized by considerable structural rearrange-
ment. After 500 ns, the systems appeared to reach a point of convergence based on the root-mean-square deviation
(RMSD) and radius of gyration (Rg) (Supporting Information, Figures S1 and S2).

Dipole Moment Analysis. Dipole moments for peptide bonds, sidechains, and water molecules were computed
using the COOR DIPOLE command in CHARMM. Each peptide bond was defined as in previous work [49], including
atoms from two consecutive amino acids to define a net-neutral group. Water dipolemoments were computed for any
water molecule in the first solvation shell, defined as having an Ow-protein heavy atom distance ≤ 3.5 Å. Distance
dependence was subsequently analyzed by binning these water molecules across the range of distances observed
(approximately 2 Å to 3.5 Å, using a bin size of 0.1 Å). To assess the impact of each amino acid on water dipole
moments, we considered only water molecules within the first solvation shell of the residue of interest and not in the
first solvation shell around any other protein residue. By doing so, we ascribed the properties of the water molecules
to a single amino acid.

Structural Analysis. Solvent-accessible surface area (SASA) of each residue was computed using the CORREL
feature of CHARMM. Only real atoms were considered in the analysis (that is, Drude oscillators and lone pairs were
not included). The molecular surface was computed for the entire peptide using a probe radius of 1.4 Å. Clustering of
simulation snapshots was performed using the standard RMSD-based clustering methods in CHARMM as described
in our previous work [26]. Tertiary structure was characterized by contact maps generated using the "gmx mdmat"
program in GROMACS [50].

3 | RESULTS AND DISCUSSION
3.1 | Pyroglutamate Parametrization
To verify that the pyroglutamate topology produced good agreement with the QM electrostatic properties, the total
dipole moment and molecular polarizability, and their spatial components, were calculated as described in Methods.
The dipole moments and molecular polarizabilities are listed in Tables 1 and 2, respectively. The QM molecular polar-
izabilities in Table 2 are scaled by a factor of 0.85 for reasons described previously [24]. The optimized pyroglutamate
dipeptide parameters yielded good agreement with the QM values for both the dipole moments (Table 1) and molec-
ular polarizabilities (Table 2). We note that the errors are largest along the x-component of each of these quantities,
which corresponds to the longest principal axis of the dipeptide. As only a portion of this model compound was sub-
ject to elecrostatic fitting (see Methods), we accepted a small amount of error for the sake of compatibility with the
remaining elements of the Drude-2019 protein FF.

Following confirmation of the dipole moments and molecular polarizabilities, the interactions of the pyrogluta-
mate dipeptide with water (Figure 1) were calculated to further evaluate the parameters. The new pyroglutamate
water interactions were in good agreement with the target QM data, in terms of both locations of energy minima
and the interaction energies themselves (Table 3). The alkyl group-water interactions (HB1_180 and HG1_180) using
the Drude FF did not adopt a stable minimum within 2.5 Å and thus the distance between the water molecules and
pyroglutamate dipeptide was set to be 2.50 Å for the interaction energy calculation. This property is typical of water
interactions with aliphatic groups in both the CHARMM and Drude FFs [24].
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TABLE 1 Total dipole moments and components (in D) of the pyroglutamate dipeptide.

QM (MP2/6-31+G*) Drude
µx 7.05 6.21
µy -0.69 -1.68
µz 1.24 0.84
|µ| 7.19 6.49

TABLE 2 Components of the unscaled and scaled molecular polarizability tensors and isotropic polarizabilities
(Å3) of the pyroglutamate dipeptide.

QM (RIMP2/aug-cc-pVQZ) QM × 0.85 Drude
αxx 15.46 13.14 10.74
αyy 13.61 11.57 11.85
αzz 11.47 9.75 9.18
α iso 13.52 11.49 10.59

TABLE 3 Water interaction energies (Eint, kcal mol-1) and minimum-energy distances (rmin, Å). In cases of rmin =2.50 Å in Drude calculations, no energy minimum was identified within that distance so Eint was evaluated at 2.50 Å.

QM Drude Difference
rmin Eint rmin Eint rmin Eint

1. OE1_180 1.98 -5.34 1.94 -6.10 -0.04 -0.76
2. OE1_out 2.07 -5.03 1.94 -6.16 -0.13 -1.13
3. OE1_CG 1.96 -6.41 1.91 -6.77 -0.05 -0.36
4. OE1_N 1.93 -6.49 1.89 -6.45 -0.04 0.04
5. HN_180 1.97 -2.65 1.99 -3.00 0.02 -0.35
6. HG1_180 2.31 -1.24 2.50 -1.18 0.19 0.06
7. HB1_180 2.26 -2.50 2.50 -2.48 0.24 0.02
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F IGURE 2 One-dimensional potential energy surfaces as a function of the pyroglutamate dipeptide
N-Cδ-Cγ-Cβ torsion. QM potential energies are computed using the RIMP2/aug-cc-pVQZ model chemistry
following MP2/6-31+G* optimization.

Once the dipolemoments, molecular polarizabilities, and pyroglutamatewater interactionswere evaluated against
the QM data, we analyzed the configurational energies as a function of the N-Cδ-Cγ-Cβ dihedral to ensure they were
also in agreement with the QM data. Since the backbone parameters of most of the pyroglutamate were not adjusted
as they are a core part of the FF, the only dihedral that needed to be parametrized was the angle encompassing N-Cδ-
Cγ-Cβ (Supporting Information, Figure S3). The optimized Drude parameters for the N-Cδ-Cγ-Cβ dihedral produced
good agreement with the QM energies (Figure 2). As such, the evaluation of all of the newly developed parameters
indicated that they were sufficiently accurate for use in MD simulations. The CHARMM-formatted pyroglutamate
patch and the associated parameters for it are provided in the Supporting Information.

3.2 | AβpE3-42 and AβpE11-42 Simulations

The effects of pyroglutamylation on the conformational ensemble of monomeric Aβ are not fully understood. Here,
we simulated the truncated AβpE3-42 and AβpE11-42 forms of Aβ to gain a greater understanding of the role that
charge alteration plays on secondary and tertiary structure, and the extent to which the truncation and modification
alter the transition between helical and disordered states. Studying these truncations provides us with insight into the
role that the polar N-terminal residues (particularly residues 1-10) play in Aβ misfolding. In addition, understanding
the tertiary structure and contacts that are formed yields insight into how pyroglutamylation shifts the conformations
in a way that impacts the aggregation pathway.
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3.2.1 | Pyroglutamylation Shifts α-Helical and β -Strand Propensity of Aβ
Given that interconversion between α-helical and β -strand structures is believed to be central to the aggregation
of Aβ [51], we began by comparing the α-helical and β -strand content of of AβpE3-42 and AβpE11-42. We recently
reported the secondary structural features of Aβ42 [26], which serve as a comparison for the present study. We did
not observe any β -sheet content in either AβpE3-42 or AβpE11-42. Persistent β -sheets are more likely in higher-order
Aβ oligomers and fibrils, though we note the appearance of some short β -strands in our previous simulations of full-
length Aβ42 [26]. The absence of β -strands here suggests that neutralization of the N-terminus and removal of several
residues may impact the stability of these structures within Aβ42.

We found that the AβpE3-42 had increased α-helical content throughout the peptide relative to the full-length
peptide, although none of these structures persisted for long periods of time (Supporting Information, Figure S4).
This observation suggests that the pyroglutamylation at Glu3 results in a hydrogen bonding network that favors sev-
eral short (4-5 residue) α-helical turns, as compared to the unmodified Aβ42, which was characterized by a single,
slightly longer central α-helix. AβpE11-42 was similar to Aβ42 in overall α-helical content, as well as adopting α-helical
structures involving the same residues. Thus, pyroglutamylation at Glu11 may not shift the secondary structure con-
tent of Aβ42 as much as the modification at Glu3. This result is somewhat surprising given that the AβpE3-42 peptide
has fewer residues deleted from it as a consequence of the modification, leading to an expectation that its properties
would be similar to those of the unmodified Aβ42. Our results suggest that deletion of the first ten residues, which
are primarily charged and polar, does not substantially alter the secondary structure preferences of Aβ42.

Previous work suggests that the transient formation of α-helical intermediates may play a role in Aβ oligomer
formation [52]. Our observations here suggest that AβpE3-42 may facilitate adoption of secondary structure elements
that are “on-pathway“ for Aβ42 aggregation, whereas AβpE11-42 may adopt an ensemble of structures that is similar
to the full-length Aβ42 and therefore it may not differ in its propensity for aggregation, at least from the standpoint
of secondary structure evolution.

We note that our results differ from those of a recent study by Nath et al. [53], who found that pyroglutamylation
increased β -sheet in the AβpE3-42 monomer relative to Aβ42; they did not examine AβpE11-42 in their work. Their
study applied replica-exchange MD simulations with the CHARMM36m nonpolarizable force field [33], so some dif-
ferencesmay be due to the force fields applied. Nath et al. found an overall increase in β -sheet content in the AβpE3-42
monomer relative to Aβ42, with localized increase in α-helicity among residues 24-28. Here, we found no increase
in β -strand (or sheet) content and increased helicity in residues 24-28. One aspect of the Drude polarizable force
field that is important in this context is the explicit modeling of cooperative dipole induction. This effect is the rea-
son for inadequate helix-coil equilibrium in the model (AAQAA)3 peptide with CHARMM36 but proper temperature
dependence with the Drude force field [54]. We have also noted the importance of dipole cooperativity in Aβ in our
previous work on the unfolding of the central region of the peptide [26].

Nath et al. further noted "significantly stronger" Glu22-Lys28 and Arg5-Glu22 salt bridges in AβpE3-42 that con-
tribute to a shifted conformational ensemble. We note that nonpolarizable force fields tend to overstate the strength
of these interactions [55], which may be particularly important in amyloidogenic proteins with unusual microenviron-
ments in which these salt bridges occur, as their properties may strongly depend on their surroundings [26].

3.2.2 | AβpE3-42 and AβpE11-42 Adopt Distinct Tertiary Structures
The contributions of secondary structure (disorder) and tertiary structure (compactness and accessibility of aggregation-
prone motifs) govern the earliest events of oligomer nucleation [52, 56]. Thus, characterizing the tertiary structures
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of the modified systems is crucial to our overall understanding of how truncation and modification lead to a more
aggregation-prone peptide. Figure 3 shows the most representative structures from the top cluster of RMSD-based
clustering for both AβpE3-42 and AβpE11-42. Notably, the pE residue behaved differently in these species. In AβpE3-42,
the pE3 residue was buried deeply in the core of the collapsed peptide structure, surrounded by other hydrophobic
residues (Figure 3A). In AβpE11-42, the pE11 residue was exposed to solvent and the overall architecture of the peptide
was more expanded than that of AβpE3-42 (Figure 3B).

F IGURE 3 Representative structures of AβpE3-42 and AβpE11-42 highlighting the dominant tertiary interactions
seen in the Cα-Cα distance matrices. Residues colored in blue are those with ≥25% increase in sidechain SASA and
those in red are residues with ≥25% reduction in sidechain SASA, relative to Aβ42. The green residue in both panels
is pyroglutamate.

To quantitatively analyze tertiary structure, we calculated the pairwise distances between every Cα atom to
describe the residue-residue contacts (Figure 4) and the per-residue solvent-accessible surface area (SASA). We calcu-
lated the change in SASA relative to Aβ (Figure 5). Both the AβpE3-42 and AβpE11-42 peptides had long-range contacts
between N-terminal residues and those of the hydrophobic C-terminal region. The hydrophobic C-terminal residues
of both AβpE3-42 and AβpE11-42 interacted with the CHC, likely driven by the residues attempting to shield themselves
from the solvent and polar residues. None of these interactions were present in Aβ42 [26]. Correspondingly, the C-
terminal region of both AβpE3-42 and AβpE11-42 had similar patterns of solvent accessibility. Residues Gly33-Gly38
were more solvent-exposed than in Aβ42, whereas Val39-Ala42 were less solvent-exposed. This change in solvent
accessibility occurred because the pyroglutamate interacted with residues Val40-Ala42 (Figures 3 and 4), thus shift-
ing the Gly33-Gly38 sequence into solvent. These observations highlight that the pyroglutamylation of Aβ results in
shifts in the tertiary contacts that lead to the hydrophobic C-terminal region and CHC making closer contacts in the
modified systems.

In AβpE3-42, residues Phe4, Arg5, Asp7, Ser8were less solvent-exposed relative to the full-length peptide because
of the interactions that occurred between the pyroglutamate and the hydrophobic C-terminal residues. Thus, inter-
actions among hydrophobic groups (including the N-terminal modified residue) can therefore drive the partial burial
of polar and charged residues such as Arg5, Asp7, and Ser8. The burial of the N-terminal pE3 residue in AβpE3-42
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F IGURE 4 Cα-Cα distance matrices of (A) AβpE3-42 and (B) AβpE11-42. All frames from the last 500 ns of each of
the three replicate simulations for each system were pooled for this analysis.

caused a major reorganization of intrapeptide contacts that included the formation of an Arg5-Ala42 salt bridge (Fig-
ure 3A) that may also help stabilize this architecture. In contrast, other N-terminal residues that did not interact with
the C-terminus (His6, Gly9-Val12) had increased per-residue SASA (Figure 5A). Several residues in the C-terminal
hydrophobic region had increased SASA relative to Aβ42, notably Leu34 and Met35.

In AβpE11-42, His13 was less solvent-exposed than in the full-length Aβ42, but the surrounding residues more
solvent-exposed, most notably pE11, Val12, and Gln15 (Figures 3 and 5B). The increase in solvent accessibility of
Gln15 was coupled to a burial of Ala42, with which it interacted closely (Figures 3B and 4B). The sidechain of Ala42
then packed closely with that of Leu34, defining the core of the dominant AβpE11-42 morphology. As a result, sev-
eral key residues in the CHC (Leu17, Val18, and Phe20) and in the C-terminal hydrophobic region (notably Leu34)
were more solvent-exposed than Aβ42 (Figure 5B). Taken together, the SASA results indicate that the hydrophobic
residues of both AβpE3-42 and AβpE11-42 are more solvent-exposed, potentially resulting in aggregation-prone regions
to interact more readily with solvent.

3.2.3 | Perturbation of Peptide-Bond and Sidechain Dipole Moments
Adoption of secondary structure in polypeptide chains derives fromhydrogen bonding, which is a directional alignment
of complementary dipoles. Tertiary structure formation is driven by packing of sidechains that subsequently define
microenvironments in the folded structure. Therefore, there should be a direct connection between the structure of
a polypeptide and its electrostatic properties. Alignment of peptide-bond dipoles leads to cooperative induction that
ultimately gives rise to the helix macrodipole [49, 54, 57, 58], and different values of peptide-bond dipolemoments are
associated with specific polypeptide geometries [54]. Thus, changes in dipole moments reflect changes in structure,
particularly in the case of helix-coil equilibrium, as polarization of peptide bonds will vary in response to changes in
solvent exposure or the hydrogen bonding network. To relate secondary structure preferences with the electronic
structure of the polypeptide backbone, we calculated the peptide-bond dipole moments of each amide group linking
consecutive residues (Supporting Information, Table S1).
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F IGURE 5 Change in solvent-accessible surface area (SASA), expressed as a percentage difference relative to the
full-length Aβ42 values.

The per-residue peptide-bond dipole moments of the pyroglutamylated peptides were compared against the
equivalent residues of Aβ42. We found that peptide bonds within the central hydrophobic cluster (CHC, residues 17-
21) of both AβpE3-42 and AβpE11-42 were depolarized relative to the full-length Aβ42. The decrease in peptide-bond
dipole moments among CHC residues suggests that tertiary structure interactions may cause depolarization. From
the analysis of inter-residue contacts (Figure 4), residues in the hydrophobic C-terminal region tended to interact
with residues in the CHC. The resulting hydrophobic microenvironment is likely the reason for depolarized backbone
amide groups, which were subsequently more shielded from solvent and thus accommodated their new surruondings
by decreasing their dipole moments. This depolarization of the peptide bonds also suggests that pyroglutamylation
weakens the hydrogen bonding network of Aβ , which leads to the depolarization of the aggregation-prone CHC.

Within the hydrophobic C-terminal region of AβpE3-42, peptide bondswere generally depolarized relative to Aβ42,
with the exception of the Val36-Gly37 and Ile41-Ala42 peptide bonds. The peptide bonds spanning Gly29-Met35
and Gly38-Val40 otherwise exhibited pronounced depolarization (Figure 6). In contrast, the C-terminal region of
AβpE11-42 was more polarized than Aβ42, particularly among residues Val39-Ala42. This difference in dipole response
was somewhat unexpected, as the levels of solvent exposure among these residues were similar between the two py-
roglutamylated peptides (Figure 5). Therefore, the differences in polarization among peptide bonds reflect differences
in tertiary structure and thus distinct microenvironments. As a consequence, AβpE3-42 and AβpE11-42 may undergo
different unfolding pathways. Indeed, the increased polarization among the peptide bonds within Gly38-Ala42 in
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F IGURE 6 Differences in peptide-bond dipole moments relative to Aβ42.

AβpE11-42 suggests that these functional groups may be more favorably solvated, contributing to disorder.
Both pyroglutamylated peptides exhibited strongly depolarized peptide bonds within the CHC. Depolarization

is expected to be correlated with solvent occlusion, as the decrease in dipole moment would make these functional
groups less favorably solvated. Only modest differences in SASA were observed for these residues relative to Aβ42,
suggesting interactions with water are similar among all three peptides. Therefore, the depolarization should be at-
tributable to intrapeptide effects. In AβpE3-42, the CHC residues had the largest tendency to form α-helical structures,
so it may be expected that the peptide-bond dipole moments would be enhanced in these residues [54]. The fact that
they did not suggests that the α-helical structures were somewhat weak as a function of the tertiary structure, a
fact that is reflected in the preference for disordered, coil structures in this region of the peptide. The consistently
depolarized nature of these amide groups strongly indicates that as a function of pyroglutamylation, these peptide
bonds prefer to be shielded from water, which may be an additional driving force for their aggregation.

We then calculated the sidechain dipole moments for each residue and compared them to the Aβ42. For this anal-
ysis, we omitted direct comparisons between glutamate and pyroglutamate, as well as glycine, which has no sidechain.
Changes in sidechain dipole moments, expressed as percentages relative to Aβ42, are shown in Figure 7. We found
that the sidechain dipole moments largely followed the SASA changes (that is, residues with increased SASA resulted
in larger dipole moments, and vice-versa). This parallel pattern suggests that shifts in tertiary contacts and interac-
tions with water result in corresponding shifts in the electric field around each residue. One particularly obvious
example of this phenomenon was Phe4 in AβpE3-42, which packed against the N-terminal pyroglutamate (Figure 3);
its sidechain dipole moment was strongly depolarized as a result (Figure 7). This outcome highlights that the neutral-
ization and increased hydrophobicity of AβpE3-42 and AβpE11-42 result in changes in important microenvironments,
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which subsequently manifest as shifts in sidechain dipole moments.

F IGURE 7 Change in sidechain dipole moments, expressed as a percentage relative to the values of the
full-length Aβ42 peptide. All glycine and modified residues are shown as 0% change to indicate that the comparison
was not made for these residues.

3.2.4 | Pyroglutamylation Perturbs the Solvation Shell Around Aβ42
The solubility of any protein or polypeptide depends, in part, on the interactions among surface-exposed amino acids
and water. To understand the impact that pyroglutamylation has on the solvation shell around each Aβ peptide, we
calculated the molecular dipole moments of all water molecules in the first solvation shell (heavy atom-Ow distance
≤ 3.5 Å). We further decomposed these water molecules into those that were within the first solvation shell of each
residue in the peptide but not in the first solvation shell of any other residue. Results of this analysis are shown in
Figure 8.

A previous study by Ngo et al. examined the solvation properties of a model α-helix and β -hairpin structures [59].
They found that water molecules closest to the peptide surfaces were depolarized relative to bulk water (for the
SWM4-NDP model, the bulk dipole moment is 2.47 ± 0.16 D [43]). The effects were greater for the α-helix, which
may be a function of its specific sequence. We observed a similar behavior here in the case of each of the Aβ peptides.
First-shell water dipolemoments aroundAβ42 averaged 2.43± 0.16D, and for both AβpE3-42 andAβpE11-42, this value
was 2.42 ± 0.16 D. Thus, all Aβ variants examined here behaved similarly and the observed depolarization effect was
slightly smaller than what was observed by Ngo et al. By decomposing these water molecule dipole moments as a
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function of distance away from the nearest peptide heavy atom, we observed a strong polarization effect (|∆µwat| ≈
0.3 D) within 2.5 Å (Figure 8A). Aβ42 had the most polarized water molecules, likely as a result have having a greater
number of charged residues relative to the pyroglutamylated forms, though this effect was small (Figure 8A). Water
molecules from 2.5 - 3.5 Å away from the peptide surfaces tended to have dipole moments at, or slightly below, that
of bulk SWM4-NDP.

We further sought to decompose this behavior on a per-residue level, by calculating the water dipole moments
for molecules in the first solvation shell of each amino-acid residue that were not also within the first solvation shell
of any other residue. Doing so will ignore residues that interact with multiple residues simultaneously but allow us
to connect polarization effects among water molecules with solvent accessibility analysis described above. Results
of this analysis are shown in Figure 8B. Among all the Aβ peptide variants studied here, the only residues for which
observed water dipole moments were greater than the bulk water value are for acidic residues (Glu3, Glu11, Glu22,
and Asp23) and the C-terminal Ala42, which is exerting this effect through its anionic C-terminal carboxylate group in
Aβ42 and AβpE11-42. In AβpE3-42, Ala42 interacted strongly with Arg5 via a salt bridge (Figure 3), screening the charge
on the carboxylate and leading to a slight depolarization of water molecules around the methyl sidechain. For all other
residues, the water molecules were depolarized relative to bulk. Therefore, the observed polarization effects among
the closest water molecules was likely due to simultaneous interactions of water with multiple Aβ residues and are
difficult to describe in per-residue terms. Nevertheless, it is interesting that the closest water molecules within the
first solvation shell are strongly polarized, but overall the first solvation shell is depolarized relative to bulk water.

Finally, we computed the difference in water dipole moments as a function of interaction with each residue
(Figure 8C). The data shown in Figure 8C were obtained by taking the difference between the per-residue data in
Figure 8B. While the magnitudes of these differences are small, they provide important context for the relationship
with perturbations to SASA described above and shown in Figure 5. Given the general tendency of hydrophobic
residues in the region comprising residues 30-42 of the AβpE peptides to become more solvent exposed (Figure 5),
most of their surrounding water molecules tended to depolarize in response (Figure 8B,C). Water molecules around
the Glu3 and Glu11 residues were also substantially depolarized due to the fact that pyroglutamylation renders these
residues uncharged and far more hydrophobic. In addition, water molecules surrounding the CHC were generally
among the most strongly depolarized, though this region of Aβ was not strongly impacted by pyroglutamylation.
Additional investigations on solvation properties should be conducted to probe this effect further. Nevertheless, this
analysis of the solvation shell of Aβ and its pyroglutamylated forms indicates that release of thesewatermolecules into
bulk, relaxing them back to their equilibrium dipole moments, may contribute to the aggregation process. Therefore,
the perturbations induced by pyroglutamylation may be an additional contributing factor in describing this process.

4 | CONCLUSIONS
Here, we have described the development of pyroglutamate parameters compatible with the Drude-2019 FF. The
newly developed parameters were compared against QM data and were of comparable quality to previously devel-
oped parameters of other molecules [60, 25]. These parameters were subsequently used to perform simulations of
pyroglutamylated Aβ .

Our results are also the first study of monomeric AβpE3-42 and AβpE11-42 carried out with a polarizable FF. We
found that the pyroglutamylation at positions 3 and 11 results shifted inter-residue contacts and conformations that
give rise to changes in dipole-dipole interactions. Specifically, AβpE3-42 results in shifts in the secondary structure that
correspond to changes in peptide-bond dipole moment and changes in SASA. Furthermore, AβpE3-42 and AβpE11-42
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F IGURE 8 Perturbations to water dipole moments in the first solvation shell around each peptide. (A) Average
molecular dipole moments of water molecules as a function of distance away from the nearest peptide heavy atom.
(B) Average molecular dipole moments of water molecules exclusively in the first solvation shell around each residue.
(C) The difference in water dipole moments around each residue relative to that of the full-length Aβ42. The legendshown between panels (A) and (B) applies to both panels. Error bars indicate the root-mean-square deviation of the
pooled data sets. The horizontal, light blue line in panels (A) and (B) corresponds to the average bulk dipole moment
of the SWM4-NDP water model (2.47 D).

adopt similar tertiary contacts that cause the hydrophobic C-terminus (residues 39-42) to interact closely with pyrog-
lutamate at positions 3 and 11. This shift in tertiary contacts leaves much of the hydrophobic C-terminal region more
solvent-exposed.

This shift in tertiary structure suggests that themodification of theN-terminusmay cause Aβ to have residues that
are normally solvent-occluded to become exposed, causing the peptide to become more prone to aggregating. We
also note that the change in tertiary structure results in similar changes in sidechain dipole moments, highlighting that
AβpE3-42 and AβpE11-42 may adopt unique microenvironments that give rise to different conformational ensembles
that are sensitive to induced electronic polarization effects. Overall, we found that changes in secondary and tertiary
structure are largely driven by perturbations to peptide-bond and sidechain dipole moments. These data suggest
that the polar N-terminal residues 1-10 may serve to modulate the interactions among the hydrophobic regions of
Aβ that lead to aggregation, and their removal via pyroglutamylation may enhance aggregation. Further, the impact
of pyroglutamylation extends to mutual polarization effects between the Aβ peptides and the first solvation shell,
perhaps exposing a new contributor to the forces driving aggregation of these species.
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