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A B S T R A C T

The glycine zipper motif at the C-terminus of the β-amyloid (Aβ) peptide have been shown to strongly influence
the formation of neurotoxic aggregates. A previous study showed that the G37L mutation dramatically reduces
the Aβ toxicity in vivo and in vitro. However, the primary cause and mechanism of the glycine zipper motif on Aβ
properties remain unknown. To gain molecular insights into the impact of glycine zipper on Aβ properties, we
substituted the residue 37 of Glycine by Valine and studied the structural and biochemical properties of G37V
mutation, Aβ42(37V), by using in vitro and in silico approaches. Unlike G37L mutation, the G37V mutation
reduced toxicity substantially but did not significantly accelerate the aggregation rate or change the content of
secondary structures. Further TEM analyses showed that the G37V mutation formed an ellipse-like aggregate
rather than a network-like fibril as wild type or G37L mutation of Aβ42 form. This different aggregation mor-
phology may be highly linked with the reduction of toxicity. To gain the insight for the different properties of
Aβ42(37V), we studied the structure of Aβ42 and G37V mutation using the replica exchange molecular dy-
namics simulation. Our results demonstrate that although the overall secondary structure population is similar
with Aβ42 and Aβ42(G37V), Aβ42(G37V) shows an increase in the β-turn and β-hairpin at residues 36–37 and
the flexibility of the Asp23-Lys28 salt bridge. These unique structural features may be the possible reason to
account for the ellipse-like morphology.

1. Introduction

Alzheimer's disease (AD) is one of the most popular forms of de-
mentia in the elderly (Alzheimer's Association, 2016). AD patients di-
minish in memory, language, problem-solving and the ability to per-
form daily activities (Alzheimer's Association, 2016). Currently, no
effective therapy for AD is available because its etiology remains
mysterious. Several hypotheses on the causality of AD have been pro-
posed, but, as a large number of facts show, the so-called amyloid
cascade hypothesis is the most promising (Hardy and Selkoe, 2002). In
this hypothesis, the central role is played by amyloid beta (Aβ) pep-
tides, which are produced by cutting amyloid precursor protein (APP)
into short segments by β- and γ-secretases (Kang et al., 1987; Patterson

et al., 2008), play a central role. The most abundant Aβ species in senile
plaque are Aβ40 and Aβ42, which contain 40 and 42 residues, re-
spectively. The amyloid cascade hypothesis posits that AD is caused by
the formation of toxic Aβ plaques on the extracellular side of the neuron
(Hardy and Selkoe, 2002).

In aqueous solution, Aβ monomers are disordered, but at a micro-
molar concentration they can aggregate into fibrils, which consist of
cross-β-sheets (Lührs et al., 2005; Nasica-Labouze et al., 2015; Petkova
et al., 2002). Therefore, in the senile plaques, the Aβ peptides have a
high β-content. Since Aβ42 is more abundant in β-structure and easier
forms small soluble oligomers, it has been proposed that Aβ42 is more
toxic than Aβ40 (Gravina et al., 1995; Suzuki et al., 1994). Thus, one
way to prevent AD is to create molecules that can block the formation of
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toxic aggregates (Amiri et al., 2018; Amiri et al., 2019; Caughey and
Lansbury Jr, 2003; Citron, 2004; Hardy and Selkoe, 2002; Hendriks
et al., 1992; Levy et al., 1990). An opposite strategy is to develop
molecules that can enhance the formation of fibrils and subsequently
reduce the lifetime of Aβ oligomers (Goudarzi et al., 2019; Levy et al.,
1990). These two approaches clearly require knowledge of the atomic
structures of oligomers that are not so easy to obtain experimentally
due because oligomers are transient in nature. The third approach to
the treatment of AD is based on mutations that can alter the ways of
self-assembly, the rate of fibril formation and the Aβ toxicity.

At the C-terminus, Aβ peptide contains a so-called “glycine zipper”
motif in which residues 25, 29, 33 and G37 are glycine (Kim et al.,
2005). This motif can affect the transformation of a random coil or α-
helical structure into a β-sheet and, therefore, the formation of fibrils.
Replacing Gly with Leu, Hung and coworkers showed that Aβ42 mu-
tations, which contain G25L, G29L, G33L, and G37L, were less toxic
than wild type Aβ42 in mouse primary cortical neurons (Hung et al.,
2008). It was shown that G33L and G37L actively reduce the toxicity of
Aβ42. Recently, the role of Glycine zipper motif of Aβ42 by the sub-
stitution Glycine by Leucine at position 37 has been studied. This mu-
tation accelerated the aggregation rate and hence reduced the toxicity
of Aβ in in vivo and in vitro models (Fonte et al., 2011). However, the
molecular insight of how these mutations at glycine zipper affect the Aβ
properties remains largely unclarified.

Valine has a moderate helical propensity compared to leucine which
is the amino acid with high helical propensity next to Alanine (Pace and
Scholtz, 1998). Moreover, a G33V-V36P-G38V mutation of Aβ42 has
shown to increase the β-turn and β-hairpin at residues 36–37 resulting
in enhanced oligomerization (Roychaudhuri et al., 2013). Therefore, in
this work, we substituted the residue 37 of Glycine with Valine instead
of Leucine and characterized the structural and biochemical properties
such as structure, toxicity, aggregation rate and morphology using in
silico and in vitro approaches. Our in vitro study showed that the
Aβ42(G37V) mutant could dramatically reduce toxicity but does not
significantly affect the aggregation rate and secondary structure. The
most significant difference between Aβ42 and Aβ42(G37V) is the
morphology which Aβ42(G37V) formed an ellipse-like aggregate rather
than a network-like fibril as observed in wild type Aβ42.

To understand the results, obtained in the in vitro experiment, we
conducted an all-atom replica exchange molecular dynamics (REMD)
simulation to study the structure of Aβ42 and Aβ42(G37V) in their
monomeric form. The obtained structural information can allow us to
infer how the G37V mutation affects the structural and biochemical
properties. Our in silico study showed that the Aβ42(G37V) mutant
insignificantly changes the overall contents of secondary structures, but
the mutation increases not only the population of β-turn and β-hairpin
at the residues 36–37 but also the flexibility of salt bridge between
Asp23-Lys28. These two structural features may be highly linked to the
different morphology.

2. Material and methods

2.1. Synthesis and purification of peptides

The wild-type Aβ42 and G37V mutated Aβ42 were either synthe-
sized using an ABI 433A solid-phase peptide synthesizer or purchased
from Cellmano Biotech Limited, China. The synthesized Aβ peptides
were then purified on HPLC with a reversed C-18 column. The mole-
cular weights of purified wild-type and G37V mutated Aβ42 peptides
were verified by either ESI or MALDI-TOF mass spectroscopy.

2.2. Circular dichroism (CD) spectroscopy and secondary structure
analyses

Forty μM of Aβ42 and Aβ42(G37V) peptides in 10mM phosphate
buffer, pH 7.0 were incubated for 1 day and 3 days. Three hundred μL

of incubated peptide samples were used for spectroscopic measure-
ments. Circular dichroism (CD) spectra of Aβ42 and Aβ42(G37V) were
performed in a quartz cell with a path length of 0.1mm and collected
from 190 to 260 nm with 0.2 nm interval at 25 °C using either a JASCO
815 CD spectrometer (the National Synchrotron RadiationCcenter in
Taiwan) or a Chirascan-plus qCD spectrometer (Biophysics Core
Facility, Academia Sinica, Taiwan). Every CD spectrum was the average
sum of three separate measurements. Secondary structure calculation
was analyzed using the CDSSTR program in Dichroweb sever (Lobley
et al., 2002; Whitmore and Wallace, 2004). A normalized root mean
standard deviation (NRMSD) provided by CDSSTR program was applied
to indicate the quality of fit for each spectrum.

2.3. Thioflavin-T peptide aggregation assay

Two mg of lyophilized Aβ42 or Aβ42(G37V) peptides were dis-
solved in 1mL 0.1N NaOH to make a 500 μM of Aβ peptide stock so-
lution and stored at −150 °C until use. For Thioflavin-T (Th-T) ag-
gregation assay, 25 μM of Aβ peptide was diluted from the peptide stock
solution in 10mM phosphate buffer (pH 7.4), 30 μM Th-T and 0.01%
NaN3. Thioflavin-T measurements were performed on a fluorescence
microplate reader (FlexStation 3, MD) every 5min at 37 °C with ex-
citation of 450 nm and emission of 490 nm. The reported aggregation
profile was the average sum of three separate analyses.

The related aggregation rate was fitted using an exponential growth
equation as following:
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Where Y is the Th-T intensity, k is the rate constant, and t and to re-
present the time and the time to 50% of maximal fluorescence respec-
tively 37. The related kinetic parameters were obtained by using the
nonlinear curve fitting mode in Original 6.0 (OriginLab, Northampton,
MA, USA). The quality of the curve fitting was contained by setting the
confidence level target to 0.95 and the value of χ2 less than 0.05.

2.4. Transmission electron microscope (TEM) analysis

The morphologies of Aβ42 and Aβ42(G37V) aggregates incubated
at day1, day3 and day5 were analyzed using a transmission electron
microscope (TEM) (Hitachi H-7650, Japan) with an accelerating vol-
tage of 100 KeV. Forty μM of Aβ42 and Aβ42(G37V) peptides in 10mM
phosphate buffer were incubated for 1 day, 3 days and 5 days. Ten μL of
each peptide sample was applied for TEM analysis by placed onto a
carbon-coated 200 mesh copper grid (Pelco, Ca, USA). The grid was
then stained with 5 μl of 2% uranyl acetate for 30 s and allowed to
further air dry for 30min before TEM measurements.

2.5. Cell viability assay

Five hundred μM of Aβ peptide stock solution was freshly prepared
by dissolving 1mg of peptide in 1mL of DMSO for both Aβ42 and
Aβ42(G37V). These peptide stock solutions were further incubated at
4 °C for 24 h and diluted to the designed concentrations for cell survival
assay. For cell culture, 2✕104 of human neuroblastoma SH-SY5Y cells in
each well of a 96-well microtiter plate were cultured in a culture
medium containing DMEM/F12 (1:1) (Biochrom, Berlin, Germany),
2 mM glutamine and 10% (v/v) heat-inactivated fetal bovine serum
(Biowest, Nuaille', France). These cells were then incubated with or
without Aβ peptides in a humidified atmosphere containing 5% CO2 for
72 h at 37 °C. For cell survival assay, 10 μL of MTT solution was added
to each well and further incubated for another 4 h at 37 °C. The ab-
sorbance at wavelength of 570 nm was measured as an indication of cell
survival rate.
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2.6. Initial structure of WT Aβ42 and mutant Aβ42 (G37V)

The atomic structure of WT Aβ42 was retrieved from the Protein
Data Bank (code: 1Z0Q (Tomaselli et al., 2006)). The structure of Aβ42
(G37V) was obtained from the WT using RaptorX web server (Källberg
et al., 2012).

2.7. Molecular dynamics simulation

To perform molecular dynamics (MD) simulations, the GROMACS
software version 4.5.5 was employed (Hess et al., 2008). The interac-
tions between atoms were described by the OPLS-AA/L force field
(Kaminski et al., 2001). The Generalized Born (GB) model was used to
mimic the implicit solvent (Onufriev et al., 2004). The rationale for our
choice of OPLS-AA force field is that it can provide conformations
consistent with the NMR data for the Aβ42 monomer (Linh et al., 2017;
Nguyen et al., 2016; Sgourakis et al., 2007). The Langevin equations
were solved using the leapfrog algorithm with a time step of 2 fs. The
LINCS algorithm was used to constrain all bonds (Hess et al., 1997). The
velocity of atoms was periodically varied using a V-rescale temperature
coupling, but the temperature of the system was kept stable with a
relaxation time of 0.1 ps (Bussi et al., 2007). The electrostatic and van
der Waals (vdW) and electrostatic interactions were computed without
cutoff. Using the method of Partrisson and van der Spoel (Patriksson
and van der Spoel, 2008), we have chosen 12 replicas with tempera-
tures 290.16, 300, 311.80, 326.18, 343.14, 361.92, 380.83, 400.69,
421.86, 444.02, 466.14, 490.16 K. The replica exchange was made
every 2 ps. As in our previous works, the acceptance rate was about
30% allowing every replica to travel through the whole replica space
(Linh et al., 2017; Nguyen et al., 2016). Simulation time was 103 ns per
replica and to analyze the data, we collected snapshots every 10 ps at
equilibrium.

2.8. Definition of main quantities

Secondary structures. The STRIDE algorithm was used to calculate
the secondary structures of Aβ peptides (Frishman and Argos, 1995). In
this algorithm, secondary structures are defined taking into account not
only the dihedral angles, but also the hydrogen bonds (HBs). Therefore,
STRIDE is expected to be more accurate than other algorithms, where
the definition of secondary structures is based solely on geometric
constraints. More details may be found in our previous works (Linh
et al., 2017; Nguyen et al., 2016; Truong et al., 2014).

Salt Bridge. Here we focus on the SB, formed by two charged re-
sidues located in positions 23 and 28, because it plays a critical role in
the formation of fibrils. Asp23-Lys28 SB was formed when the distance
between O23 and Nζ

28 is less than 4.6 Å.
Free energy surface. In order to construct the free energy landscape

for monomer Aβ42 and Aβ42(G37V), we used the dihedral principal
component analysis (dPCA), where the multi-dimensional space is re-
duced to a two-dimensional space with two main reaction coordinates
V1 and V2 (Mu et al., 2005). Then the free energy ΔG(V1, V2)= -kBT[ln
P(V1,V2) – ln Pmax], where P(V1,V2) is the probability distribution,
which is obtained from the REMD simulation. The maximum distribu-
tion Pmax is subtracted so that the lowest minimum corresponds to
ΔG=0.

β-turn and β-hairpin. A β-turn is formed on four consecutive amino
acids and depending on dihedral angles of these residues it can have
nine types (Hutchinson and Thornton, 1994). Types I′ and II’ are pre-
dominantly found in β-hairpin (Lewis et al., 1973; Richardson, 1981).

3. Results

3.1. Cell viability of Aβ42 and Aβ42(G37V)

Several previous studies demonstrated that the mutations in the

glycine zipper motif of Aβ42, particularly Gly37, can significantly re-
duce Aβ toxicity (Hung et al., 2008; Fonte et al., 2011). Therefore, we
first examined the cytotoxicity of Aβ42 and Aβ42(G37V). Comparative
cell survival rate after treatment with several concentrations of Aβ42
and Aβ42(G37V) at 72 h is shown in Fig. 1. The cell viability remained
at nearly 100% at all concentrations of Aβ42(G37V). In contrast, the
cell survival rate was decreased with an increase in Aβ42 concentra-
tion. At 20 μM, the cell survival rate was less than 50% for Aβ42 and
more than 100% for Aβ42(G37V). Results demonstrate that the re-
placement of Gly with Val at residue 37 can significantly reduce the
toxicity compared to wild-type Aβ42. This is consistent with the pre-
vious studies that the replacement of Gly residues at the glycine zipper
region with Leu can substantially diminish the cytotoxicity (Hung et al.,
2008; Fonte et al., 2011).

3.2. Circular dichroism (CD) spectra of Aβ42 and Aβ42(G37V)

The key step for the Aβ toxicity is the conformational transition
either from α-helix or random coil to β-sheet 2. Since the Aβ(G37V)
showed a significant reduction of cytotoxicity, we then investigated the
structure of Aβ42 and Aβ42(G37V) using CD spectroscopy. The CD
spectra of Aβ42 and Aβ42(G37V) at day1 and day 3 are shown in
Fig. 2(A) and (B), respectively. The secondary structure of Aβ42 is 4%
α-helix, 26% β-sheet, 17% turn and 51% random coil
(NRMSD=0.022) at day1 and 3% α-helix, 41% β-sheet, 22% turn and
33% random coil (NRMSD=0.031) at day3, while Aβ42(G37V) adopts
13% α-helix, 17% β-sheet, 22% turn and 48% random coil
(NRMSD=0.050) at day1 and 6% α-helix, 40% β-sheet, 24% turn and
31% random coil (NRMSD=0.030) at day 3.

Results show that, at day1, the α-helix percentage of Aβ42(G37V) is
higher than that of Aβ42, whereas, the β-sheet percentage of
Aβ42(G37V) is lower than that of Aβ42. At day3, both Aβ42 and
Aβ42(G37V) peptides adopt a high percentage of β-sheet structure
(~40%) with a reduction of random coil (~30%), indicating that both
Aβ42 and Aβ42(G37V) may be at their aggregation state at day3. This
result is consistent with the aggregation profile (Fig. 3). However,
compared to Aβ42, the structural conversion of Aβ42(G37V) involved a
significant decrease of α-helix in which the α-helix content reduced
from 13% at day1–6% at day3, while the α-helix percentage of Aβ42
did not show much change at day1 and day3. The β-sheet content at
day1 for both Aβ42 and Aβ42(G37V) is similar to that of monomeric
Aβ42 and Aβ42(G37V) in silico studies. The β-sheet percentage at day3
for both peptides is much higher and similar to literature reported (Liao

Fig. 1. Comparative cell viability after treatment with several concentrations of
Aβ42 and Aβ42-G37Vat 72 h.
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et al., 2007; Stroud et al., 2012).

3.3. Aggregation kinetics of Aβ42 and Aβ42(G37V)

Another important factor for the toxicity induced by Aβ peptide is
the aggregation profile and rate of Aβ (Kim et al., 2005). As results
showed in the cell viability assay and secondary structure, the G37V
mutation could dramatically diminish the Aβ toxicity but does not
change the propensity of the β-sheet formation. A previous study
showed that Aβ42(G37L) reduced the cytotoxicity through the accel-
eration of aggregation rate (Hung et al., 2008). Therefore, we examined
the aggregation process for Aβ42 and Aβ42(G37V). Fig. 3 shows the
aggregation process for Aβ42 and Aβ42(G37V) using the Th-T fluor-
escence assay. Solid lines show the best-fit curves using equation (1).
The aggregation profiles of Aβ42 and Aβ42(G37V) were shown to be a
sigmoidal curve and contained a lag phase. This aggregation profile
indicates that the aggregation of Aβ42 and Aβ42(G37V) is a typical
nucleation-dependent process. Unlike the case of VPV mutation of Aβ42
(Roychaudhuri et al., 2013), from the Th-T fluorescence intensity, both
Aβ42 and Aβ42(G37V) may form fibril rather than oligomer. The cal-
culated aggregation rate were 0.047 ± 0.005 (χ2= 0.003, R2=0.95)

μM−1 min−1 for Aβ42 and 0.042 ± 0.002 (χ2= 0.001, R2= 0.98)
μM−1 min−1 for Aβ42(G37V), suggesting that there is no significant
difference for the aggregation rate between Aβ42 and Aβ42(G37V).
These results demonstrate that the substitution of Gly37 with Val does
not affect the aggregation processes and rate. This result is different
from the previous studies, in which the Aβ42(G37L) accelerated the
aggregation process and hence reduced the toxicity (Kim et al., 2005;
Fonte et al., 2011).

3.4. TEM morphology of Aβ42 and Aβ42(G37V)

As results shown in the structure and aggregation studies, both
secondary structure and aggregation rate are unlikely responsible for
the reduction of Aβ42(G37V) toxicity. We then examined the mor-
phology of Aβ42 and Aβ42(G37V). Fig. 4 shows the TEM morphologies
for Aβ42 and Aβ42(G37V) at 0, 24 and 72 h. Both Aβ42 and
Aβ42(G37V) aggregated into high-ordered structure at 24 and 72 h,
but, surprisingly, the morphology of Aβ42(G37V) aggregates was very
different from that of Aβ42 aggregates, in which Aβ42 aggregated well
into a typical network-like of long fibril, while the morphology of
Aβ42(G37V) shows to be a single particle with either round or ellipse
shape. The fibril of Aβ42 become much dense and longer at 72 h,
whereas the Aβ42(G37V) aggregates did not change the shape or size,
and only the number of particle-like aggregates increased. The ellipse-
like aggregates of Aβ42(G37V) have a relatively homogenous size with
a diameter of 50 nm, whereas the diameter of Aβ42 fibrils is around
5–9 nm. The size of Aβ42(G37V) aggregate is much larger than the size
of Aβ42 oligomer and globulomer (5–25 nm) and similar to the size of
Aβ42 protofibril (40 nm) (Mastrangelo et al., 2006).

3.5. REMD simulation

Our in silico study is aimed at providing structural insights on the
difference in the morphology for Aβ42 and Aβ42 (G37V). Due to the
limitations of existing computational capabilities, we limit ourselves to
completely atomic modeling of the monomers Aβ42 and Aβ42 (G37V),
which may allow us to obtain information about the conformation.

3.6. Equilibration

In simulation, the temperature range was from 290.16 to 490.16K,
and the simulation results obtained at the physiological temperature

Fig. 2. The CD spectra of Aβ42 (A) and Aβ42(G37V) (B) at day1 and day 3.

Fig. 3. The aggregation process for Aβ42 and Aβ42(G37V) using the Th-T ag-
gregation assay.
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(T=311.8K) were used for further analysis of the structure and free
energy. Assuming that the system reaches equilibrium if the time de-
pendence of RMSD becomes saturated, we obtain a equilibration time
teq= 210 ns.

To ensure that the data are equilibrated, we considered two time
intervals [teq, tfull] and [teq, t1], where tfull = 1000 ns and t1 is in the
middle of teq and tfull, i.e. t1= teq+(tfull-teq)/2=605 ns. If within the
error the secondary structures, estimated in these two windows, coin-
cide, then we can expect that the data were obtained at least in quasi-
equilibrium. As evident from Fig. 5, this criterion is satisfied for both
WT Aβ42 and Aβ42 (G37V), implying that the 1000 ns REMD simula-
tion is sufficient to equilibrate the system. In what follows we will
present the results obtained for a wider time interval of 210–1000 ns.

3.7. Secondary structure of Aβ42 and Aβ42(G37V)

Since the formation of β-sheet structure is the key factor for the
aggregation of Aβ peptide, we simulated the structures of Aβ42 and
Aβ42(G37V) and compared the properties of their secondary structure.
Table 1 shows the secondary structures, obtained at equilibrium and
T=311.8 K, for Aβ42 and Aβ42(G37V). The mean values of α-helix, β-
strand, turn and coil are 1.25% ± 0.3%, 21.95% ± 1.91%,
60.01% ± 7.72% and 15.95% ± 3.23% for Aβ42, and 2.69 ± 0.78,
21.10 ± 3.36, 60.89 ± 4.28 and 15.3 ± 2.88% for Aβ42(G37V).
Obviously, these two variants adopt a similar secondary structure with
high population of β-structure. The percentage of α-helix and β-sheet is
similar to our in vitro results at day1. On the other hand, the population
of turn structure obtained in silico study is higher than that of random
coil for Aβ42 and Aβ42(G37V), whereas the random coil form is higher
in CD analyses. This difference is possibly due to the structural state,
since the Aβ adopts different structure at monomeric and aggregated

state (Chiang et al., 2014; Rosenman et al., 2013). Despite the effect
due to the different molecular state, both in vitro and in silico results
demonstrate that G37V mutation does not significantly affect the po-
pulation of secondary structures compared to wild type Aβ42.

3.8. Free energy landscapes of Aβ42 and Aβ42(G37V)

In addition, we also analyzed the structures of Aβ42 and
Aβ42(G37V) at the local minimum free energy. The FESs (free-energy
surfaces) and the most populated structures of Aβ42 and Aβ42(G37V)
are presented in Fig. 7. Table 2 gives the population and secondary
structure for representative structures of local minima.

In Aβ42, with the exception of the lowest populated S5 (11.6%),
other representative structures S1-S4 have β-strands (Fig. 7). This is
basically consistent with the previous work showing that the β-struc-
ture is present in the most populated conformations (Viet and Li, 2012).
Using the OPLS-AA/L force field and the TIP3P water model Rosenman

Fig. 4. The TEM morphologies for Aβ42 and Aβ42(G37V) at 0, 24 and 72 h.

Fig. 5. (Upper panel) Time dependence of Cα-RMSD at T=311.8 K for the two
sequences. The arrow refers to equilibration time teq ≈210 ns when the RMSD
saturates. (Bottom panel) The β-content obtained for two time windows at
T=311.8 K for the two peptides. Black and red refer to windows [210–1000
ns] and [210–700 ns], respectively. Error bars are obtained by averaging over
snapshots collected at equilibrium.

Table 1
Secondary structures of Aβ42-WT peptides and its mutants.

Content (%) WT G37V

β 21.95 ± 1.91 21.10 ± 3.36
α-helix 1.25 ± 0.30 2.69 ± 0.78
Turn 60.01 ± 7.72 60.89 ± 4.28
Coils 15.95 ± 3.23 15.32 ± 2.88
β-turn at 36-37 42.9 ± 1.5 91.55 ± 4.95
β-hairpin 14.0 ± 1.8 34.5 ± 4.75
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et al. demonstrated that several dominant structures have two β-strands
(Rosenman et al., 2013). We have also observed two β-strands in some
structures, and S3 and S4 even have three β-strands (Fig. 7). The dif-
ferences between different groups are probably related to the different
force fields and water models they used. However, this problem is not
important for us, since we strive to compare two sequences using the
same force field and water model. Among all the dominant structures
only S1 (19%) has a nonzero α-helix of 7% (Table 2). The coil ranges
between 5% (S2) and 25% (S5), whereas the turn population is of
55–75%.

In the same trend with Aβ42, Aβ42(G37V) has all the conformations
that are populated with the β-sheet (Table 2). S2 has a low β-strand but
α-helix and turn are leveled up as 9.5% and 66.7%, respectively. The
turn structure (40.5%) of S4 (10%) is significant lower than the average
turn of all the conformations (21.1%) but the β-sheet is leveled up
(47.6%). In Aβ42, the population of representative structures con-
taining β-structure is 79.1%, while in Aβ42(G37V), this number is
100%. In line with secondary structure, β-turn occur in almost re-
presentative conformations.

3.9. Analysis of structure distribution at C-terminus

Further analysis of the per-residual distribution of secondary
structures shows that, for Aβ42, the highest β-sheet content occurs at
the central hydrophobic core (CHC) region from residue 18 to 23
(Fig. 6). Besides, the high population of the β-sheet occurs at positions
31–35, and 39–41 at the C-terminus. This distribution is consistent with
the previous studies that β-strand is rich at residues 38–41, 32–36,

29–36, or 37–40 (Ball et al., 2013; Sgourakis et al., 2007; Velez-Vega
and Escobedo, 2011; Viet and Li, 2012). Thus, the C-terminus of Aβ42 is
much more ordered than the N-terminus, matching to the experimental
result of Luhrs and coworkers that the C-terminus is more prone to fibril
growth (Lührs et al., 2005).

Similar to Aβ42, the most abundant β-strand region of Aβ42(G37V)
is also located at residues 18–21, 31–35 and 39–41. The propensity of
α-helix in Aβ42(G37V) is slightly higher than Aβ42, and it is located at
residues 10–21 (Fig. 6). The mutation did not affect the overall pro-
pensity of the coil, but its distribution among the residues was changed.
The coil in disordered segments 11–13 and 27–34 amplifies due to its
reduction in regions 1–3 and 20–22. Similar propensities of secondary
structures in Aβ42 and Aβ42(G37V) are in good agreement with the in
vitro result, which shows that the mutation does not affect the popu-
lation ratio of secondary structure. However, a closer inspection shows
that the G37V mutation increases the population of β-turn at residues
36–37 and β-hairpin at the C-terminus from 42.9 ± 1.5 and
14.0 ± 1.8 in Aβ42 to 91.55 ± 4.95 and 34.5 ± 4.75% in
Aβ42(G37V) (Table 1), indicating that the replacement of Gly with Val
may induce a structural transition to more β-turn and β-hairpin at re-
sidues 36–37 of C-terminus. A similar observation was also reported for
Aβ40 in an all-atom MD simulation study by Okumura group (Tachi
et al., 2019).

3.10. The interaction of Asp23-Lys28 salt bridge

In addition to the increase of β-turn and β-hairpin propensities at
residues 36–37, we also observed a conformational change at the salt
bridge in Asp23−Lys28 from in silico studies. The salt bridge in
Asp23−Lys28 which forms a bending structure in both Aβ40 and Aβ42
fibrillary models is another vital factor in the formation of fibrils with
transverse β structures (Ahmed et al., 2010; Tycko, 2016). As can be
seen from Fig. 8, the mean distance of Asp23−Lys28 salt bridge is
6.74 Å in Aβ42. It increases to 7.07 Å in Aβ42(G37V). Moreover, an
additional peak occurs at about 8.8 Å in Aβ42(G37V), implying that the
interaction between Asp23−Lys28 is weaker in, and the bend con-
formation of Aβ42(G37V) is more flexible than that of Aβ42. In order to
elucidate the nature of this peak we calculated the distributions of the
end-to-end distance de-e, gyration radius Rg, number of hydrogen bonds
(HBs), potential energy and secondary structures for Aβ42(G37V) as a
function of the salt bridge distance R(Cα

23 - Cα
28) (Fig. S1 in Supporting

Information (SI)). Then we calculated the relative change in these va-
lues at positions A, B and C, which correspond to the salt bridge dis-
tance R(Cα

23 - Cα
28)= 8.5, 8.8, and 9.1 Å, respectively. Having defined

the relative change in quantity X from position A to B, for example, as
[X(B)-X(A)]/X(A), we obtained the results shown in Table S1 in SI.
Clearly, the most noticeable change is observed for the end-to-end
distance, beta and helix content, for which the relative change varies
between 15 and 132%. Consequently, the appearance of the second
peak at 8.8 Å is due to a significant change in these values around this
position. Snapshots reflecting this behavior are shown in Fig. 8.

To compare with the main peak at R(Cα
23 - Cα

28)= 6.4 Å, we also
calculated the relative change of all relevant quantities at R(Cα

23 -
Cα
28)= 6.1, 6.4, and 6.7 Å for Aβ42(G37V) (Table S2). As in the case of

the weaker peak, the nature of the main peak is mainly associated with
changes in the end-to-end distance, beta and helix content, but to a
lesser extent. However, for A→ C conversion, the relative change in the
helix content at the main peak (92.86%) is significantly higher than
that of the weaker peak (61.04%). Similar results were obtained for
Aβ42(WT) and are not shown.

4. Discussion

The residues of C25SNKG29AIIG33LMVG37 at the C-terminal hydro-
phobic region of Aβ42 form a GXXXGXXXGXXXG motif termed the
glycine zipper motif (Kim et al., 2005). The glycine zipper motif can

Table 2
Characterization of the Conformation State (S) of the Aβ42-WT and its mutants.

System S P (%) β α turn coil

Aβ42-WT 1 19.0 19 7 60 14
2 18.5 14 0 74 12
3 17.1 24 0 57 19
4 14.8 24 0 55 21
5 11.6 0 0 75 25
6 9.7 24 0 71 5

Aβ42-G37V 1 28.4 9.52 0 64.3 26.2
2 27.6 4.8 9.5 66.7 19.1
3 23.2 26.2 0 61.9 11.9
4 10.5 47.6 0 40.5 11.9
5 10.3 14.3 0 47.6 38.1

Fig. 6. Distributions of secondary structure of Aβ42(black) and Aβ42(G37V)
(red) at 311.8 K. Results were obtained from the time window [210, 1000 ns] of
MD simulations.
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adopt an α-helical structure in transmembrane lipids and convert helix
into β-strand in fibril state (Kim et al., 2005). This type of conforma-
tional transition makes the glycine zipper with characteristics similar to
the discordant helix (Chen et al., 2013; Chen, 2017; Päiviö et al., 2004).
Similar to the discordant helix, the replacement of Gly with amino acids
with high helix propensities, such as Ala, Leu or Ile, at the glycine
zipper can reduce the Aβ toxicity (Hung et al., 2008; Fonte et al., 2011).
However, the mechanism of toxicity reduction is different between the
glycine zipper and discordant helix. In discordant helix, the replace-
ment of residues with Ala leads to the stabilization of discordant helix
structure and inhibits the Aβ aggregation and toxicity (Chen et al.,
2013; Chen, 2017; Päiviö et al., 2004), whereas, in glycine zipper, the
substitution of Gly residues with Leu induces the fibril growth rate and
prevents the formation of toxic oligomer or globulomer (Hung et al.,
2008; Fonte et al., 2011).

Despite the different effect on the reduction of cytotoxicity for the
glycine zipper and discordant helix, both Ala and Leu are amino acids
with high helix propensity (Pace and Scholtz, 1998). We wonder if Gly
is substituted with amino acids with moderate helix propensity such as
Val (Pace and Scholtz, 1998), how the mutation will affect the prop-
erties of the glycine zipper motif and Aβ toxicity. Among the four Gly

residues, the replacement of Gly37 with Leu has the substantial effect
on the reduction of Aβ toxicity (Hung et al., 2008; Fonte et al., 2011).
Therefore, we disrupted the glycine zipper motif by replacing the Gly37
with Val rather than Leu (Hung et al., 2008; Hung et al., 2008). We then
characterized the related properties of Aβ42(G37V) such as secondary
structure, aggregation rate, and aggregation morphology using bio-
chemical and computational approaches.

Our in vitro results show that G37V mutation can significantly re-
duce the cytotoxicity compared to wild-type Aβ42. This result is similar
to that of Aβ42(G37L) (Fonte et al., 2011), indicating that the disrup-
tion of the glycine zipper motif can significantly reduce the Aβ toxicity
even with the amino acid with moderate helix propensity like Val.
Unlike the Aβ42(G37L), the mutation of G37V neither accelerates the
aggregation rate nor changes the β-sheet content in vitro. The most
significant difference is the aggregation morphology of Aβ42(G37V).
The morphology of Aβ42(G37V) aggregates shows an ellipse shape
instead of a network-like fibril which was observed in Aβ42 Hung et al.,
2008). From the shape of morphology, it may be arguable that
Aβ42(G37V) may seem to undergo some types of oligomerization.
However, from the analyses of aggregate's size in morphology and ThT
fluorescence intensity in aggregation profile, results suggest that
Aβ42(G37V) may still deposit into fibril-like aggregates but with a
different assembled morphology compared to Aβ42. The possible cause
for this morphology may be due to the fluctuation of structure induced
by the replacement of Gly with Val.

To gain the structural insight into how to cause the different mor-
phology of Aβ42(G37V), we simulated the structure of Aβ42 and
Aβ42(G37V) at monomeric state. Since all-atom simulation of the fibril
formation of peptides with 42 residues is beyond existing computa-
tional facilities, we performed the simulation of the monomer Aβ42
with the Aβ42 (G37V) using the all-atom replica exchange molecular
dynamics simulation in the implicit solvent. The obtained structural
information should provide us to infer how the G37V mutation affects
the related properties. Results show that the G37V mutation slightly
changes the secondary structures, and both Aβ42 and Aβ42(G37V)
contain a similar β-contents in the monomeric sate. This is consistent
with the CD spectroscopic analyses in which the main secondary
structure of Aβ42 and Aβ42(G37V) is β-contents. Despite the similarity
in secondary structure population, two other structural features are
observed in Aβ42(G37V) and may provide a possible clue for the
morphology.

The first feature is that G37V mutation promotes the β-turn and β-
hairpin propensity at residues 36–37 of C-terminus. A G33V-V36P-
G38V mutation of Aβ42 was also shown to promote the β-turn

Fig. 7. Free-energy landscape of Aββ42 and Aβ42(G37V) as a function of the first two principal components V1 and V2. The results were obtained from the dPCA
analysis at 311.8 K. Shown are representative snapshots obtained by the clustering method. The color bar shows the free energy measured in kBT.

Fig. 8. Distributions of the Asp23−Lys28 SB distance of Aβ42 and Aβ42(G37V)
at 311.8 K. The mean distance is 6.74 and 7.07 Å for Aβ42 and Aβ42(G37V),
respectively. For Aβ42(G37V) the second peak occurs at the salt bridge distance
R(Cα

23 - Cα
28)= 8.8 Å. Shown are snapshots at R(Cα

23 - Cα
28)= 8.5, 8.8 and 9.1 Å.
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propensity (Roychaudhuri et al., 2013). This triple VPV mutation leads
an increase of the β-turn and β-hairpin at residues 36–37, and conse-
quently destabilizes the fibril formation and promotes oligomerization
(Roychaudhuri et al., 2013; Linh et al., 2017). However, as demon-
strated in in vitro studies, Aβ42(G37V) may still undergo some types of
fibril-like aggregation process rather than oligomerization. Therefore,
we hypotheses that the effect of G37V mutation on Aβ42 is more likely
to destabilize the fibril formation instead of oligomerization as
Aβ42(G33V/V36P/G38V).

This hypothesis is further supported by the structural model of Aβ42
which was proposed by a solid-state NMR study (Ahmed et al., 2010).
In this NMR model, a stable Aβ42 oligomer should adopt a β-turn
structure at residues 12–15 and 36–39. In our structural model of
Aβ42(G37V), we do not observe any β-turn at residues 12–15, in-
dicating that G37V mutation does not induce a stable β-turn at residues
12–15. In Aβ42(G33V/V36P/G38V), an in silico study has proposed a
similar turn conformation at residues 12–15 (Linh et al., 2017).
Therefore, this further supports our hypothesis that the replacement of
Gly37 with Val may likely destabilize the fibril formation.

Another structural feature that stands for this hypothesis is the in-
teraction between Asp23-Lys28 salt bridge (Ahmed et al., 2010; Tycko,
2016). The in silico study shows that G37V mutation increases the
distance distribution of Asp23-Lys28 salt bridge at the bend region.
Aβ42 in both fibrillary and oligomeric states forms a cross β-sheet be-
tween Glu11-Ala21 and Ile32-Ala42 and a bend at residues 22–31 with
a salt bridge of Asp23-Lys28 (Ahmed et al., 2010; Linh et al., 2017).
This Asp23-Lys28 salt bridge plays a vital role in the stabilization of
cross β-sheet conformation (Tomaselli et al., 2006). In general, the
more stable of Asp23-Lys28 salt bridge, the faster the fibril growth
(Tomaselli et al., 2006; Linh et al., 2017). Therefore, the increase of the
distance between Asp23−Lys28 implies that the cross β-sheet between
Glu11-Ala21 and Ile32-Ala42 is more flexible and may lead to the de-
stabilization of fibril formation. Taken these two factors together, our in
silico results suggest that the G37V mutation may cause a structural
change at C-terminus and reduce the interaction of Asp23-Lys28. These
conformational changes may lead to a less stable fibril form but not
oligomeric form and assemble the Aβ42(G37V) into a different mor-
phology compared to Aβ42.

5. Conclusion

In conclusion, in vitro and in silico studies demonstrate that the
change of structure in the glycine zipper region can significantly reduce
the Aβ toxicity. In in vitro study, the mutation of G37V can significantly
reduce the toxicity but, unlike G37L mutation, does not change the
secondary structure and aggregation rate. The most significant differ-
ence between G37V mutation and wild type or G37L mutation,
Aβ42(G37V) forms an ellipse-shape like aggregates instead of network-
like fibril like Aβ42 and Aβ42(G37L). To elucidate the cause for the
different properties of Aβ42((37V), we conducted an in slico study of
Aβ42 and Aβ42(G37V) structures. The in silico results demonstrate that,
compared to Aβ42 and Aβ429G37L), the replacement of Gly37 with Val
induce an increase in the flexibility of the Asp23-Lys28 salt bridge and
the stability of the β-turn and β-hairpin at residues 36–37. These two
structural features may provide a clue for the difference in the ag-
gregated morphology of Aβ42 and Aβ42(G37V). Therefore, the differ-
ence in aggregated morphology may be possibly responsible for the
reduction of Aβ toxicity. However, further structural studies using ex-
perimental methods such as solid-state NMR is needed to provide more
accurate structural feature for this morphology.
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