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ABSTRACT

Whole genome sequencing has recently revealed the protective effect of a single A2T mutation
in heterozygous carriers against Alzheimer’s disease (AD) and age-related cognitive decline. The
impact of the protective cross-interaction between the wild-type (WT) and A2T variants on the
dimer structure is therefore of high interest, as the Ap dimers are the smallest known neurotoxic
species. Toward this goal, extensive atomistic replica exchange molecular dynamics simulations
of the solvated WT homo- and A2T hetero- AP;.4> dimers have been performed, resulting into a
total of 51 ps of sampling for each system. Weakening of a set of transient, intra-chain contacts
formed between the central and C-terminal hydrophobic residues is observed in the
heterodimeric system. Majority of the heterodimers with reduced interaction between central and
C-terminal regions lack any significant secondary structure and display a weak inter-chain
interface. Interestingly, the A2T N-terminus, particularly residue F4, is frequently engaged in
tertiary and quaternary interactions with central and C-terminal hydrophobic residues in those
distinct structures, leading to hydrophobic burial. This atypical involvement of the N-terminus
within A2T heterodimer revealed in our simulations implies possible interference on A4,
aggregation and toxic oligomer formation, which is consistent with experiments. In conclusion,
the present study provides detailed structural insights onto A2T A4, heterodimer, which might
provide molecular insights onto the AD protective effect of the A2T mutation in the

heterozygous state.

Keywords: Alzheimer's protection, amyloid beta dimer, single mutation, intrinsically

disordered peptide, N-terminus, altered binding, hydrophobic collapse, molecular dynamics,

replica exchange
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Introduction

Alzheimer's disease (AD) is the major form of dementia, affecting ~44 million people
worldwide at present, and the number is expected to double every twenty years '. AD is
characterized by the deposition of amyloid beta (AP) peptides and neurofibrillary tangles into
senile plaques in the brain L AP peptide is formed via the proteolytic cleavage of the Amyloid
Precursor Protein (APP) by B and y-secretase, resulting into either of the two major isoforms,
AP4o and Aa 2. While AP is the more abundant isoform, A4, is more aggregation-prone and
toxic in nature °.

AP peptide is one of the intrinsically disordered proteins (IDP) * *, a class of proteins lacking
an unique three-dimensional structure under physiological conditions, associated with
neurodegenerative diseases °. The lack of well-defined structure of Ap triggers mis-folding and
self-assembly to form oligomers, protofibrils, and fibrils en route to the deposition of amyloid
plaques. Solid-state (ss) NMR suggests parallel-stacked hairpin-like structures in both A4 and
A4, fibrils. The hydrophilic N-terminus (NTR, residues 1-16) appears unstructured in those
fibril structures. The two hydrophobic patches, central hydrophobic cluster or CHC (residues 17—
20) and C-terminal residues 30-40 (CTR), form U-shaped conformations comprised of two
intermolecular, parallel, in-register B-sheets separated by a hydrophilic turn region (residues 22-
29) ®7. Familial mutations that alter AP aggregation and toxicity mainly occur in this turn region
and in the NTR. Within the NTR, a novel A2V mutation (A673V in the APP gene) was
identified to be AD causative in homozygous carriers, while demonstrating a protective effect in
the heterozygous carriers °. In a seminal study, whole-genome sequence analysis of 1,795

Icelanders revealed protective effect of an A2T mutation against AD and age-related cognitive
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decline °. This substitution, close to the B-cleavage site of APP, has been found to cause a
lowered AP production in several studies * ',

The effect of the protective A2T mutation on the downstream events, i.e. AP aggregation and
related toxicity, has just started to emerge and the findings are sometimes controversial. Maloney
et al. observed a reduced aggregation compared to wild-type (WT) AB4, ''. On the other hand,
Benilova et al. found a decreased aggregation tendency of A2T A4, but not for A2T AP4, 0 In
a recent study, we have shown that A2T mutation does not have a substantial effect on A4
aggregation under a non-mixing condition '*. The same study further revealed reduction of the
long term potentiation (LTP) inhibition in rat hippocampal cells in presence of A2T ABy, > 1.
Importantly, the WT+A2T mixture that closely mimics the AD protective state demonstrates an
intermediate to impaired aggregation in vitro 0.1

The effect of the A2T mutation on the structure of soluble, small AP oligomers is largely
unknown, which are considered to be the primary pathological form 1417 Among those, AB;_40/1-
42 dimers isolated from AD brains are reported to be the smallest synaptotoxic species that can
impair long-term potentiation, induce cognitive defects, and initiate defects in synaptic plasticity,

20, 21

learning and memory 18,15 AP dimers also serve as aggregation seeds , ultimately leading to

insoluble plaques in the cerebral cortex *2*,

Investigating the effects of the A2T mutation on
the heterodimer structure is therefore critical for obtaining a deep understanding of its protective
nature. The dynamic nature of AR dimers resulting into structural heterogeneity makes their
detailed characterization challenging, even using sophisticated experiments. Molecular dynamics
(MD) simulations have been serving as an useful alternative for providing detailed insights onto

the structure and binding of different AP species (see ref” and references therein), including

monomer 26, dimers 27'34, oligomers 35'38, protofibrils 39, 40, and fibrils %> 2% 8 In this study,
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we have simulated solvated A2T heterodimer and WT homodimer systems and compared the
resulting structural ensembles to assess the impact of the WT-A2T cross-interaction on the dimer

structure. The conformational landscapes of the WT homo- and A2T hetero-dimeric systems

©CoO~NOUTA,WNPE

were explored using extensive all-atom replica-exchange molecular dynamics (REMD)
13 simulations in explicit water. Distinct structural features of the A2T heterodimer revealed in our
15 simulations might offer molecular explanation to the AD protective effect of the A2T mutation in

18 the heterozygous state.
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Results and discussion

Two different peptide structures were randomly selected from an earlier REMD simulation of
WT A4, monomer B3 and placed at a 15 A distance from each other to create the initial structure
(see Model and Methods section, Fig. 1a). To ensure that the choice of the starting peptide
structures does not affect our final results, we have plotted in Fig. 1b the root-mean-square
distance (RMSD) from the initial peptide structure as a function of simulation time for the 310 K
trajectory for both systems. RMSD value reaches of 0.75 nm around 100 ns and then slowly
increases to ~1 nm around 200 ns. For rest of the simulation, RMSD steadily fluctuates around
that value, confirming that our results are not biased toward any particular intramolecular
conformation. We have also shown the structures of both dimers at 200 ns from the 310 K
trajectory (Fig. 1¢). One chain in the WT homodimer forms a short helix near NTR, whereas the
second chain populates an anti-parallel B-hairpin formed between NTR and CHC. None of these
transient structural features was present in the initial structure (Fig. 1a). The intra-molecular
structures within the A2T heterodimer at 200 ns are also significantly different from the initial
ones. A parallel B-sheet formation involving the NTR of the WT chain and the CTR of the A2T
chain is noticed. Figure 1d shows the evolutions of the distance between the center of mass
(COM) of two peptides of the 310 K replica for both systems. The inter-chain distance for both

dimers reaches an average value of <10 A around 200 ns simulation time.

At this point, as shown in Figure 2, the first 48 replicas populate 10-55% coil, 20-70% turn, 0-
38% P-sheet and 0-13% helix, ensuring that the replicas have sampled a multitude of structures
and therefore, results are not biased to any particular peptide structure. Thus, the first 200 ns of

each replica was discarded as the equilibration time and the remaining 200 ns portion of the
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thirteen REMD trajectories in 295-311 K temperature range was considered as the production

ensemble comprised of ~50,000 conformations.

Figure 3 demonstrates the results of REMD convergence analysis, as evaluated by comparing
three different structural properties calculated over the time interval of 200-300 ns and 200-400
ns. These include probability distributions of radius of gyration, Rg, of individual chain and of
dimer (Fig. 3a-b), of number of intra-peptide CHC-CTR contacts, Niy,, (Fig. 3c-d), and residue-
wise turn population (Fig. 3e-f). The mean Rg of individual chain is 1.16 + 0.01 nm, whereas
that for the dimer is 1.28 £+ 0.01 nm for both systems. The estimated Rg value for WT dimer is

-4 The estimated <Njp,> for

consistent with what was reported in earlier simulation studies
homodimer is 7.32 + 0.4 and for heterodimer is 5.90 + 0.3. The overall range and the major
features of the Rg and Ny, distributions as well as of the turn propensity per residue remain

unchanged, when comparing two different time intervals. This result suggests that the both

systems have reached quasi-equilibrium around 200 ns.

Shown in Figure 4 are ensemble-averaged secondary structural populations of the two dimers.
To estimate the statistical significance of the computed structural properties, the production
ensemble was divided into four 50 ns long non-overlapping blocks and standard errors were
calculated from the standard deviations among the block averages. Small standard errors confirm
the convergence of the reported estimates. Figure 4a shows the overall secondary structure
propensities of the dimers. For comparison, data for the WT and A2T monomers are also plotted,
which was taken from previously published simulations reported in ref. . No major differences
in the overall secondary structure profile were observed for the analyzed ensembles. Coils and
turns are found to be the prevalent secondary structural elements in all species, totaling to a ~74-

79% (Fig. 4a), suggesting highly disordered nature. About 15-19% of B-strand and <3% a—helix
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content are present in the monomers as well as dimers. The absence of any significant secondary
structure within WT A4, monomer 13, as reported in earlier simulations, is consistent with
recent NMR measurements *°. The low B-strand and o-helix propensities of the WT dimer
found in simulations agree well with the CD-derived values (-strand content 12-25% and o-
helix content 3-9%) of AP, early aggregation species (n<4) at 290 K and pH 7 ***"* and with
earlier implicit solvent coarse-grained simulations 3% These results are also in line with earlier

1649 suggesting that the secondary structure does not change much from monomer

experiments
to dimer. Residue-wise secondary structure profile of the WT homodimer (Fig. 4b) reveals
higher B-strand propensity (>20%) in residues 17-20 and in residues 31-40, in addition to
prominent (>40%) turn propensity in residues 5-10 and 23-30. Residues 12-16 show ~20% helix
population. The A2T heterodimer secondary structure profile demonstrates similar characteristics
(Fig. 4¢). To obtain a more detailed comparison, residue-wise statistically significant (i.e. values
larger than the corresponding standard error) B-strand, turn, and a-helix population differences
between homodimer and heterodimer are plotted in Figure 4d. Interestingly, B-strand character
near residues 10-13, 29-30, and 38-39 becomes stronger by at least 5% in heterodimer. Also,
residues 5-6, residue 14-17, and residues 33-35 in heterodimer exhibit higher turn propensity. On
the other hand, residues 9-11 and 29-30 show a preference toward turn conformation in WT
homodimer, while a higher B-strand propensity is noticed in residues 32-34. In summary, our
simulations reveal some notable differences between the secondary structure profiles of two
dimers. Of interest, the N-terminus displays higher -strand propensity in the heterodimer.
Figure 5a illustrates the ensemble-averaged intra-molecular contact probabilities. The

associated standard errors and the probability differences between two dimeric systems

(homodimer — heterodimer) are plotted in Figures 5b and 5S¢, respectively. The WT homodimer
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contact map suggests that all long-range (|i-j|>8) contacts are populated with less than 30%
probability, i.e. all such contacts are transient in nature. In addition to the mutual interaction
between two termini, a set of anti-parallel contacts between residues 16-21 and 31-42 are
observed. Similar sets of long-range contacts were also seen in the WT A4, monomeric
ensemble . Interestingly, weakening (to a ~12% probability) of those CHC-CTR intra-chain
contacts is noticed in A2T heterodimer (Fig. 5a, lower triangle and Fig. Sc, upper triangle),
reminiscent of the effect of introducing A2T mutation within A4, monomer 3 We have further
estimated the intra-molecular backbone-backbone (BB) hydrogen-bonding (H-bonding)
probabilities within each dimer. As shown in Figure 5d, all long-range intra-molecular H-
bonding interactions present within dimer are fairly weak. The ones that show at least 10%
probability in WT dimer are V18/G33, F20/131, H6/L34, and D1/A42. Further weakening of the
ones between CHC and CTR is noticed in the heterodimer. Taken together, our simulations
reveal transient, intra-peptide interactions involving CHC and CTR within WT homodimer,
which are weakened in A2T heterodimer.

The average and standard error of the inter-chain contact probabilities are shown in Figure 6a-
b. The upper triangle of Figure 6a reveals that the CTR from both chains primarily contact each
other at the WT dimeric interface, which agrees well with EPR *° and ss-NMR '° data.
Additionally, some NTR-NTR and CHC-CTR inter-chain contacts are also seen, indicating
hydrophobic interactions as the primary driving factor underlying dimer formation, consistent

with earlier simulations ** and experiments 30,31

. Higher B-strand propensity (Fig. 4b-c)
combined with the presence of inter-chain BB H-bonds (Fig. 6¢) in those regions suggest

presence of inter-molecular B-sheets at the dimeric interface. The second mode of quaternary
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interaction involving CHC and CTR becomes more robust in the heterodimer (Fig. 6a & 6c¢,
lower triangle).

We have also estimated the inter-chain binding free energy using a molecular mechanics-
Poisson—Boltzmann surface area method ** (see Model and Methods section). Figure 7a
summarizes the average and standard deviations of all energetic components. Calculations on
WT homodimer and A2T heterodimer ensembles reveal comparable inter-chain binding free
energy (AG®™™ o = -17.8 + 28.9 kcal/mol and AG®™ 8., = -43.4 + 28.8 kcal/mol). Both
van der Waals (vdW) and electrostatic interactions contribute favorably toward dimer formation,
AGBindingvdW being the predominant contributor. This result is in consistent with earlier published
reports ad Slightly more favorable AGP™Me | is noticed in the heterodimer (Fig. 7a), which is
also evident from the energy distribution plot (Fig. 7b). Our analysis indicates that this more
favorable inter-chain electrostatic energies in the heterodimer can be attributed to both H-
bonding (Fig. 6¢) and salt-bridge interactions (Table S1).

To further discriminate between the homo and hetero-dimeric ensemble, we compare the
potential mean force (PMF) (Fig. 7) as a function of (i) number of CHC-CTR intra-chain
contacts, Ninma, and (i1) the number of inter-chain contacts encompassing CHC and CTR, Nipger
(see Methods). The PMF plot of the WT dimer reveals four distinct highly populated regions
(referred as S1-S4 regions, black squares in Fig. 8a), which all together represent >70% of the
total ensemble. S1 region corresponds to the structures with minimal CHC-CTR intra-chain
contacts and a weak dimeric interface. S2 state represents dimer structures with a strong
interface, but weak CHC-CTR tertiary interactions. Structures with intermediate intra- and inter-
chain interaction populate the S3 region, whereas S4 dimers exhibit stronger intra-chain

interaction, but lack substantial inter-peptide association. The average vdW and electrostatic

10
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inter-peptide binding energies reported in Table S2 are consistent with these observations. A
significant enhancement of the S1 population is noticed in the heterodimer (from a ~9% in WT
homodimer to ~23% in A2T heterodimer, Fig. 8b, see also Table S3). At the same time, S2 and
S4 structures become less frequent, while S3 population stays nearly the same in heterodimer.
Figure S1 illustrating conformation sampling for individual replica confirms that all replicas
sample each of these four regions (S1-S4) on the heterodimer conformational landscape.

A clustering analysis was performed on the individual S1-S4 populations to extract the
representative conformations (see Simulation Model and Methods). Detailed results of clustering
analysis can be found in Table S3. The representative structure of the largest cluster for each
sub-population (S1-S4) is shown in Figure 8 (for additional representative structures, see Fig.
S2). The structural diversity of those representative conformations implies heterogeneous nature
of the dimeric ensemble. We also estimated the collisional cross-section (CCS) values > of those
representative structures (Fig. 7). The CCS values for the WT homodimer range between 900 to
1050 A% Figure 7b reveals similar CCS values for representative heterodimer structures. These
CCS values are in line with what has been reported for WT A4, dimer in ion mobility-mass
spectrometry (IM-MS) experiment *. The same study suggested that such CCS values are
consistent with a compact, globular dimer model. Rg values of the simulated dimeric ensemble
reported in this study (see Fig. 3a) is also indicative of collapsed structures (with an estimated
scaling exponent v = 0.39). The ensemble-averaged aspehericity, & *, estimated from the
principal moments of the inertia tensor of the dimer is found to be ~0.04, suggesting a spherical
shape. Taken together, both dimers form compact globular structures in solution, which exhibit

different characteristics in terms of the transient intra- and inter-chain association.

11
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To characterize the molecular factors resulting into enhanced population of distinct structures
with low CHC-CTR interaction in the heterodimeric ensemble, we analyze those structures (S1
and S2 states) in detail. The results are summarized in Figure 9. Interestingly, hydrophobic
regions in S1 structures show considerably weak B-strand propensity with respect to the
ensemble averaged value (Fig. 9a). Those primarily disordered structures are largely devoid of
CHC-CTR tertiary contacts and consist of a weak inter-peptide interface (Fig. 8b-¢ & Table S2).
At the same time, presence of strong intra- and inter-chain NTR-CTR interaction is revealed in
those structures (Fig. 8b-c). Residues from extreme N-terminus are also found in contact with

residues 18-23.

Figure 9a shows a representative S1 heterodimer structure, revealing strong participation of
hydrophobic residues in those distinct NTR-CTR interactions. Typically, F4 from the NTR is
found to be strongly engaged in interaction with CTR hydrophobic residues such as 132, M35,
and V39 from A2T peptide, and 131 and V36 from WT peptide. T2 appears to be solvent-
exposed in that state, which is further supported by the solvent-exposed surface exposure
(SASA) values: 80 A”for T2 and 60 A? for A2. In contrast, same residues display SASA values
of ~50 A? in the S3 state. These results suggest that a solvent-exposed T2 allows formation of a
buried hydrophobic cluster at the inter-chain interface, which involves residues such as F4, 131,
132, M35, and V36. Such altered interface inhibits tertiary hydrophobic interactions between
CHC and CTR, as well as typical inter-peptide CTR-CTR association.

Structural differences between two dimeric systems are also noticed in the S2 state that
represents strongly-bound dimers. It should be noted that S2 structures are less frequently
populated in the heterodimer. S2 conformations in the homodimeric ensemble exhibit reduced

CHC-CTR tertiary interaction, robust B-strand tendency around CTR, and inter-chain CHC-CTR

12
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and CTR-CTR contacts. The extensive interface in the S2 homodimer is often comprised of CTR
B-strands, arranged in parallel or anti-parallel manner (Fig. 8a and S2). Stronger B-strand

propensity at CHC, more robust CHC-CTR tertiary interactions, and enhanced anti-parallel

©CoO~NOUTA,WNPE

11 CHC-CTR and CTR-CTR contacts are seen in S2 heterodimers. Consistently, snapshot of the
13 most representative S2 heterodimer structure reveals a CHC-CTR hairpin within the WT chain
(Fig. 10b, for more structures see Fig. S2). CHC and CTR of the A2T chain are primarily
18 engaged in inter-peptide contacts, resulting in anti-parallel B-sheet structure. In those structures,
20 the NTR of the A2T chain is again found to interact with hydrophobic residues from CHC and
23 CTR, e.g. L17, V39, V40, 141, and A42, that constitute the inter-chain interface. It seems that,
25 weaker CHC-CTR tertiary interaction and preference of A2T NTR to interact with distant
hydrophobic residues result in formation of distinct S1 and S2 heterodimer structures. (Fig. 9-
30 10).

32 Figure 11 summarizes the structural analyses of S3 and S4 populations, in which both chains
form CHC-CTR tertiary contacts with moderate to strong tendency (for representative structures,
37 see Fig. S2). It should be noted again that S4 conformations are weakly populated in the
heterodimeric system. Robust 3-strand character near CHC and CTR is seen in those dimers

42 (Fig. 11a). Consistently, a prevalence of B-hairpin conformation involving CHC and CTR

44 emerges, particularly within S4 dimers. Some alternative modes of quaternary association are

47 revealed, such as CHC-CHC in homodimer and NTR-CHC in heterodimer within S4 state.

49 Additionally, higher B-strand propensity in NTR is found in S4 heterodimers (Fig. 11d).

54 Table 1 summarizes the main findings reported in the present simulation study as well as the

56 experimental observations published till to date on the WT+A2T A4, mixture, some of which

13
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can be explained in light of the molecular insights obtained from this study. Overall, both
dimeric ensembles appear structurally heterogeneous in nature. Ensemble-averaged structural
features of the WT dimer revealed in the present study, such as transient CHC-CTR tertiary
interaction and inter-molecular B-sheet (both parallel and anti-parallel) at CTR, are consistent
with experimental reports of Ap oligomers '® *. The simulated WT AP, dimeric landscape
further demonstrates different sub-populations that vary in the involvement of central and C-
terminal hydrophobic regions in intra- and inter-chain binding. An anti-correlation relationship
emerges, i.e. intra-molecular conformations with weak CHC-CTR interactions form an extensive
interface by actively interacting via those regions (Fig. 8a). In those strongly-bound WT A4,
dimer structures, B-sheets encompassing CTR are often seen at the interface, whereas CHC lacks
any secondary structure. In contrast, strong f-strand character is seen at both CHC and CTR in
the WT homodimer structures that display intermediate to strong CHC-CTR tertiary interaction
and a relatively weak interface. Presence of a 3-hairpin involving CHC and CTR is also noticed
in those dimers.

Notable structural differences between WT AP, homodimer and A2T A4, heterodimer are
found, such as stronger -strand character at the NTR and weaker tertiary interaction between
central and C-terminal hydrophobic regions in the heterodimer. Average CHC-CTR contact
probability is found to be 0.12 in heterodimer, while the same is 0.21 in the WT homodimer
(Table 1). Consistently, conformations with robust CHC-CTR intra-chain interaction become
less populated in the heterodimeic landscape. In addition, the population of strongly-bound
dimers becomes smaller in the heterodimeric ensemble. Instead, distinct dimer structures (S1)
with little secondary structure, weak CHC-CTR tertiary interaction, and reduced inter-chain

binding are frequently visited in the heterodimeric landscape. The A2T NTR is involved in

14
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atypical tertiary and quaternary interactions with the central and C-terminal hydrophobic regions
in those distinct heterodimers, often leading to hydrophobic burial.

The observed lowering of transient B-hairpin structures (S4 state) in the simulated A2T
heterodimer might provide an explanation for the protection against AD in the heterozygous
carriers, as the B-hairpin structures are found to be crucial in amyloid aggregation and toxicity.
We have previously reported transient f-hairpin depletion in the simulated A2T AB4, monomeric
ensemble, which was primarily attributed to unique electrostatic interactions between NTR and
the turn region °. The fact that the B-hairpins present hydrophobic surfaces exposed to solvent is

658 For instance,

directly correlated with their aggregation propensity and neurotoxicity
double-cysteine mutants (AP40.. and AP42.) with overly stable B-hairpin monomeric
conformation have been reported to lower fibril formation and enhance toxic -sheet oligomer
and/or protofibril population . NMR and AFM experiments have suggested presence of double-
hairpin monomers within toxic Af4 oligomers '°. The explicit formation of double-hairpin
structures in AP4, (and not APs) has been linked to the higher aggregation propensity and
toxicity of the longer isoform *°. Therefore, formation of a transient AP B-hairpin monomer is

thought to be the very first step of oligomerization =" - o1

. A two-stage dock-and-lock
mechanism for oligomer growth has been proposed, in which a disordered monomer adds to the
oligomers containing hairpin-like structures .

Earlier studies have further suggested the need for stronger inter-peptide association in order to
form aggregation nuclei, thus providing a connection between aggregation thermodynamics and
kinetics ®. Accordingly, a recent AFM study has shown the weaker inter-peptide interaction in

AP4o dimer due to the involvement of NTR. In contrast, a stronger AP, dimer interface was

found with predominant contribution from CTR ®. Such difference in inter-peptide association is

15
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believed to be key in determining the higher aggregation propensity and neurotoxicity of Af4, **.
Therefore, weaker inter-molecular binding, combined with hydrophobic coalescence, seen in S1
heterodimers might trigger an inhibitory effect on A4, aggregation and toxicity in the WT+A2T
mixture. This result is in line with the experimentally observed intermediate '' to impaired "
aggregation of the WT+A2T AP4, mixture (Table 1). IM-MS has further revealed presence of
small oligomers (such as dimers, tetramers, and hexamers), but not toxic dodecamers, in an
equimolar WT + A2T AP4, mixture '*. As the toxic AB oligomers are believed to be B-sheet rich,
the highly disordered nature of the S1 heterodimers provides a molecular explanation to the
absence of toxic oligomers in mixture. The altered tertiary and quaternary packing of the
simulated heterodimer is also in good agreement with the ANS binding results, indicating
decreased exposed hydrophobic surface in the early WT+A2T Ay, aggregates '°. The disordered
heterodimer structures are further consistent with the Fourier Transform Infrared Spectra of the
WT+A2T APs, mixture suggesting presence of characteristic non-B-sheet structures '°. Taken
together, the heterodimer structure reported in this study is not only consistent with existing
experimental findings, but also sheds light onto the aggregation differences reported for the
WT+A2T AP4; mixture.

The pivotal role of N-terminus in AP structure, oligomerization/aggregation, and toxicity is
becoming increasingly evident ©, °, 7. N-terminus specific antibodies are known to effectively
bind both soluble and insoluble forms of A °®. Amyloid inhibitor tetra-peptides are also known
to bind at the AB NTR ®°. Recently, a small peptide homologous to 1-6A2V has been reported to
hinder AP amyloidogenesis and neurotoxicity °. Several studies have further revealed the
crucial involvement of the AP N-terminus in tertiary and quaternary interactions. A novel triple

B-sheet motif within AP4, oligomers has been experimentally reported with minimally exposed

16
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hydrophobic residues, in which association between the NTR and residues 17-22 was revealed .
A simulation study by Head-Gordon and coworkers has shown typical antiparallel f—hairpin
involving CHC and CTR in AP4 monomer, whereas a characteristic antiparallel B—hairpin
population comprising CHC and N—terminal residues 9—13 was observed in APs monomer .
Simulations performed by Urbanc and coworkers *** have revealed tertiary interaction between
NTR (A2-F4) and CHC residues within AB4 dimer, but not in AB4, dimer. A more flexible NTR
might be associated with enhanced toxicity of AP4, oligomers. A recent MD study of an AD
protective A2V A4 heterodimer has indicated less energetically favorable inter-peptide
interface, reduction of all-alpha structures, along with higher NTR-CHC intra-peptide contacts .
In line with these earlier studies, our simulations reveal enhanced tendency of the A2T NTR,
particularly residue F4, to be engaged in atypical interaction with CHC and CTR. Such
interaction often leads to structurally disordered, collapsed structures within the A2T
heterodimeric ensemble that is associated with AD protection.

One attractive pharmacological strategy for AD is to design drugs that can interfere with AP

aggregation and toxicity by binding to different AP species, particularly to the B-sheet rich

oligomers *. Options include small organic molecules "> "®, short peptides " ' ® and Ap-

38, 79, 80

interacting proteins . Presence of aromatic and hydrophobic moieties is common in those

amyloid inhibitors. Selected, short amyloid inhibitor peptides in D-isomeric form are often found

. 70,78
to be more effective '’

, as they are protease-resistant. Given the importance of intra- and inter-
peptide interactions involving AP N-terminus in modulating AP structure, aggregation, and

toxicity, a plausible pathway toward intervention is to design inhibitory peptides composed of

WT ('DAEFRH?®) sequence or its variants '°. The aim is to design inhibitory peptides capable of
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interfering with AP interactions (e.g. those between CHC and CTR) leading to toxic oligomer

formation.

In summary, the present simulation study reports enhanced population of primarily disordered
structures within the A2T A4, heterodimeric ensemble, when compared to the WT A4, dimer.
Key characteristics of those distinct heterodimer structures are overall low secondary structure
content, reduced CHC-CTR tertiary interaction, and a weak inter-chain interface, The NTR is
frequently engaged in tertiary and quaternary interactions with central and C-terminal
hydrophobic residues in those distinct heterodimer structures. The unique heterodimer structure
revealed in this study might provide molecular insights onto the protective effect of the A2T
mutation in the heterozygous state. In future, we plan to investigate the further assembly and
membrane association of these distinct heterodimer structures, in order to directly characterize

their effect on AP aggregation and toxicity.
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Simulation Model and Methods

In this study, we have used extensive replica exchange molecular dynamics (REMD) simulations
to characterize the conformational landscape of WT homodimer and A2T heterodimer. REMD is
an enhanced sampling algorithm that helps the system to escape the local minima in the free
energy landscape by increasing temperature *'. The method consists of several identical copies
or replicas of the system, which are simulated in parallel over a range of temperatures. At
frequent intervals, trials to exchange the temperature of all neighboring replicas are performed,
according to a Metropolis Monte Carlo criterion. The swapping probability is chosen to satisfy a
detailed balance. This method has been successfully applied to construct the ensemble of
intrinsically disordered peptides that lack a single native conformation and instead populate
multiple rapidly interchanging states, such as AB at atomic resolution >* **®*.

The following protocol was used to set up the solvated dimer systems. Two different monomeric
structures were randomly selected from an earlier REMD simulation of the solvated WT A4
monomer ", which were populated at around room temperature. The monomer structures were
placed in a 74 x 74 x 74 A’ cubic box containing ~12290 water molecules, such that the
minimum distance (heavy atom only considered) between two monomers was at least 15 A (see
Fig. 1a). This results in an effective concentration of 8mM. The protonation states of the acidic
and basic residues of the peptides were set at pH 7. Six Na' ions were added to neutralize the
system charge. For the A2T heterodimer, the initial system set-up was identical to that of the WT
homodimer, except that the sidechain of the residue 2 of one peptide chain was mutated in silico
to that of the threonine. The system was first energy minimized, followed by a 100 ps
equilibration in NPT ensemble (300 K and 1 atm), during which the protein backbone remained

constrained. Next, a 200 ps long MD simulation was performed without applying any constraint,
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in order to allow the system to fully relax. The final structure at the end of this run was used as
the starting structure for REMD run. Finally, constant-volume REMD runs were performed using
a 2 fs time-step. A total of 128 replicas within an exponentially distributed temperature range *°
of 295-503 K were used. The replica exchange attempts were made every 4 ps. The system was
coupled to a Nose-Hoover heat bath to maintain constant temperature between swaps. Use of
this protocol results in an average exchange ratio of 30% that is constant over the temperature
range. An aggregate simulation time of 51.2 us per system was generated per system. To our
knowledge, this is the most extensive simulation study on the ABs, dimer system reported to

date.

The particle-mesh Ewald (PME) method was used for the long-range electrostatic interactions 8,
while the van der Waals interactions were treated with a cut-off distance of 10 A. The bonds
were constrained using LINCS *” and SETTLE * algorithms. Simulations were performed using
the GROMACS4.5.4 software ®. All MD simulations were run using IBM BlueGene/Q
supercomputers. For all calculations, a combination of OPLS-AA force-field %% and TIP3P water
model *! was used. We have previously used this combination of parameters in conjunction with
64 replicas, each ~225 ns long, to generate the structural ensemble of AP4, monomer B3 The
resulting ensemble was found to be in good agreement with NMR experiments *°. A highly
disordered nature of the AP4; monomer was found in those simulations 13 , in line with recent
NMR experiments *°. The combination of OPLS-AA and TIP3P parameters has been also found

to be suitable for simulating assembly of Ap fragments ° and full-length AP peptides **.
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Simulation Analysis

Conformational analysis: The secondary structure was estimated using the STRIDE program ”,

Residue-specific secondary structural propensity was estimated by counting the percentage of
conformations, in which a residue forms the secondary structure of interest. A cutoff distance of
8 A between C, atoms was considered to define a C,-C, contact between two residues. For
contacts between heavy atoms, a cutoff distance of 5 A was used. Only non-sequential contacts
(li-j| =3) were considered for tertiary interactions. For quaternary association, only those
structures were considered that have > 25 contacts (heavy atom only) between two chains.
Hydrogen bonds were determined with a cutoff of 3.5 A for the donor-acceptor distance and a
cutoff of 30° for the donor-hydrogen-acceptor angle. The non-polar solvation energy was
calculated using the solvent accessible surface area (SASA) where a probe of 1.4 A radius was
rolled over the protein surface. Asphereicity, J, a shape measure of polymers, was calculated
from the three normalized eigenvalues (A1) of the gyration tensor. The eigenvalues denote the

shape of the polymer in principal directions. Asphereicity, o, was obtained from the equation:

S= (11 —12)24_(12 _13)2"'(2“1 -4

2
5 ;) . So, if three eigenvalues are equal, & is equal to zero
24 + 4, + 4)

and the polymer has a spherical shape. If all the eigenvalues are zero except one, then Jis equal
to one and the polymer has a rod-like shape. All peptide structure figures were rendered using
VMD *°. The convergence of the simulations was checked by dividing the simulation data in two
or four equal sets and estimating the standard errors or similarity of the structural features

obtained from those sets.
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Binding energy calculation: The average inter-chain binding free energies (AGginging) for the
homo- and hetero- dimer were calculated using the MM-PBSA method > *°. Binding energy
calculation by this method does not account for the entropic term. Approximately ~4000
structures comprising S1-S4 states (every 10th frame of the ensemble was considered) were
taken into account for this calculation. The total binding energy is a cumulative of the molecular
mechanics energy (van der Waals and electrostatics) and solvation (non-polar and polar
solvation) energy terms. The non-polar solvation energy was estimated using a model based on

solvent-accessible surface area calculation.

PMF analysis and clustering: Potential of mean force (PMF, W(X)) plots were obtained from a

histogram analysis, using the equation W(x) =—RT.log(p(X)), where X is the set of reaction

coordinates and p(X) is the probability. The average number of intra-chain CHC-CTR contacts,
and the total number of inter-chain contacts involving CHC and CTR were used as the reaction
coordinates for PMF estimation. Since the probability of CHC-CHC mode of inter-peptide
association was found to be very low, only CHC-CTR and CTR-CTR quaternary contacts were
considered for PMF analysis. Regions on the PMF plots that individually represent >9% of total
production ensemble were further analyzed. A cluster analysis using the Daura algorithm *’ was
performed. A 6 A C,-RMSD cut-off between two conformations was used for cluster analysis of

the highly populated regions on the PMF plots.

Collision cross section (CCS) calculation: Ion mobility mass spectrometry (IM-MS) provides
information on the size and stoichiometry of protein assemblies. CCS values of ions are
estimated by measuring the time taken for them to traverse a region of inert gas under the

influence of a weak electric field **. We used IMPACT (Ion Mobility Projection Approximation
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1

2

2 Calculation Tool), a fast and accurate method to calculate the CCS values of the representative

2 dimer structures using their atomic coordinates 3,
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1

2

2 Table 1: Summary of WT+A2T A4 experiment and simulation results.

2 Simulation findings WT AB42 homodimer | A2T A4, heterodimer
573 Average radius of gyration (in nm) 1.28 1.28

(‘190 AGginding (kcal/mol) -17.8 -43.4

11 Overall Secondary structure Reference Stronger B-strand
ig propensity at NTR

ig CHC-CTR tertiary contact probability* | 0.21 0.12

16 Population (in %) of disordered | 9.4 22.7

g structures with a weak interface (SI

19 state)

32 Population (in %) of structures with a | 20.7 15.8

22 strong, -sheet rich interface (S2 state)

23

24 Population (in %) of hairpin structures | 22.4 13.2

25 with a weak interface (S4 state)

26

27 Experimental observations WT AB4z 1:1 WT+A2T AP

28

29 Aggregation kinetics (ThT fluorescence) | Reference” No difference

30 [7]

31 . -

32 Aggregation (ThT fluorescence) [8] Reference Lower level and slower
33 kinetics

34 - -

35 AFM after 2h of aggregation [7] Reference Smaller aggregate

36

37 ANS binding emission peak (nm) [7] 502 512

gg ANS binding relative peak magnitude | 1 0.77

40 (inau.) [7]

41

42 FTIR peak locations (cm™) [7] 1627, 1650, 1685 1627, 1657, 1665

jj Arrival time distributions of the z/n = | Formation of dimer, | Dimer, tetramer,
45 =5/2 (IM-MS) [11] tetramer, hexamer, and | hexamer, but no
46 dodecamer dodecamer

47

48 # Implies that WT A4, dimer data has been used as a reference for comparison.

49

50 *Defined as <Q;>i=15.21, j=29-42, Q=contact probability. Only those contacts were considered, for
g; which (Q;”™ - Q;““") was greater than 0.05.
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Figure 1. (a) Initial structure of the two peptide system in a water box for A2T heterodimer.
Peptide chains (displayed using cartoon representation) are colored in blue and red. Residue 2 is
represented as van der Waals spheres (orange for A2 and grey for T2). Water is shown in blue.
(b) Root-mean-square distance (RMSD), in nm, from the initial peptide structure (C, atoms only
considered), averaged over two chains, as a function of simulation time for the 310 K trajectory
(homodimer in black and heterodimer in red). (¢) Snapshot of the system at 200 ns (homodimer
on left and heterodimer on right). Color scheme used is same as in Fig. 1a. (d) Evolution of the
distance between the center of mass (COM) of two chains at 310 K (homodimer in black and

heterodimer in red).
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28 Figure 2. (a-d) Percentage population of secondary structural elements, averaged over two
31 chains, at 200 ns for replicas spanning 295-360 K temperature range: (a) coil, (b) turn, (c) B-
33 sheet, and (d) a-helix. Results for homodimer system are shown in black and for heterodimer

system are shown in red.
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Figure 3. REMD convergence analysis. Probability distributions of (a-b) radius of gyration, Rg,
(in nm, solid line: dimer, dashed line: individual chain), of (¢-d) number of intra-chain contacts
(Cy atoms only), Ninwa, and (e-f) residue-wise turn propensity (in %) estimated from sampling
obtained during 200-300 ns (black) and during 200-400 ns (red) at 310 K. Standard errors are
obtained from standard deviations estimated by dividing data in smaller two or four 50 ns long
blocks. Results for homodimer are shown in left panel and for heterodimer are shown in right

panel.
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28 Figure 4. Secondary structure analysis. (a) Overall population (in %) of secondary structural

elements (C=coil, T=Turn, E=B-strand

33 standard errors were estimated by split

, B=p-bridge, H=a-helix, G=3¢-helix, [=n-helix). The

ting the 200 ns data in four 50 ns long segments and

35 computing the standard deviations of the averages of those 50 ns long segments. Secondary

structural propensities for the WT and
40 Secondary structure per residue for (b)

42 used is as follows: Coil = gray, Turn =

A2T monomeric ensembles are taken from ref. °. (b-c)
WT homodimer, and (¢) A2T heterodimer. Color-scheme

gold, B-bridge = cyan, B-strand = red, 3o-helix = blue, a-

45 helix = green. (d) o-helix, B-strand, and turn population differences (in %) between homo- and

47 hetero-dimeric system. Positive values

used is same as in (b).
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Figure 5. Tertiary structure analysis. (a) Ensemble-averaged intra-molecular Co contact
maps for WT homo- (upper triangle) and A2T hetero- (lower triangle) dimer systems. Non-

sequential contacts, i.e.|i-j| >3, are only shown. White dotted circle highlights the CHC-CTR

anti-diagonal contacts. (b) Standard errors associated with tertiary contact probability calculation

for homodimer (upper triangle) and heterodimer (lower triangle). (c¢) Arithmetic difference
between the contact probabilities of homodimer and heterodimer (upper and lower triangle
corresponds to tertiary and quaternary contacts, respectively). (d) Ensemble-averaged

probabilities of H-bonding (backbone only) formation (upper triangle = homodimer, lower

triangle = heterodimer). Color-scale used is shown on the right of the corresponding figure.
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Figure 6. Quaternary structure analysis. (a) Inter-chain contact maps (heavy atoms only), (b)
19 standard errors for quaternary contact probabilities, and (¢) inter-chain H-bonding (backbone

21 only) probabilities for WT homodimer (upper triangle) and A2T heterodimer (lower triangle).
The color-scheme used in each case is also shown. Black dotted circle in (a) highlights stronger

26 presence of CHC-CTR inter-chain contacts in heterodimer.
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Figure 7. Inter-chain Binding Free Energy Estimation: (a) Contributions of the individual

energy components and total free energy of binding (in kcal/mol). (b-¢) Energy distributions, (b)

vdW and (c) electrostatics (solid line: homodimer, dashed line: heterodimer).
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Figure 8. Dimeric Conformational Landscapes: 2D Potential of Mean Force (PMF) plots as a
function of number of intra- (Nj,) and inter-chain (Nj,.) contacts of (a) WT homo- and (b)
A2T heterodimer (see Methods). The reported number of intra-chain contacts is estimated by
averaging over two chains. Each contour level represents 0.5 kcal/mol. Black squares denote the
discrete regions (S1-S4) on the PMF plots, which individually represents >9% of the WT dimer
production ensemble. The representative conformation of the largest cluster for each of those
regions is shown using cartoon representation. Color scheme used for individual peptides used is
same as in Figure 1. Also shown are the % population of individual states (S1-S4) and the

collision cross sectional area (CCS) of the representative conformations (in A?) in parenthesis.
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Figure 9. Structural analysis of S1 and S2 dimers. Top panel corresponds to S1 dimer and
bottom panel represents S2 dimer. (a & d) Secondary structure per residue (filled circle =
homodimer, empty square = heterodimer); (b & e) tertiary contact maps; and (¢ & f) inter-
peptide contact maps. Color schemes used are same as Figure 4-6. White circle in (b) denotes

presence of NTR-CTR tertiary contacts in S1 heterodimers.

ACS Paragon Plus Environment 40

Page 40 of 43



Page 41 of 43 ACS Chemical Neuroscience

(b

©CoO~NOUTA,WNPE

22 Figure 10. Representative S1 and S2 heterodimer structure. (a) A hydrophobic cluster in the
24 S1 heterodimer consisting of F4, 132, and M35 from the A2T peptide and residues 131 and V36
27 from the WT peptide (shown in van der Waals spheres). The A2T N-terminus is shown in CPK
29 representation (white = non-polar, green = polar, acidic = red, and basic = blue). (b) A2T NTR
interacting with CHC and CTR hydrophobic residues that constitute a parallel -sheet rich inter-
34 chain interface in S2 heterodimer. Color scheme for individual peptides used is same as in

36 Figure 1.
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Figure 11. Structural analysis of S3 and S4 dimers. Top panel corresponds to S3 structures
and bottom panel represents S4 structures. (a & d) Secondary structure per residue (filled circle
= homodimer, empty square = heterodimer); (b & e) tertiary contact maps; and (¢ & f) inter-

peptide contact maps. Color schemes used are same as Figures 4-6.
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