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The self-assembly of amyloid-beta (AB) peptides into fibrillar structures in the brain is a signature of
Alzheimer's disease. Recent studies have reported correlations between Alzheimer's disease and type-2
diabetes. Structurally, hyperglycemia induces covalent protein crosslinkings by advanced glycation end
products (AGE), which can affect the stability of Ap oligomers. In this work, we leverage physics-based
coarse-grained molecular simulations to probe alternate thermodynamic pathways that affect peptide
aggregation propensities at varying concentrations of glucose molecules. Similar to previous
experimental reports, our simulations show a glucose concentration-dependent increase in A aggre-
gation rates, without changes in the overall secondary structure content. We discovered that glucose
molecules prefer partitioning onto the aggregate—water interface at a specific orientation, resulting in a

loss of molecular rotational entropy. This effectively hastens the aggregation rates, as peptide self-
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assembly can reduce the available surface area for peptide—glucose interactions. This work introduces a

rsc.li/pccp new thermodynamic-driven pathway, beyond chemical cross-linking, that can modulate AB aggregation.
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1 Introduction

Accumulation of peptides and protein-based deposits in neuronal
membranes is associated with several neurodegenerative patholo-
gies such as Alzheimer’s disease (AD)." This condition is charac-
terized by progressive cognitive decline and is currently recognized
as a major socio-economic concern around the world. AD is a
complex disease, marked by aggregates of A and tau peptides,
with consensus among researchers that aggregation of AB peptides
is an upstream phenomenon among a cascade of steps leading to
neuronal death.>” The AP peptide is commonly 40-42 residue long
fragments cleaved from the amyloid precursor protein (APP) by
B-secretase and y secretase.” While AP peptides can aggregate into
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large deposits and plaques, recent evidence has suggested that the
smaller oligomers are the primary toxic species.”* In a physio-
logical environment, several external factors can contribute to
variations in AP aggregation behavior.>”

Several studies have suggested pathological correlations and
epidemiological linkages between a very common metabolic
disease, type II diabetes (T2D) and Alzheimer’s disease.® ™" T2D
involves the development of cellular insulin resistance, leading
to improper sugar/glucose metabolism and high blood sugar/
glucose concentrations. Recent fMRI studies have suggested a
decline in the cognitive performance of patients suffering from
T2D."" Another study suggested that patients with T2D have a
50% higher chance of developing AD.® However, the mecha-
nistic event pathways of this correlation are still not clear.
Although numerous experimental and computational studies
have investigated changes in Ap conformations and aggrega-
tion in aqueous environments,">" studies investigating the
structures of AB-peptide aggregates and glucose-induced pep-
tide aggregation at elevated concentrations of glucose in the
case of T2D are limited."*

Previous research efforts have postulated post-translational
glycation (advanced glycation end products - AGE) related
increased aggregation as a possible pathological pathway corre-
lating AD and T2D."™ These covalent modifications stabilize
peptide aggregates against degradation, thereby linking them
to neuronal dysfunction. However, in vitro studies have
reported that AGE formation can take up to a month (with
incubation) at very high concentrations of glucose. AGE formation
has not been reported at the early stages of AP aggregation.'®
Experiments involving cellular culture have revealed the upstream
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effects of glucose on the production of AP peptides and the
prevention of the degradation of amyloid precursor proteins.'®
Glucose also induces structural changes in peptide aggregates and
alters their interactions with physiological structures. A recent
experiment by Kedia et al. has suggested that the presence of
glucose molecules can lead to the faster formation of toxic,
unstructured and membrane-active oligomers that are probably
taken up by the cells and interfere with mitochondrial activity."®

Co-solutes modulate protein folding and peptide aggrega-
tion pathways, prompting the use of simple saccharides as
macromolecular crowding agents.’*>> They are often used to
simulate cell-like crowded conditions in in vitro experiments.
Several experimental, computational and theoretical studies
have outlined the effects of such crowded conditions, from
altering the thermodynamic phase space to modulating the
kinetics of processes.>*® This poses the question of whether
there are thermodynamic pathways that can explain the beha-
vior of AP peptides in hyperglycemic conditions, beyond our
current understanding of covalent modifications.

Computational studies on AP peptides under hyperglycemic
conditions are limited. A recent atomistic molecular dynamics
study with a beyond-physiological (~800 mM) glucose concen-
tration and AP 1-42 revealed a caging effect of glucose molecules
on peptide monomers and dimers, which led to increased hydra-
tion of protein structures.>”’ A complete biophysical picture of
peptide aggregation shaped by hyperglycemic conditions is miss-
ing because in atomistic simulations, due to timescale constraints,
only small-sized oligomers can be characterized*® whose formation
kinetics and secondary structures are strongly dependent on the
forcefield used.”

In this work, we adopt coarse-grained molecular dynamics simu-
lations to investigate the aggregation behavior of A 16-22 peptides
under hyperglycemic conditions. A 16-22 peptide is recognized as
one of the smallest fragments capable of forming fibrillar struc-
tures, which has prompted research studies using this segment as a
template.®*>* With coarse graining, we reduce the number of inter-
action centers in our simulation system to access spatio-temporal
scales that are not typically accessible by traditional atomistic
molecular dynamics simulations. Here, we have used the in-house
developed coarse-grained protein model, water-explicit polarizable
coarse-grained model (WEPCGM) that can capture protein’s sec-
ondary structural transitions starting from a primary sequence
of amino acids, specifically in the presence of external stimuli.>*™”
The coarse-grained model can reproduce cross-beta-like A 16-22
aggregate structures in an aqueous solution and ordered membrane-
adsorbed beta-sheet aggregates in the presence of model mem-
branes.**® In this article, we present the unique structural features
of AP 16-22 and glucose co-aggregates and discuss the mechanistic
perspectives of glucose-accelerated AP aggregation.

2 Methods

2.1 Peptide and glucose model

The A fragment K,;,LVFFAE,, was modeled with the in-house
WEPROM forcefield,*® where each residue was modeled with a
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backbone (BB) bead and sidechain beads. A brief outline of the
protein coarse-grained model is presented here. The coarse-
grained interaction centers (beads) were defined with chemical
specificity corresponding to the atoms that they represented.
The bead types in the CG model can be broadly classified into
polar, hydrophobic and charged beads, with specific inter-
actions between each bead type (Fig. S1, ESIT). While most of
the bead types and interaction levels in WEPROM are identical
to those in MARTINI, there are two noticeable differences
between them. First, polar beads feature explicit off-center
drude-like charges attached to the bead center, which couple
environmental effects to the protein’s structure through elec-
trostatics. Second, the interactions between hydrophobic beads
and solvent beads were scaled down to enable B-sheet folding.>*
The peptide backbone was exclusively created with this polar
CG bead type. The side chains are specific to each amino acid
type, with two hydrophobic beads for phenylalanine and one
each for valine and leucine. The side chains for the charged
amino acids lysine and glutamate were modeled with one
hydrophobic and one charged bead. We refer readers to pre-
vious publications for details on the CG model.**~3¢

The CG model for glucose molecules used in this work was
borrowed from the MARTINI forcefield.**™** The glucose mole-
cule has carbons numbered C1-C6 starting from the aldehyde
group. Carbons C1 and C2 and their associated oxygen atoms
are mapped to the CG interaction site B3, C3 and C4 are
mapped to B2 and C5 and C6 are mapped to B1l. The sites
B1, B2 and B3 are all constrained together to form a planar,
triangular shape representing glucose in its cyclic closed form
(both o and B anomers). Dummy charges are added to each CG
bead of the glucose molecule to incorporate molecular polariz-
ability and directional hydrogen bond capabilities (Fig. 1). The
charges on the dummy particles are parameterized to match
the dipole moment of the glucose molecule. The MARTINI
polarizable water model** was used to represent CG water in
our simulations.

B1-{C5, C6}

@ Negative charge
center

® Positive charge
center

B2-{C3, C4} -{C1, C2}

Fig. 1 Geometry of the glucose molecule. The atomistic numbering is in
black, and the corresponding coarse-grained numbering is shown in color.
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Details on the bonded and nonbonded interaction para-
meters in the peptide can be found in Sahoo et al.*® Most of the
cross-interaction parameters were primarily borrowed from the
MARTINI model with the polar-polar and polar-charged inter-
actions being scaled down to account for the increased
Coulomb interactions because of the added dipoles. We have
curated these cross-interaction terms as tables in the ESI{
section (Tables S1 and S2). To verify the fidelity of the glu-
cose-glucose and glucose-water interactions in polarizable
water, we calculated the second virial coefficient, B,,, of the
osmotic pressure, which is a measure of deviation from ideal
solutions and compared it with experimental measurements.
To calculate B,,, we followed the simulation protocol outlined
by Schmalhorst et al.** wherein a simulation box of (19)*nm®
was created with 420 randomly placed glucose molecules and
then solvated with Martini polarizable water. Then, an approxi-
mate strategy is followed to derive B,, using the radial-
distribution function g(r) and cumulative number distribution
function N(r') developed by Schmalhorst et al.** We obtained an
average B,, value of 0.084 (0.04) L mol *, close to the reported
experimental B,, for glucose (0.117 L mol )",

2.2 Simulation setup

The concentration of AB was constant at around 33 mM while
the concentration of glucose ranged from 0, 0.31, 1.55 to 3.10%
(w/v). In a cubic periodic box, 100 molecules of AP 16-22 and 0,
60, 300 and 600 molecules of glucose were placed randomly.
Each box was solvated with around 42000 CG water beads. The
0% glucose system containing only AP peptides and water
particles serves as a reference system while the three different
glucose compositions (0.31, 1.55, and 3.10% (w/v)) were created
for analyzing the effect of increasing glucose concentration on
AP aggregation. Fig. S2 (ESIT) displays sample snapshots of the
peptide aggregation trajectory at various time steps for 1.55%
glucose. The glucose concentrations used in this work are
higher than the physiological levels to expedite the aggregation
process. Using higher than physiological concentrations is
common in simulations, and similar approaches have often
been leveraged by the MD community to study the aggregation
process as it reduces the time between diffusion-controlled
protein encounters in computer simulations.*®™*°

The initial configurations were energy minimized and equi-
librated for 5 ns (time step of 10 fs) with constant volume
ensemble. A temperature of 300 K was maintained using a
Nose-Hoover thermostat with a time-constant of 1 ps. A sub-
sequent production simulation was run with a constant pres-
sure ensemble using a Parinello-Rahman barostat® (time
constant, t = 1 ps, compressibility, 3 x 10 >/bar and isotropic
pressure coupling at 1 bar). Long range electrostatics were
computed using the particle mesh Ewald (PME) method"*>
with a relative dielectric constant of 2.5 and a cutoff distance of
1.6 nm. The GROMACS shift scheme was used to modify the
Lennard-Jones interactions, starting from the original value at
0.9 nm to 0 at 1.2 nm. Two independent replica simulations
with a random set of initial velocities were performed for all the
glucose concentrations.
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2.3 Analysis

An AP aggregate is characterized by two or more peptides
having at least one backbone (BB-BB) contact. A backbone
contact is defined using an interaction cut-off of 7 A between
the backbone beads (the distance cutoff is obtained via the
radial distribution function between BB beads, as shown in
Fig. S3, ESI%).

We quantified the structure of these peptide aggregates
using a B-sheet and a o-helical fraction metric. Peptides are
considered as part of the B-sheet if they have at least three
continuously aligned backbone dipoles, similar to the metric
applied in previous papers to quantify ordered aggregation®®
(Fig. S4(a), ESIt). These aligned dipoles can be considered
analogous to the interacting dipoles involved in hydrogen
bonding.

For the o-helical fraction, we calculated the backbone dihe-
dral angle of the peptides. We classified each backbone dihe-
dral as a o helical turn if the dihedral angle was within a
tolerance of 15 degrees from 50.4 degrees, which corresponds
to the Ca dihedral turn in o helices as surveyed from PDB*’
(Fig. S4(b), ESIt). The proportion of such helical backbone
dihedral turns per peptide was then averaged over all the
peptides per time-frame to yield the a-helical fraction.

We report the relative enrichment of glucose molecules as a
function of the distance from the peptide aggregate calculated
as follows:

ni(r)[Ni + Now]

i) = R0 T o ()]

Here, N; and N,,, are the total number of species i and water
molecules, respectively, while 7;(r) and n,(7) are the number of
species i and water molecules present at a distance r from
the atoms of the protein aggregate. This metric has been used
to study the solvation effects of proteins and protein aggre-
gation.>*>® Here, we compared the relative enrichment of
different parts of the glucose molecule (B1, B2 and B3) near
the peptide aggregates.

Finally, we also quantified the total molecular entropy change
(AS) caused by the interaction of the glucose molecules with the
peptide aggregate. To that end, we first characterized glucose CG
sites as interacting if they were present within the first coordina-
tion shell (reuc ~ 7 A) of the aggregate, as measured by the radial
distribution function between the peptide backbone (BB) and a
specific glucose CG site (a)—g(r.ss)- We calculated P, as the
probability of the site being identified as interacting.

where

Ny = J g(re-8B)
0

Considering a simple rotating three-bead coarse-grained
molecule, this approach allows us to calculate the absolute
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rotational Gibbs entropy of the interacting glucose molecule.
S{Pk} = 7kaZPk 1Og(Pk)7
k

Now, for a freely rotating glucose molecule, all the CG
interaction sites would have an equal probability of interaction

1
with the aggregate Sge. = S{Pk = §}’ which we leveraged for

the calculation of the total loss in rotational entropy.

AS = (N)-(s{Pr} — Strec)s

where (N) is the average number of glucose molecules inter-
acting with the peptide.

A similar analysis was performed to calculate the change
of the total molecular rotational entropy of glucose molecules
in bulk water. Bulk water was defined as the region beyond a
distance of 12 A from the peptide backbone (BB) beads. This
distance cutoff was determined from the second minima of the
radial distribution function between the peptide backbone
beads and the CG interaction sites of the glucose molecule,
as shown in Fig. S7(b) (ESIT).

3 Results and discussion

3.1 Impact of glucose on Ap 16-22 aggregation

To characterize the effect of glucose on peptide aggregation, we
analyzed peptide aggregate size in simulations with varying
glucose concentrations. Fig. 2(a)-(d) shows the time evolution
of the weighted average size of peptide aggregates for different
glucose concentrations. Data for the independent simulations
are included in the ESIt (Fig. S5). We observed large aggregates

0% Glucose 0.31% Glucose

80

60

40

20

Weighted average size of aggregate

half

3.1% Glucose
PP U

1.55% Glucose

80

60 w cwasos o
(A
40 e,

20
half half

Weighted average size of aggregate

0 200 400 600 800 1000 ©O 200 400 600 800 1000
Time (ns) Time (ns)

Fig. 2 Evolution of the weighted average size of peptide aggregates for
0% (a), 0.31% (b), 1.55% (c), and 3.10% (d) glucose (w/v). Data are the
weighted mean of the three replicates and are fitted with a curve to obtain
thar (time required to reach an aggregate size equal to half of the total
number of peptides) for various percentages of glucose. The data for the
three independent simulation runs are presented in the ESL
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Table 1 Values of tn, for various concentrations of glucose molecules

% Glucose (wW/v) thar (ns)

0 239 + 5.2
0.31 181 £ 6.0
1.55 155 £ 4.8
3.10 165 + 3.9

with all peptides involved (snapshots - Fig. S2(d), ESIt) for all
simulations across all glucose concentrations. In our simula-
tions, due to the high concentration of Ap peptides (~33 mM),
there was a fast initial growth of aggregate sizes in all simula-
tion systems. We observed a concentration dependence in
peptide aggregation kinetics, with fast complete aggregation
at increased glucose concentrations and slower evolution for
reduced ones. We fitted a curve to Fig. 2(a)-(d) to obtain ¢y¢
values for various glucose concentrations to evaluate the corre-
lation between the aggregation kinetics and the concentration
of glucose molecules. ¢, is defined as the time required to
reach an aggregation size equal to half of the total number of
peptides in the simulation. Table 1 shows the values of ¢, for
various concentrations of glucose molecules. We observe that
thair decreases as glucose concentration increases, with the
value plateauing around 160 ns for the two higher concentra-
tions, probably due to the correlation reaching a threshold at
1.55% glucose. This correlation between increased hyperglyce-
mia and AP fibrillation has been previously noted in experi-
ments by Kedia et al.'®

The glucose molecules are predominantly concentrated at
the interface of the aggregate, forming a cage-like structure at a
distance of about 5-7 A, with glucose exchanges between the
interface and the bulk solvent (Fig. S2(d), ESIT), similar to the
organization suggested by Menon et al. in their atomistic study
with AP 1-42. Such organization of glucose molecules can
influence local environmental alterations.>” However, contrary
to experimental reports by Kedia et al,'® the authors here
reported a decrease in protein dimerization because of the
co-solvated glucose. This could be attributed to the significantly
higher concentration (800 mM) coupled with the slow kinetics
in atomistic simulations. Slower peptide and aggregate diffu-
sion can result in fewer peptide-peptide interactions, which are
necessary for an increase in the aggregate size. Such diffusion-
limited peptide aggregation behavior has been noted in pre-
vious research on macromolecular crowding and aggregation.>*

3.2 Secondary structure in protein aggregates

We analyzed the secondary structure content in our protein
aggregates and tracked their growth over time. There is a quick
gain in ordered structures at the start of the simulation, followed
by a B-sheet content close to 0.4-0.5 and a o-helical content close
to 0.05-0.10. This trend in the amount of ordered B-sheets
(Fig. 3(a)) and a-helices (Fig. 3(b)) is observed over all the glucose
concentrations and for all the simulation runs. The secondary
structure data for the replica simulations are shown in Fig. S6
(ESIY). Increased glucose levels led to fast aggregation but did not
affect the B-sheet and o-helical content in agreement with
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Fig. 3 Time evolution of B-sheet (a) and a-helical (b) fractions present in
AP aggregates for all glucose concentrations in an independent simulation
run. Data for the replica simulations are presented in the ESI.{

experimental observations.'® Previous experimental reports by
Kedia et al. also reported this increased aggregation in the presence
of glucose without any changes in ultraviolet circular dichroism.®

3.3 Restricted rotation of interfacial glucose molecules

Finally, we quantified the local enhancement of glucose mole-
cules close to the peptide aggregate. Fig. 4(a) shows the relative
enrichment (RE) of each CG interaction site of glucose com-
pared to water molecules as a function of the distance from the
protein aggregate for the simulation with 1.55% glucose (w/v).
As glucose is an asymmetric molecule, we investigated the
directional nature of the glucose-peptide interactions.

We found that Bl beads (representing C5 and C6) were
closer to the peptide than B2 (representing C3 and C4) and B3
(representing C1 and C2). Previous ab initio calculations of
hydrogen-bonding patterns of glucose in water have reported a
similar asymmetric set of interactions.”” The authors found
that the oxygens at C5 and C6 have lower hydrogen bonding
capabilities compared to other oxygens. We observed a similar
trend, with C5 and C6 partitioning closer to the peptide
aggregate. This preferential orientation results in restricted
rotations of the glucose molecules near the aggregate, resulting
in a loss of molecular rotational entropy. This loss of molecular
rotational entropy of the glucose molecules near the aggregate
was determined and compared with the value in bulk water, as
shown in Fig. 4(b). This can explain our concentration-
dependent increase in aggregation rates. With an increase in
the size of the aggregate (concurrent increase in aggregation

a — & b

— B3

—e— Near aggregate
—e— In bulk water

[
Y
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.
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Relative enrichment
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Fig. 4 (a) Relative enrichment of individual coarse-grained interaction
sites of glucose for simulation with 1.55% glucose (w/v). Data were
obtained from the last 500 ns of the simulation run. (b) Loss of molecular
rotational entropy (in eV) for various % compositions (w/v) of glucose
molecules compared with the values in bulk water. The data represent the
mean values of the three replicates from the last 500 ns of the simulation,
and the error bars are the standard errors of the mean.
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rates), the aggregate surface area accessible for interaction with
glucose decreases, which in turn reduces the entropic penalty.
This leads to an increase in the fraction of glucose molecules
present in bulk water as the peptide aggregate grows in size at
higher glucose concentrations (1.55% and 3.10%), as shown in
Fig. S7(a) (ESIt). Therefore, with an increased local concen-
tration of glucose, there is an effective preference for larger
aggregates. Similar macromolecular crowding and entropy-
associated effects (folding/denaturation) have also been observed
for RNA and protein systems.>®°

While epidemiological studies have correlated AD and T2D,
the primary reason for this has been attributed to the covalent
modification of arginine and lysine (AGE), resulting in the
cross-linking of amyloid aggregates. These covalent cross-
links prevent the dissolution of the peptide aggregates. Pre-
vious studies have suggested a possible temporal mismatch
between peptide aggregation and chemical modifications.'®
Here, we uncover a complementary thermodynamic pathway
for the observed increase in peptide aggregation with glucose.

Systematic studies of protein thermodynamics in response
to crowded environments have revealed unique structural transi-
tions and phase behaviors.®® In the case of protein aggregation,
research on macromolecular crowding effects has been generally
limited to non-interacting (steric) crowders and very high
concentrations to mimic physiological viscosity in biological
environments.”>®" Latsaw et al. reported that such crowders
can lead to a decrease in the effective sizes of aggregates, resulting
in an increased number of smaller oligomers. In some instances,
the addition of an ad hoc hydrophobic effect to the crowder can
shape the structural features of the aggregate. Finally, adding soft
non-specific crowder interactions has been shown to have unique
implications and to reverse the effect of systems with only steric
crowders.””® In this work, we reported a specific directional
interaction of glucose molecules with peptides, leading to
increased aggregate size, which is in contrast with the effects
observed for steric crowders, as noted by Latsaw et al.>*

In this article, we have focused on the central hydrophobic
fragment of the AP peptide as a template (similar to®****) to
understand its aggregation under hyperglycemic conditions. While
a similar non-specific caging effect has been noted for the full-
length AP peptide in previous research,”” which can point to
accelerated aggregation of full-length AP at increased glucose
concentrations, it is still difficult to accurately ascertain this
response. Several other factors might impact full-length AB aggre-
gation, such as disordered N-terminus and local partial structures
in the C-terminus. Moreover, there are several other physiological
small molecules and peptide assemblies linked to T2D and AD that
can also affect this behavior through various physical processes and
chemical modifications. This is beyond the scope of the current
work and should be further investigated in future research.

4 Conclusion

Self-assembly of AP peptides into specific deposits is noted as an
essential upstream process in Alzheimer’s disease. Several recent
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studies have suggested interlinks between high blood glucose levels
and Alzheimer’s disease. This has led to biophysical research to
uncover the connection between hyperglycemic conditions and AB
aggregation. Several research studies have indicated the ability of
glucose to chemically modify amino acids and create covalent
cross-links that are resistant to dispersion. Currently, to the best
of our knowledge, limited studies exist which aim to uncover
thermodynamics-based mechanisms, which can explain the initial
peptide aggregation in the presence of glucose molecules. In this
work, we approach this research question from a computational
lens using coarse-grained molecular simulations to understand the
aggregation of AP 16-22 with varying concentrations of glucose.
Using a simplified modeling approach, our simulations could
probe physiological responses at much larger spatio-temporal
scales than those afforded by the fine-grained models.

Our analyses of coarse-grained simulation trajectories,
in agreement with experimental findings, suggest a glucose
concentration-dependent increase in the aggregation rate. We
did not observe changes in the secondary structure content due
to the presence of glucose molecules. The glucose molecules
close to the peptide aggregate preferred a particular orienta-
tion, with C5 and C6 partitioning closer to the aggregate than
the other CG interaction centers associated with other carbon
molecules. The restricted rotation of this ring molecule would
result in a loss of molecular rotational entropy, which can force
a reduction of the accessible area for glucose molecules to
interact, thereby hastening the peptide aggregation process.
The preferred orientation limits how freely the glucose mole-
cules can rotate, resulting in a loss of molecular rotational
entropy. Now, peptide aggregation could reduce this loss by
decreasing the available region for peptide-glucose interactions.
Therefore, at a high concentration of glucose molecules, the
peptides aggregate faster. This could be a possible thermo-
dynamic mechanism for the concentration-dependent increase
in the aggregation rate of AP fragments in the presence of
glucose molecules.

Although the effect of steric crowders on peptide aggrega-
tion has been noted in previous computational studies, in this
work, we report the results with crowders (glucose molecules)
having a distinct restrictive geometry and specific interactions
with the peptides. This contributed to an alternative thermo-
dynamic link between glucose and peptide aggregates, beyond
chemical modifications, that can explain observations from
experiments. Future research in this direction could focus on
exploring these thermodynamic links and how cellular environ-
ment and full-length peptides, beyond these simplified model
systems, can affect it. Moreover, this presents an opportunity to
develop rational therapeutics that can target and/or perturb
this thermodynamic link.
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All files required to set up and perform the simulations
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