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Abstract

Apolipoproteins are involved in pathological conditions of Alzheimer’s disease (AD), and it has
been reported that truncated apolipoprotein fragments and p-amyloid (Ap) peptides coexist as
neurotoxic heteromers within the plaques. Therefore, it is important to investigate these complexes
at the molecular level to better understand their properties and roles in the pathology of AD. Here,
we present a mechanistic insight into such heteromerization using a structurally homologue
apolipoprotein fragment of apoA-I (4F) complexed with AB(M1-42) and characterize their
toxicity. The 4F peptide slows down the aggregation kinetics of AB(M1-42) by constraining its
structural plasticity. NMR and CD experiments identified 4F-Ap(M1-42) heteromers comprised of
unstructured AB(M1-42) and helical 4F. A uniform ~2-fold reduction in °N/YH NMR signal
intensities of AB(M1-42) with no observable chemical shift perturbation indicated the formation
of a large complex, which was further confirmed by diffusion NMR experiments. Microsecond
scale atomistic molecular dynamics simulations showed that 4F interaction with AB(M1-42) is
electrostatically driven and induces unfolding of AB(M1-42). Neurotoxicity profiling of AB(M1-
42) complexed with 4F confirms a significant reduction in cell-viability and neurite growth. Thus,
the molecular architecture of heteromerization between 4F and Ap(M1-42) discovered in this
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study provides evidence towards our understanding of the role of apolipoproteins or their truncated
fragments in exacerbating AD pathology.
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Introduction

Aberrant protein folding and aggregation are associated with a variety of neurodegenerative
disorders including Alzheimer’s disease (AD), Parkinson’s disease and prion diseases [1-3]
and non-neuropathic disease like type-2 diabetes (T2D). The progression of these diseases is
linked with the accumulation of insoluble fibrillary aggregates (also called amyloid-plaques)
from water-soluble protein monomers such as B-amyloid (AP) cleaved from the amyloid-
precursor protein (APP), which has been intensely investigated to support the amyloid
hypothesis cascade. Although the molecular basis of amyloid-deposition is not fully
understood, several studies have identified the formation of water-soluble AP peptide
oligomers from monomers prior to the formation of metastable amyloid fibers. Interestingly,
an increasing amount of evidence has recently shown the association of these cytotoxic
oligomers (also called cytotoxins) to human neurons [4]. The presence of oligomers
surrounding amyloid plaques has also been identified as a distinguishable morphological
hallmark in patients with dementia as compared to healthy people with a similar plaque
morphology but not dementia [5]. Although the characterization of such oligomers (namely
amylospheroids, protofibrils, paranuclei, globulomers etc.) remains challenging due to their
morphological heterogeneity, their relatively high neurotoxicity as compared to monomers
or amyloid fibers directs researchers to target these species for therapeutic developments.

While there is significant interest in fully characterizing Ap oligomers due to their roles in
the pathogenesis of AD [6], several studies have shown the co-occurrence of other cellular
cofactors including proteins [7], such as apolipoprotein fragments in the formation of hetero-
oligomers [8]. The 35-kDa apolipoprotein-E (apoE) and proteolytically cleaved apoE
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fragments are associated with A and have recently been identified from the brain of an AD
patient [8-10]. Accumulation of apoE-AP complex has been identified in AD cortical
synapses from human brain specimens [11]. apoE is involved in the modulation of AR
metabolism, aggregation and clearance [12,13], a recent /n vitro study showed that apoE3,
apoE4 and different fragments of apoE4 derived from N- or C-terminus substantially delay
AP(1-42) aggregation kinetics [14]. Circulating high-density lipoproteins (HDLs) including
brain apoE have found to work cooperatively to facilitate more effectively Ap(1-42)
transport as compared to AB(1-40) [15]. This suggest brain lipoproteins play a major role in
the molecular recognition of Ap(1-42). Nevertheless, other neuroprotective apolipoproteins
such as apoA-1 and apo-J have also been observed in AD brains and heteromerization of
apoA-1/Ap has been suggested to play a neuroprotective role and provide evidence that
truncated apolipoprotein fragments and their interactions with Ap play critical roles in AD
progression [16-20].

Several approaches have been used to directly modulate amyloid aggregation and
oligomerization pathways as possible AD treatments, including binding of small-molecule
inhibitors, peptides, polymers, cellular co-factors like ions, cell-membrane, enzymes, and
chaperones [21-26]. Other indirect approaches such as enhancing AB clearance pathways to
control AD progression have also been reported [27]. One such approach is the enhancement
of apoE secretion that promotes AP cellular trafficking and degradation by apolipoprotein
mimetic peptides [28]. Nevertheless, apoE antagonist has been designed to block the
interaction between APP and apoE that enhances AP production [29]. In vivo identification
of coexistence of apolipoprotein fragments with A and involvement of lipid associated or
dissociated brain apolipoproteins evidence an array of underlying mechanisms that remains
elusive. Recently, we have shown that a lipid-nanodisc forming apoA-1 mimetic peptide (4F)
effectively suppresses Ap(1-40) aggregation [30]. The 4F peptide (Ac-
DWFKAFYDKVAEKFKE-NHS,) is a very short fragment of apoA-1 that does not share
sequence homology with apoA-I or apo-E. However, 4F or Ac-hE18A (LRKLRKRLLR-
DWLKAFYDKVAEKLK-NH,) an apoE mimetic peptide homologous to 4F sequence,
possesses excellent secondary structure homology to apoA-I and apoE proteins [31].
Moreover, their strong lipid-binding activity and formation of lipid-nanodiscs imitates
apolipoprotein forming HDLs. Taken together, the structurally homologues and smallest
fragment of apolipoprotein serves as an ideal model system to explore the molecular
recognition mechanism of Ap and its role in disease progression. Nevertheless, 4F was
identified to upregulate apoE secretion to promote A clearance indicating its potential
application in AD [28]. 4F peptide has also been shown to have an excellent medical
application for several other human diseases [32—35]. These findings urge a need for deeper
understanding of their biomedical application in amyloidosis especially in AD progression.

Several studies have used short peptide inhibitors/modulators for AD treatment; however,
none of them have been successful in clinical trials, indicating our poor understanding of the
molecular basis of the disease progression. Furthermore, blocking Ap aggregation may even
increase the risk of generating cytotoxic AP oligomers or other intermediates [36-38].
Alternative approaches such as promotion of quick fibrillation of AR by chemical
modulators to suppress the generation of cytotoxic intermediates have recently been reported
[39-41]. Together with the recent discovery of apoE-fragment/Ap heteromer in AD brains
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[8], this raised a concern that the 4F inhibition of AB may possibly generate cytotoxic A
species [30]. Similarly, a previous /n vivo study showed the apoE-AP complex reduces the
level of soluble species and increases the Ap oligomer levels that are known to be neurotoxic
[42]. The binding of apoE to AP oligomers at substoichiometric and to fibers at high
concentration has also been demonstrated /n7 vitro, indicating their crucial involvement
during amyloid fibrillation [43]. Therefore, there is an urgent need to investigate the
mechanism of heteromerization between apolipoprotein fragments and A in correlation
with their toxicity and disease progression. The insights gained from such mechanisms could
enable the design of better therapeutic strategies to detoxify these cytotoxins.

Herein, we investigated the interaction between the apolipoprotein peptide fragment 4F and
AB(M1-42). Our results reveal a substantial binding between 4F and AB(M1-42) as recently
reported for AB(1-40). A structural model showing the formation of hetero-oligomers is
developed using a combination of biophysical methods including NMR and multi-
microseconds all-atom and coarse-grained molecular dynamics (MD) simulations.
Pathological phenotype characterization of the isolated 4F-AB(M1-42) hetero-oligomer
shows an elevated cellular toxicity as compared to Ap(M1-42) aggregates.

Results and Discussion

4F peptide retards AB(M1-42) fibrillation

To investigate the involvement of apolipoproteins and their fragments in the pathology of
AD, we selected the shortest apoA-I mimetic 4F peptide that possesses excellent secondary
structure homology with both apoE and apoA-I fragments and forms lipid-nanodiscs
[8,30,31,44]. The effect of 4F peptide on the aggregation kinetics of AB(M1-42) was first
monitored using thioflavin-T (ThT) based fluorescence assay. In the absence of 4F peptide,
AB(M1-42) (5 uM) showed a very short lag-time (< 2 hour) of aggregation (Fig. 1a). On the
other hand, a significant difference in AB(M1-42) aggregation kinetics was observed in the
presence of equimolar 4F. The lag-time of AB(M1-42) fibrillation was increased by a factor
of ~24 to keep the amount of fibril nearly the same as observed in the absence of 4F (Fig.
1a). With further increase in 4F concentration (i.e. at 25 or 50 pM), a substantial
fluorescence quenching and retardation in aggregation kinetics (up to 48 hours) were
observed for AB(M1-42). Although, Ap(1-42) has a higher aggregation propensity as
compared to AB(1-40), substantial delay in aggregation upon increasing 4F concentration
correlates to our previous observations for AB(1-40) indicating a conserved mechanism of
action [30]. Morphological analysis of the reaction end product by transmission electron
microscopy (TEM) displayed a mixture of AB(M1-42) fibers and spherical oligomers in
samples without 4F (Fig. 1b). In the presence of equimolar 4F, short and comparatively thick
fibers of AB(M1-42) were identified that are morphologically different from 4F or AB(M1-
42) alone in solution (Fig. 1b—d). At 50 uM 4F, AB(M1-42) showed comparatively very
small amount of fibers (straight fiber morphology) with few globular oligomers that
correlate the ThT observation (Fig. S1). Comparison of the AB(M1-42) morphology in the
presence of 4F also correlates to the reported morphology for AB(1-40) indicating a similar
activity of 4F peptide in generating short and thick fibers [30]. Taken together, the
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fluorescence and TEM results indicate that the 4F peptide has a more pronounced effect on
slowing down AB(M1-42) aggregation by generating morphologically distinct species.

4F peptide stabilizes the agueous conformational state of AB(M1-42)

Next, we investigated the inhibitory mechanism of the 4F peptide by monitoring the
conformational change in AB(M1-42). Freshly prepared Ap(M1-42) monomers incubated
with or without 4F peptides were analyzed for several days by circular dichroism (CD) and
1H NMR experiments. CD results showed an initial random-coil rich and partially folded
structure for 20 UM of AB(M1-42) and 4F, respectively. Notably, when both peptides were
mixed at equimolar ratio (20 uM), a prominent a-helical conformation characterized (within
~15 minutes, referred as D1) by negative peaks located between ~208 and ~222 nm was
identified (Fig. 2a) with a substantial increase (~ 3-fold as compared to 4F alone) in the
molar ellipticity [©]. Time-lapse CD measurements further identified the stability of the a-
helical structure in 4F-AB(M1-42) mixed solution with no change in ‘©” and CD minima for
a duration of ~24 hours (referred as D2) (Fig. 2a). Thereafter, a decrease in ‘O’ was
observed with a negligible change in CD minima possibly due to amyloid fibrillation. Time-
lapse increase in helical content was also observed in AB(1-40) in the presence of 4F;
however, this helical transition was observed to be relatively faster in AB(M1-42). Although
CD showed a distinct conformational transition in the 4F-AB(M1-42) complex, it was not
possible to ascertain which of the two different peptides has contributed to the induction of
the experimentally observed a-helical secondary structure.

To explore the conformational states exhibited by the two different peptides in the 4F-
AB(M1-42) mixed solution, we next carried out NMR experiments. The fingerprint amide
N-H region in proton NMR spectra was used to monitor the conformational state of
individual peptides [45]. As illustrated in Fig. 2b, the amide protons showed a distinct
chemical shift dispersion for AB(M1-42) and 4F. The AB(M1-42) peptide exhibited sharp
amide proton peaks in the ~7.5 to 8.5 ppm region; whereas the 4F peptide showed broad
peaks in that region and a distinct isolated peak for the indole ring N-H proton at ~10 ppm.
The ~7.5 to 8.5 ppm region of the NMR spectrum of AB(M1-42) mixed with equimolar 4F
showed an NMR peak pattern similar to that of AB(M1-42) alone in solution (Fig. 2c).
Since most of the peaks in the fingerprint region (7.5 to 8.5 ppm) for AB(M1-42) remains
unchanged after the addition of 4F, we hypothesize that the random-coil rich AB(M1-42)
conformation remained unaffected when bound to 4F [45]. AB(M1-42) peptide alone (with
no additives) was incubated for several days to allow for peptide aggregation and the
progress was monitored by proton NMR (Fig. 2c and d). Proton NMR spectra recorded on
day-10 presented substantial broadening and intensity decrease for most of the peaks (Fig.
2d) as compared to day-1 (Fig. 2c), indicating Ap(M1-42)’s fibrillation both in the absence
and presence of 4F. Interestingly, proton NMR peaks from 4F including the tryptophan
indole ring N-H proton (at ~10 ppm as seen in Fig. 2b) were absent, and a similar amide
proton NMR peak pattern was observed for both samples (Fig. 2d). This indicated a likely
complexation of 4F peptide molecules with AB(M1-42) fibers. Such aggregates in general
exhibit line broadening and are beyond detection by solution NMR. The stability of the
complex was further investigated by washing these large aggregates in 2 M NaCl (see
Methods). Tryptophan fluorescence of the filtrate sample, with fluorescence emission at
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~458 nm when excited at 295 nm, confirmed the presence of the 4F peptide, indicating the
disintegration of 4F from Ap(M1-42) fibers (Fig. S2a). However, it did not rule out the
possible presence of any 4F peptide in AB(M1-42) fiber after repeated washing using 2M
NaCl. To explore this, the filtered AB(M1-42) fibers were incubated overnight with 2%
deuterated SDS followed by 30 minutes heating at 80 °C (see Methods) and used to acquire
proton NMR spectra which depicted no characteristic peaks corresponding to 4F;
specifically, the SDS treated sample did not show the fingerprint tryptophan indole N-H
proton (at ~10 ppm), indicating the absence of 4F peptide (Fig. S2b) in filtered AB(M1-42)
fibers.

Secondary structure characterization of AB(M1-42) bound to 4F using NMR

We further investigated the secondary structure of AB(M1-42) bound to 4F in the heteromer
state using 2D 15N/YH SOFAST-HMQC experiments. For this, we employed an approach to
first monitor AB(M1-42)’s overall secondary structure in two different solvent environments
that give rise to a random-coil rich and a partially folded a-helix structure. 2D HMQC
pattern and CD spectrum observed for AB(M1-42) in 10 mM sodium phosphate buffer
resembled a random-coil like conformation as reported previously (Fig. 3a) [46,47]. In the
presence of 10% deuterated 2,2,2-Trifluoroethanol (TFE), a significant change in AB(M1-
42) HMQC pattern and chemical shift was observed (Fig. 3b). Remarkably, a majority of
AB(M1-42) 15N/1H peaks were found to depict upfield chemical shifts in 1H and 1°N
dimensions, likely indicating AB(M1-42)’s conformational alteration (Fig. 3b). The upfield
H-N chemical shifts in HMQC spectrum in the presence of 10% TFE also indicated the
presence of an a-helical AB(M1-42) as compared to its aqueous structure (Fig. 3a), and
such chemical shift changes have been observed previously for Ap(1-40) and several other
proteins during folding [48,49]. Further CD experiments on AB(M1-42) confirmed
induction of an a-helix in AB(M1-42) in the presence of 10% TFE (Fig. S3), The random-
coil rich AB(M1-42) characterized by a negative peak at ~200 nm showed an increase in ‘6’
and shift in CD minima that resemble an a-helical conformation (Fig. 3b). Induction of a a-
helical conformation by TFE has also been observed for several short peptides including A
and thus correlate with the NMR observations mentioned above [49]. Notably, our
comparative study of AB(M1-42) conformation in the presence of 10% TFE and 4F showed
a very distinct HMQC pattern (Fig. 3a and b). Although a similar CD spectrum was obtained
for AB(M1-42) in the presence of 4F or 10% TFE (Figs. 2a and S3), a negligible 1°N/1H
chemical shift change for AB(M1-42) in the presence of 4F and a substantial change in the
presence of 10% TFE clearly indicated the existence of a random-coil rich AB(M1-42)
bound to 4F (Fig. 3c). A comparison of the average chemical shift perturbation (ASpn)
showed a majority of the AB(M1-42) residues have a chemical shift perturbation above the
cut-off value in the presence of 10% TFE; on the other hand, in the presence of equimolar
4F the Adyy value is negligible (Fig. 3c). Taken together, the NMR and CD results
confirmed the strongly binding of 4F to AB(M1-42) to restrains AB(M1-42)’s
conformational alteration, thereby indicating the mechanism of retardation of AB(M1-42)’s
amyloid aggregation.

J Mol Biol. Author manuscript; available in PMC 2021 February 14.
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Atomistic insights into 4F and AB(M1-42) complex formation

The binding interactions and complex formation between 4F and Ap(M1-42) at the atomic
level was next investigated using 2D 1°N/YH SOFAST-HMQC NMR experiments. 20 uM
uniformly 13C/15N labeled AB(M1-42) in the presence of equimolar 4F peptide exhibited a
substantial reduction in the overall intensity for most of the residues in the 2D 1°N/H
SOFAST-HMQC spectrum (Fig. 3). Notably, no significant difference in the chemical shifts
of AB(M1-42) residues was observed, indicating a negligible or no change in the AB(M1-
42) conformation when bound to 4F (Fig. 3c). This observation is in good agreement with
the above described CD and H NMR results AB(M1-42) as shown in Fig. 2. On the other
hand, the 13C/1H correlation spectrum of AB(M1-42) revealed the disappearance of
resonance from the aromatic side chains of Phe and Tyr when mixed with equimolar 4F (Fig.
S4). This observation indicates hydrophobic r—m packing could be the driving force for the
complex formation between AB(M1-42) and 4F peptides. The uniform reduction in the
NMR signal intensities in the 2D 15N/IH SOFAST-HMQC is most likely due to a reduction
in the mobility of AB(M1-42) residues when complexed with 4F which enhances the spin-
spin relaxation and therefore broadens the observed NMR resonances. A similar reduction in
NMR signal intensity was also observed for Ap(1-40) in the presence of equimolar 4F
peptide in both presence and absence of lipids [30]. To further confirm this observation, we
determined the diffusion rates of 4F mixed with and without equimolar AB(M1-42) using
diffusion ordered NMR spectroscopy (DOSY). DOSY and saturation-transfer NMR
experiments could provide additional insights on the soluble oligomers as utilized in the
previous studies on amyloid peptides [50-52]. 20 uM 4F peptide in 100% D50 showed a
diffusion constant of ~ 2.2x10710 m2s~1, whereas Ap(M1-42) diffused a relatively faster
(Fig. 4). Unlike the 4F peptide, the diffusion pattern observed for AB(M1-42) was found to
be inhomogeneous due to the inherent nature of its aggregation during the NMR data
acquisition (=10 hours) (Figs. 4 and S5). Particularly, the 4F-AB(M1-42) mixed sample
showed a diffusion pattern like that of the 4F, indicating the presence of small-sized water
soluble hetero-oligomers.

Atomistic interaction between AB(M1-42) and 4F revealed by MD simulation

Next, we investigated the binding orientation of 4F peptide to AB(M1-42) using tryptophan
fluorescence. The fluorescence emission of 5 UM 4F peptide (W2) was monitored for several
days in the presence and absence of equimolar AB(M1-42). In the absence of AB(M1-42),
excitation of W2 residue in 4F at 295 nm showed fluorescent emission at Apyzx*358 nm,
indicating its exposure to a polar environment (Fig. 5a). The 4F peptide mixed with
equimolar concentration of AB(M1-42) showed an increase in W2 fluorescence with no
significant spectral shift on day-1 (~15 minutes). However, differences were noticed on
day-3 with a significant blue shift in W2 emission only in the presence of Ap(M1-42),
indicating a non-polar environment of W2 in the hetero-oligomer complex (Fig. 5a). Further
incubation of these samples depicted disappearance of Amax peak in AB—4F mixture on
day-12 indicating the 4F peptides’ orientation in AB(M1-42) fibers exposing its W2 to the
hydrophobic region of amyloid fibers. These observations are similar to that has recently
been reported for 4F interaction with AB(1-40), indicating 4F’s preferential binding to Ap
peptides irrespective of the difference in their hydrophobicity [30].

J Mol Biol. Author manuscript; available in PMC 2021 February 14.
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In an attempt to better understand the spatial orientation of 4F when bound to AB(1-42), we
next performed hundreds of nanosecond all-atom molecular dynamics (MD) simulations. A
significant secondary structural transition was identified in the partially folded Ap(1-42)
NMR structures (PDB ID: 1Z0Q) simulated in the presence of 2 molecules of 4F (initially
placed ~ 0.5 nm away from Ap) at the end of a 0.5 us MD simulation. Both Ap(1-42)
molecules depicted a random-coil conformation and were found to be tightly coupled with
4F with an ideal helix conformation (Fig. 5b), and resembles Ap(1-40) structure that shows
a similar secondary structural transition when binding to 4F [30]. Secondary structure
evolution map showed AB(1-42) molecules mostly rendered random-coil or turns with a
short transient g-sheet or 319 a-helical structure when complexed with 4F. The atomistic
structural model correlated well with CD and NMR observations described above,
suggesting a possible unstructured Ap(M1-42) conformation when bound to 4F. In addition,
the experimental observation of W2 spatial arrangement with an exposure to a non-polar
environment was identified in the atomistic model of tetrameric structure in which the W2
residues are buried inside the hydrophobic regions (Fig. 5b, left). The interacting residues in
the 4F-AB(1-42) complex are listed in Table S1, which shows the interaction sites that
involve both N- and C-termini residues including central hydrophobic residues in AB(1-42).
This result correlates with the average chemical shift perturbation obtained from 1°N/H
SOFAST-HMQC NMR. Importantly MD calculations showed the formation of two salt-
bridges between D7-K13 and K16-E16 in the 4F-AB(M1-42) complex. Several other
interactions that include hydrogen bonds, alkyl and r-alkyl interactions are also identified in
the 4F-AB(M1-42) complex and are listed in Table S1. The hetero-oligomer complex
exhibited a long U-shaped structural signature for each AB(M1-42) spanning residue from
13 to 28. The two U-shape regions are oppositely oriented exposing their hydrophobic
surfaces to the solvent (Figs. 5b, right). Interestingly, this region of amyloid-beta has also
been identified as a molecular signature for toxicity, ligand binding, and antibody specificity
[6,53-56]. Thus, the hetero-complex observed in the MD simulation characterizing of
oppositely oriented U-shaped hydrophobic surface indicates the formation of a toxic
oligomer species (Fig. 5b).

Multi-microsecond MD simulation using coarse-grained models of 10 molecules of Ap(1-
42) distributed randomly showed an aggregated self-assembled complex at the end of 5 ps
MD simulation (Fig. 5d, left). Interestingly, a random distribution of 10 molecules of Ap(1-
42) and 4F exhibited heterogenic assembly with 4F peptides buried inside Ap(M1-42)
oligomers (Fig. 5d, right). Notably, just as Ap(1-42) self-assembling generates a single large
particle, the spontaneous assembly of AB(1-42) and 4F produced a single heteromer
complex (Fig. 5d) which correlates with the NMR observation of line-broadening and a
uniform reduction in NMR signal intensity due to heteromerization (Fig. 4a and b). MM/
PBSA approach estimated the free binding energy in the 4F-AB(M1-42) complex system.
Although the MM/PBSA could not exactly imitate the experimental binding free energy;, it
could provide a comparative energy map by breaking down the free energy components that
govern the complex formation [57]. The 4F-AB(1-42) complex formation was found to be
favored by Coulombic (AG.qy), van der Waals (AGyqy,) and non-polar solvation terms
(AGpps), whereas the polar solvation energy (AGps) opposed the complex formation (Table
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1). These findings correlate well with the observed interacting residues between Ap(1-42)
and 4F contributing through salt-bridges and hydrogen bonds.

ApoA-I mimetic peptide bound Ap(M1-42) is more neurotoxic

Controlling the neurotoxicity of AB(1-42) has remained a dominant research area in AD.
Design and discovery of short peptide inhibitors for AB(1-42) are studied intensively. In this
study, we also tested the impact of 4F peptide on the neurotoxicity of AB(M1-42) in both
differentiated and undifferentiated SH-SY5Y neuroblastoma cells. Compared to the F-12
cell media, 4F peptide alone was found to be slightly but statistically insignificant
neurotoxic (Fig. 6a) as previously observed for the full-length apoA-I [16]. In contrast, high
concentration 4F peptide increased cell proliferation in undifferentiated SH-SY5Y cells (Fig.
6¢). Although, a direct comparison of 4F’s cell toxicity on differentiated and
undifferentiated cells is difficult, the differentiation of SH-SY5Y cells elevates 4F’s toxicity
better. A similar, differential phenotype between differentiated and undifferentiated rat
neuronal cells treated with AR peptides has been reported [58]. Remarkably, our results
show that the Ap(M1-42) complexed with 4F peptides exhibited higher neurotoxicity than
AP alone. When 5 pM of Ap(M1-42) monomers was used to treat differentiated SH-SY5Y
cells, a cell viability of ~75% was observed; whereas 5 pM of AB(M1-42) complexed with
two or ten excess molar of 4F showed a reduction in viability of ~65% and 45%,
respectively (Fig. 6a). The MTT based cell-viability measurement on day-8 indicated that 4F
generates toxic hetero-oligomers when complexed with AB(M1-42). Further fluorescence
imaging of AB(M1-42) treated SH-SY5Y cells presented distinct morphological phenotypes
in neurites in the presence and absence of 4F. The well-branched and connected SH-SY5Y
cells observed on day-1 showed a gradual depletion in neurite outgrowth and connectivity
treated with nocodazole, which is known to disrupt neurite growth and cause apoptosis (Fig.
6b and c). As compared to SH-SY5Y cell morphology observed in nocodazole and F-12 on
Day-8, cells treated with 10 or 50 uM 4F peptide showed well-connected cells with more
polarized soma cell bodies. In comparison, 4F mixed with AB(M1-42) displayed limited
effects on neurite morphology, but the number of neurons appeared to be significantly
reduced (Fig. 6b), consistent with the high toxicity detected by the MTT assay [59]. The
observed results can be interpreted as 4F retards Ap(M1-42) aggregation by generating a
toxic hetero-oligomer species. This is in agreement with a previous finding that
apolipoprotein fragments and AB(1-42) form toxic oligomers.

In summary, the apoA-I mimetic 4F peptide used in this study serves as an excellent model
to explore the role of apolipoproteins or their fragments in modulating pathologically
misfolded amyloidogenic AB(1-42) associated with AD. 4F shows a strong binding affinity
for AB(M1-42) and is capable of retarding its aggregation. The hetero-oligomerization
between 4F and Ap(M1-42) generates water-soluble aggregates comprising of an
unstructured Ap(M1-42) and structured 4F that are found to be neurotoxic. While the 4F
peptide was found to have protective role in proliferating cells, its association with
amyloidogenic AB(M1-42) cause generation of cytotoxins. This finding strongly correlates
with the level of apolipoprotein fragmentations in the brain thereby driving the disease
progression. Taken together, the results based on our model study reported here urge further

J Mol Biol. Author manuscript; available in PMC 2021 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahoo et al. Page 10

identification and characterization of natural apolipoprotein and its fragments in AD patients
to aid in the development of chemical tools that can be used to reduce cellular toxicity.

Experimental procedures

Expression, purification and synthesis of peptides

The unlabeled AB(M1-42)
(MDAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA) with an extra
methionine at the N-terminus was recombinantly expressed in £. co/iBL21 (DE3) pLysS
Star in LB media as described elsewhere [60]. The plasmid of AB(M1-42) was obtained
from the Nowick laboratory at the University of California, Irvine, USA. Uniformly 13C and
15N isotope labelled AB(M1-42) was expressed by exchanging LB medium with M9
minimal medium containing 2°NH,CI and D-Glucose-13Cg. We followed a published
protocol to express 1°N labelled AB(M1-42) [60]. The purified AB(M1-42) peptide powder
(1 mg/mL) was treated with 5% NH4OH and aliquots of ~0.1 mg/mL peptide were
prepared after lyophilization. The lyophilized powder samples were re-suspended in the
working buffer and vortexed for 15 s followed by sonication for 15 s in an ultrasonic bath
sonicator. The small aggregates were next removed by centrifuging the sonicated peptide
sample at 12,000 rpm for 5 minutes at 4 °C. The 4F peptide (Ac-
DWFKAFYDKVAEKFKEAF-NH,) was synthesized by solid-phase from L-amino acids
and purified by HPLC as described previously [61]. 10 mM sodium phosphate (NaPi) buffer,
pH 7.4 was used to dissolve AB(M1-42) and was used for all experiments (unless specified).

Peptide aggregation assay using ThT fluorescence

The aggregation Kinetics of 5 uM Ap(M1-42) was monitored using 10 uM ThT fluorescence
in the presence of varying concentrations of 4F peptide. A 96-well polystyrene plate was
used with a sample volume of 100 pL/well in triplicate for all experiments. The aggregation
kinetics were monitored using a microplate reader (Biotek Synergy 2) with slow shaking at
37 °C for 48 hours. The data were recorded at 3 minutes time interval with excitation and
emission wavelengths at 440 and 485 nm, respectively. The averages of three replicates were
plotted with respect to time.

Transmission Electron Microscopy

TEM images of 5 uM Ap(M1-42) incubated with 1 or 10 molar excess 4F peptide were
taken using a HITACHI H-7650 transmission microscope (Hitachi, Tokyo, Japan) at 25 °C.
The samples used for TEM analysis were collected from the 96-well plate at the end of 48
hours (peptides without the ThT dye). 20 uL/100 pL of sample volume were transferred to a
collodion-coated copper grid and incubated for 5 minutes at room temperature followed by
three rinses with 20 uL of double deionized water to remove buffer salts. The copper grid
containing sample was next stained with 4 mL of 2% (w/v) uranyl acetate and incubated for
2 minutes followed by three rinses with 20 uL of double deionized water. The copper grid
was next allowed to dry overnight under a vacuum desiccator at room temperature.
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Circular dichroism

Far-UV CD experiments were carried out for 20 uyM Ap(M1-42) dissolved in 10 mM NaPi
in the presence and absence of equimolar 4F at 25 °C using a JASCO (J820)
spectropolarimeter. A 1 mm light-path length quartz cuvette containing 200 pL of sample
was used for CD measurements. CD spectra of 20 uM of AB(M1-42) or 4F in the absence of
any additives were recorded and used as reference/control spectra. CD spectrum of 10 uM of
AB(M1-42) titrated with 10% TFE was measured for comparative structural analysis. All
samples were incubated at room temperature for time-lapse measurements.

Tryptophan fluorescence

Tryptophan fluorescence was measured for 5 UM 4F peptide mixed with equimolar AB(M1-
42) using a FluoroMax 4® from HoribaScientific® in continuous mode at 25 °C. The
tryptophan was excited at 295 nm and the fluorescence emission was recorded from 330 to
450 nm (with a 5-nm bandwidth) with a delay time of 1 min per five scans using a 200-uL
cuvette. The changes in fluorescence were monitored with respect to 4F peptide alone in the
absence of AB(M1-42). All samples were incubated at room temperature for time-lapse
measurements.

NMR experiments

All NMR samples were prepared in 10 mM NaPi buffer, pH 7.4 containing 10% deuterated
water (v/v). Proton NMR spectra were acquired for unlabeled 20 uM Ap(M1-42), 20 uM 4F
and an equimolar (20 uM) mixture of AB(M1-42) and 4F using a 500 MHz NMR
spectrometer at 25 °C. The NMR solution samples were next incubated under gentle
agitation for 10 days before acquiring proton NMR spectra. The agitated 4F-Ap(M1-42)
mixed sample was next filtered using a 0.5 mL 30 kDa centrifugal filter (Amicon® Ultra-15)
by adding 2M NaCl to remove electrostatically bound or free peptides from the solution.
The washed buffer was collected, and tryptophan fluorescence was carried out to observe the
presence of 4F. The filtered large aggregates/fibers were next treated with 2% deuterated
SDS (v/v) and the sample was heated at 80 °C for 30 minutes to dissolve the fibers. Proton
NMR spectra of the SDS treated sample was then acquired at 25 °C.

2D heteronuclear 15N/ H and 13C/1H (region of aromatic resonances) SOFAST-HMQC
NMR experiments [62] were carried out for uniformly labelled 20 pM AB(M1-42) in the
presence and absence of equimolar 4F in 10 mM NaPi, pH 7.4 containing 10% deuterated
water (v/v). The 2D NMR experiments were recorded at 25 °C on a 800 MHz NMR
spectrometer equipped with a 5 mm triple-resonance inverse detection TCI cryoprobe using
16 scans, 256 t1 increments and a 0.2 s recycle delay. For comparative structural study, the
15N/IH HMQC titration experiment was carried out for 20 uM AB(M1-42) dissolved in 10
mM NaPi, pH 7.4 containing 10% D0 and 10% deuterated 2,2,2 TFE (v/v). Diffusion
Ordered SpectroscopY (DOSY) spectra were recorded using stimulated-echo with bipolar
gradient pulses for diffusion with a gradient strength increment from 2 to 98% at 25 °C on a
500 MHz NMR spectrometer. NMR spectra were acquired with 16 gradient strength
increments, 36,000 time domain data points in the t2 dimension, 3s recycle delay, and 100
ms diffusion delay. DOSY spectra were recorded for samples containing 20 puM Ap(M1-42),
20 UM 4F or an equimolar mixture of both peptides (1:1) dissolved in 100% D,0.
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Cell viability assay

The cell-viability of human neuroblastoma (SH-SY5Y) cells was measured using MTT cell
proliferation assay (Promega, G4000). SH-SY5Y cells were plated in a 96-well plate
followed by differentiation in Neurobasal-A, GlutaMAX, B27, 1% penicillin/streptomycin,
and 10 uM retinoic acid in a 5% CO, humidified incubator at 37 °C. On day-5 of differe
ntiation, SH-SY5Y cells were transduced with lentivirus encoding EGFP for neurite
detection. Live-cells were imaged two days post-transduction prior to treatment (day-1) and
after 8 days of (day-8) treatment on a Leica SP8 confocal microscope using a 10X objective
to detect neurites. Differentiated SH-SY5Y cells (100 uL/well) were treated with 5 uM of
AB(M1-42) incubated with or without a variable concentration of 4F (5, 10 and 50 uM). The
effect of 4F peptide on undifferentiated SH-SY5Y cells was also measured at 5, 10 and 50
UM. MTT assay was performed on day-8 to measure the cell-viability following the
manufacturer protocol for both differentiated and undifferentiated SH-SY5Y cells.

MD simulations

All-atom and coarse-grained MD simulations were carried using GROMACS 5.0.7 [63]
running parallel in SGI UV 3000 at the Institute for Protein Research, Osaka University,
Japan. The 3D model of 4F peptide was built using an ab-/nitio modeling as described
elsewhere [30]. The NMR structure of AB4, (PDB ID: 1Z0Q) in aqueous solution was used
as an initial model structure for MD simulation using charmm36 force-field [64]. The MD
systems were designed by placing two molecules of Ap4, with 2 molecules of 4F peptide
separated by a minimum distance of 0.5 nm in a box size of 9 nm x 9 nm x 9 nm. The
simulation parameters were adopted from our previous studies [30,39,65]. Briefly, all MD
systems were neutralized and energy minimized using steepest-descent method followed by
a short NVT and NPT equilibration MD. The equilibrated systems were next allowed for
unrestrained MD simulation for a time-scale of 0.5 ps at 310.15 K. Coarse-grained MD
simulations were carried out by randomly placing 10 Ap4» molecules with or without 10 4F
molecules using martini_v2.2P force field in a box size of 18 nm x 18 nm x 18 nm. MD
trajectories were analyzed using GROMACS tools and graphical interpretations were done
using VMD and Chimera. The GMXAPBS tool [66,67] was used to calculate the binding
free energy from 500 MD snapshots retrieved at equal time interval from last 100 ns of 0.5
us MD simulation. A detailed procedure of GMXAPBS calculation followed in this study is
provided elsewhere [67].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Structural model for an oligomer of Ap(M1-42) and ApoA-1 mimetic peptide

. AB(M1-42)-4F oligomer exhibits a significant reduction in cell-viability and

. 4F peptide electrostatically interacts and induces unfolding of AB(M1-42).

Highlights

is reported.

neurite growth.
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Fig. 1.
(a) Time course aggregation kinetics of 5 uM Ap(M1-42) monitored using ThT

fluorescence in the presence and absence of 4F peptide at variable concentrations as
indicated in different colors. The average ThT curve of the samples in triplicate are shown in
a solid line and standard errors are highlighted in color. (b-d) TEM images of 5 yM AB(M1-
42) with/without equimolar 4F peptide. Samples for TEM experiments were taken from a
96-wells plate used for ThT fluorescence experiments but had no ThT dye. The scale bar is
200 nm.
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Fig. 2.

(a) Time-lapse measurement of conformational change in 20 uM AB(M1-42) mixed with
equimolar 4F peptide using CD spectroscopy. The samples were incubated at room
temperature and CD measurements were carried out until day-7 (where D1 refers to day-1
measurement carried out after ~15 minutes of sample preparation). (b) 1H NMR spectra of
20 uM AB(M1-42) and 4F peptides. The distinguished amide-proton (N-H) and 4F peptide’s
Trp indole NH proton peaks are highlighted. (c) 1H NMR spectra illustrate the changes in
amide proton resonances in 20 UM AB(M1-42) mixed with an equimolar 4F peptide. The
yellow region highlights a small change in the AB(M1-42) spectrum pattern mixed with 4F.
(d) IH spectra of NMR samples used for (c) after 10 days incubation under gentle shaking at
37 °C. All NMR spectra were recorded on a 500 MHz NMR spectrometer at 25 °C.

J Mol Biol. Author manuscript; available in PMC 2021 February 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Sahoo et al. Page 21

(a) (b) () 0.20-
®..s  [lABMI-42) 6cs MABMI-42) 615N [AB(M1-42) in10% TFE
W Ap(M1-42)+4F [ +10% ,TFE I 515N [A(M1-42)+4F]
®s29 ®G29 0.16
1101 110+
[ Jeitl e
MG Qi5scy | Sz a15ec g go.u
L JekX! N27sc @ ®c33 N27sc € =
%
5°0.08 |
~ |
1151 1151
o ]
526 Bl 0.04 ]l -|H- - 1 .
- 0.00 : »
E E3 vas : Va9 YOeRBeRE e eRTAnee teRsunTnanaeT
8 0] 28 v &8 120] €228 v2anzie OC g 6 Ewgomg%ﬁ gaasgese
B &
F Qt ® ®\V18 Ql5. Bkope T ©OVis d
- D72 qFPK28 @34 o7 I, 0% 5, (@
M35 ®H13F20 M H13F20
K18 K16 V38 >
L7g R5&®A30 L1178 aS®as0 Z
° F13 A Fl9 3 I AB(M1-42)
1254 132 1251 132 =
= AB(M1-42)+4F
vao © 9gpr; van @ O a - A )
A21 g 0.6
)4 @ 5. =
141 &
=
=
130 130 §
T
£
[=}
o
® A42 @ A42
1351 . ’ , , ~ 135l y : s : .
84 82 80 78 76 714 84 82 80 78 76 14
'H (ppm) 'H (ppm)
Fig. 3.

(a) Superimposed 1°N/YH SOFAST-HMQC spectra of 20 pM uniformly-labelled (13C/15N)
AB(M1-42) in 10 mM sodium phosphate, pH 7.4 mixed with (blue) or without (red)
equimolar unlabeled 4F peptide. (b) 15N/AH SOFAST-HMQC spectra illustrating a
conformation change in 20 uM AB(M1-42) in aqueous buffer (10 mM sodium phosphate,
pH 7.4; in red) and buffer containing 10% deuterated TFE (in cyan). (c) The average
chemical shift perturbation (ASpy) calculated from 1°N/2H SOFAST-HMQC spectra in the
presence of equimolar 4F (Fig. 3A; in red) and 10% deuterated-TFE (Fig. 3b; in cyan) are
plotted as a function of residue number. The dashed line in (c) indicates the average
chemical shift perturbation observed for Ap(M1-42) residues in 10% deuterated-TFE. (d)
Normalized SOFAST-HMQC NMR peak intensities derived from Fig. 3a. Error bars
represent standard error. NMR spectra were recorded on an 800 MHz NMR spectrometer
using a cryo-probe at 25 °C.
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Fig. 4.
DOSY spectra of 20 UM 4F peptide in the absence (black) and presence (blue) of equimolar

AB(M1-42) in 100% D,0. The DOSY spectrum of 20 uM AB(M1-42) alone is shown in
red. These data were obtained using a 500 MHz NMR spectrometer at 25 °C.
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Fig. 5.
(a) Time-lapse tryptophan emission spectra of 5 UM 4F peptide in the absence (black) or

presence (red) of equimolar AB(M1-42) excited at 295 nm. D1 refers to measurement
carried out after ~15 minutes of sample preparation. The background fluorescence of the
buffer is subtracted to correct spectra and are recorded in arbitrary units (a.u.). The samples
are incubated at room temperature and fluorescence spectra are recorded for several days as
indicated in different symbols at 25 °C. (b) (Left) MD snapshot illustrating the interaction
between 2 molecules of AB(M1-42) and 4F peptide (in cartoon) colored in yellow/red and
blue/cyan, respectively. (Right) The molecular surface shows an increase in hydrophobicity
from blue to orange. The exposed U-shape hydrophobic surface is indicated by arrows in 4F-
AP(1-42) tetramer. The hydrophobicity scale is shown on the bottom left. (c) The secondary
structure evolution map of 4F-AB(M1-42) complex derived from 0.5 ps MD simulation as a
function of amino acids. The secondary structure units are shown on the left (c). (d) Coarse-
grained MD snapshots illustrating aggregation of 10 molecules AB(M1-42) (left) and
hetero-aggregation complex of 4F-Ap(M1-42) (right). The Ap(M1-42) and 4F are shown in
red and blue, respectively.
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(a) Differentiated SH-SY5Y cell viability determined by MTT assay of 5 uyM Ap(M1-42)
(denoted as AP42) incubated with 4F peptide at a variable concentration after 8 days. The
cell-viability profiles are normalized using the % of live cells present in F-12 media without
any additives. Shown are standard error from five replicates. (b) Fluorescence imaging of
differentiated SH-SY5Y cells treated with Ap (M1-42), 4F or mixture as described in Fig.
6a. Images were collected after treating cells on Day-1 and Day-8. Nocodazole is used as a
positive control that shows significant damage in neurite growth. The cell-assay experiments
were carried out by pre-incubating Ap(M1-42) with 4F peptide at room temperature in 10
mM NaPi, pH 7.4. (c) Effect of 4F peptide on the cell viability of undifferentiated SH-SY5Y
cells as measured using MTT reagent. The cell-viability profiles are normalized using the %
of live cells present in F-12 media without any additives.
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Table 1.

Binding free energy (kcal mol™1) calculated for the 4F-Ap complex using MM/PBSA.

System Polar Contribution Non-polar Contribution
1 2 3 4 5 6 7
AGt:uind AGcoul AGps AGpolar AGvc:lw AG‘nps AGnanpolar
AB(M1-42) + 4F -27.3+13.9 -284.6+73.4 384.9+77.1 100.3 -110.1+10.5 -17.5+09 -127.6

1. .

Binding free energy,
2 .

Coulombic term,
3 .

Polar solvation terms,
4 .

Polar solvation energy,
5

van der Waals energy,
6 .

Nonpolar solvation energy,

7 . .
Nonpolar solvation terms. Standard errors are given.
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