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ality-conferred structural
compaction differentially mediates the cytotoxicity
of Ab42†

Gongyu Li, ‡*ac Chae Kyung Jeon,‡d Min Ma,‡b Yifei Jia,a Zhen Zheng,f

Daniel G. Delafield, b Gaoyuan Lu, b Elena V. Romanova,e

Jonathan V. Sweedler, e Brandon T. Ruotolo *d and Lingjun Li *b

Growing evidence supports the confident association between distinct amyloid beta (Ab) isoforms and

Alzheimer's Disease (AD) pathogenesis. As such, critical investigations seeking to uncover the

translational factors contributing to Ab toxicity represent a venture of significant value. Herein, we

comprehensively assess full-length Ab42 stereochemistry, with a specific focus on models that consider

naturally-occurring isomerization of Asp and Ser residues. We customize various forms of D-isomerized

Ab as natural mimics, ranging from fragments containing a single D residue to full length Ab42 that

includes multiple isomerized residues, systematically evaluating their cytotoxicity against a neuronal cell

line. Combining multidimensional ion mobility-mass spectrometry experimental data with replica

exchange molecular dynamics simulations, we confirm that co-D-epimerization at Asp and Ser residues

within Ab42 in both N-terminal and core regions effectively reduces its cytotoxicity. We provide

evidence that this rescuing effect is associated with the differential and domain-specific compaction and

remodeling of Ab42 secondary structure.
Introduction

Naturally occurring D-amino acid substitution, also known as
amino acid D-epimerization, has been observed in many
disease-associated peptides and proteins, including amyloid
beta (Ab), one of the putative biomarkers and drug targets for
Alzheimer's disease (AD).1–6 Ab is of signicant interest due to
the prevalence of post-translational D-epimerization in AD brain
samples.7 In brain samples extracted from AD patients, the two
most common residues isomerized are aspartic acid and
serine.5,8,9 Notably, previous studies have experimentally
demonstrated that Ab D-epimerization is age-dependent and
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that such isomerization is long lived.2,5,8 Although most prior
reports aimed at AD biomarker and drug target discovery lack
the ability to detect and evaluate the impact of D-isomerized Ab
due to technical limitations,5,10–12 an increasing number of
recent reports have focused on the role of Ab D-epimerization in
AD through novel assays capable of D-isomerized Ab-targeted
identication and purication.7,13,14 Recently, directed D-epi-
merization has also been intensively explored in terms of its
impact on the cytotoxicity and oligomerization of Ab.3,4,15–17

Notably, point D-amino acid substitution can effectively reduce
Ab cytotoxicity, highlighting the critical role of Ser26
residue.16,17 Meanwhile, Makarov and coworkers have found
that, isomerization at Asp7 residue alone increases the amyloid
cytotoxicity in both mouse models and human neuronal
cells.18,19 Although a systematic chirality survey of Asp and Ser
residues within Ab42 is still lacking, emerging data supports the
prospects of a chiral regulation mechanism capable of rescuing
Ab in cytotoxicity,3,15–17 which may be further probed in the
context of enzymatic regulation and phage display.20,21

Remaining challenges confronting a systematic survey con-
cerning the chiral effects of Asp and Ser residues of Ab42 consist
not only of those associated with the analytical discrimination
and preparation of Ab42 stereoisomers, but also of the inade-
quate molecular understanding of the combinatorial structural
consequences of D-epimerization at all Asp and Ser residues
within different domains of Ab42.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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While many prior reports have described technical
advancements associated with the chiral discrimination and
separation of D-amino acid containing peptides,22–30 there
remains a dearth of tools capable of targeting Ab42 stereo-
chemistry. Traditional biophysical techniques frequently suffer
from an inability to reconcile the mixture states created from
the relatively low structural stability and high aggregation
propensity of Ab42. These challenges are amplied when one
maps the subtle structural impacts induced by D-epimerization
at few sites onto the mixture of oligomeric states created within
most Ab samples. Ion mobility-mass spectrometry (IM-MS) has
increasingly become an important alternative for the chiral
separation of Ab stereoisomers.13,31–37 IM-MS offers high
analytical speed, low sample consumption and the ability to
resolve small structural differences in peptide analytes, driven
by recent technological advancements in IM-MS.34–39 While
molecular dynamics (MD) simulations have been combined
with IM-MS to reveal the structural consequences of D-epime-
rization within small neuropeptides,40 Li et al. has recently re-
ported a multi-dimensional IM-MS (md-IM-MS)-based
structural analysis strategy, based on the metal-bound chiral
amplication and oligomer-resolved data integration method,
to facilitate the study of the chiral effects on monomer struc-
ture, oligomeric propensity and receptor binding for Ab frag-
ments.34,41 However, results from truncated Ab (e.g. Ab N-
terminus and core region fragments) cannot be reliably
extrapolated to predict those for the full length bioactive Ab
forms (e.g. Ab42).

To fully probe the chiral effects in full length, bioactive Ab42
including the differential roles of the N terminal and core
regions, we herein provide an improved md-IM-MS34,41

approach for the systematic study of the structural conse-
quences of domain-specic Asp/Ser D-epimerization within
Ab42 (Table 1 & Scheme S1†). Cytotoxicity of Ab isoforms in the
context of neuronal cell lines were examined using a series of
custom-synthesized peptides, which were also subjected to
structural analysis using an improved md-IM-MS platform
based on composite IM measurements across multiple instru-
ment platforms. Analytical challenges facing the MS charac-
terization of full length Ab42 have been successfully tackled
through an improved sample preparation workow. Moreover,
IM-MS-guided replica exchange MD (REMD) simulations were
employed to construct and rene the 3D structures of different
Ab42 stereoisomers. Our analysis reveals that co-D-epimeriza-
tion at Asp and Ser residues of Ab42 in both the N-terminal and
Table 1 Domain-constrained structural flips on Ab42

D-Residues N-terminus Ab10/Ab16a

WT —
dD Asp1/7
dS Ser8
dDdS Asp1/7Ser8
a Ab10/Ab16: DAEFRHDSGY/DAEFRHDSGYEVHHQK. b Ab(17–36): L
AEDVGSNKGA IIGLMVGGVV IA.

© 2023 The Author(s). Published by the Royal Society of Chemistry
core region effectively and synergistically reduces its cytotox-
icity, seemingly related to the differential and domain-specic
changes in both overall and local 3D shapes, among which
structural compaction exhibits the most signicant effect.
Results and discussion
In vitro characterization of Ab stereoisomer-receptor binding
affinity

First, we customized a variety of Ab stereoisomers with D-Asp
and/or D-Ser residues to systematically construct site-specic,
domain-constrained isomer models. As shown in Table 1, dD
Ab refers to Ab isoforms with all Asp D-isomerized, dS Ab refers
to Ab isoforms with all Ser D-isomerized, while dDdS Ab refers to
Ab with all Asp and Ser co-D-isomerized. Scheme S1† shows the
sequence and chemical structure for Ab42, where N-terminal
and core regions are highlighted in different colors. To be
more specic, Ab10/Ab16 and Ab(17–36) are designated as N-
terminal and core peptides, respectively, all of which are
synthesized in four isoforms, WT, dD, dS and dDdS (Table 1). In
total, we studied 12 Ab stereoisomers in three groups to inspect
domain-constrained chiral effects.

Immunoaffinity-based isolation is one of the most popular
strategies in AD biomarker purication, which heavily relies on
the binding specicity and affinity between the chosen antibody
and the target (e.g. Ab).7,10 Not surprisingly, we found that
standard Ab antibodies exhibit signicantly varied performance
in their ability to purify Ab stereoisomers, as revealed by surface
plasmon resonance (SPR) binding curves (Fig. 1). While in
Fig. 1A the binding affinity for WT Ab42 to its specic antibody,
6E10, is calculated to be around 5.55 mM, isomerization at both
Asp and Ser residues signicantly weakens Ab42 binding. This
series of experimental observations starkly illustrate the chal-
lenges involved in quantitatively evaluating the contribution
from Ab42 stereoisomers in AD pathology.

Metal ions, particularly copper (Cu2+), have been considered
as an important regulator for Ab structural exibility and self-
assembly.34,42,43 As such, we performed a series of native IM-MS
experiments on Ab42-Cu2+ complexes in order to compare the
copper binding affinities over differentially D-isomerized Ab42
isoforms. Representative mass spectra in Fig. S1† support the
differential copper binding capabilities (including affinity and
stoichiometry) of Ab42 stereoisomers. Further, triplicate
binding affinity measurements enable quantitative comparison
of their copper-binding affinities. As shown in Table 2, native
Core region Ab(17–36)b Full length Ab42c

— —
Asp23 Asp1/7/23
Ser26 Ser8/26
Asp23Ser26 Asp1/7/23Ser8/26

VFFAEDVGSNKGAIIGLMV. c Ab42: DAEFRHDSGY EVHHQKLVFF

Chem. Sci., 2023, 14, 5936–5944 | 5937
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Fig. 1 Differential antibody binding affinity mediated by site-specific
chiral inversion at full-length Ab42. (A) SPR response curves for various
levels of WT Ab42 with Ab antibody, 6E10, immobilized on a COOH
sensor chip. Calculated binding kinetics information: ka, (3.79 ± 0.54)
× 102 1/(M*s); kd, (2.10 ± 0.0038) × 10−3 1/s; KD, (5.55 ± 1.72) ×
10−6 M. (B) Response curves for WT and differentially D-isomerized
Ab42 at 5 mM each, showing the significantly decreased antibody
binding affinity upon D-epimerization.

Table 2 Copper-binding affinitya for Ab42 stereoisomers

Ab42 KD1 [mM] (+1 Cu2+) KD2 [mM] (+2 Cu2+)

Fold change

KD1 KD2

WT 0.04 � 0.01 27.04 � 1.88 1.00 1.00
dD 1.50 � 0.02 33.31 � 3.26 34.12 1.23
dS 0.70 � 0.14 46.35 � 3.85 15.84 1.71
dDdS 0.31 � 0.06 19.77 � 2.63 7.15 0.73

a All data in this table represents triplicate measurements with SD
values for error ranges. The calculation of KD fold changes is based on
the normalization of WT group to be 1.0.
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MS reports strong copper binding to WT Ab42 to form 1 : 1
complex, with KD values of ∼40 nM, with signicantly lower
binding affinity measured for subsequent copper binding
events (∼27 mM). While the formation of 1 : 2 Cu : Ab complexes
are not signicantly affected upon site-specic isomerization
(fold changes <2), 1 : 1 binding affinity diminishes signicantly,
resulting in a 7–34 fold change in Cu binding KD. Notably, the
largest fold change was observed for dD Ab42, which likely
alters the known copper-binding domain located at N-terminus
of Ab42. Interestingly, the Cu affinity recorded for dDdS Ab42
exhibits stronger affinity than the peptides carrying individual
isomerized residues, which seemingly indicates the ability of
Ab42 to structurally compensate to create an altered binding
pocket for Cu binding. In addition, these Cu-binding data may
have implications for the biological activities of Ab42
5938 | Chem. Sci., 2023, 14, 5936–5944
stereoisomers, as discussed above, Cu-regulated self-assembly
and oligomerization is one of the putative molecular mecha-
nisms for regulating Ab neurotoxicity.42,44
Cytotoxicity characterization of Ab stereoisomers

Next, we aimed to interrogate and compare the biological
impact of chiral inversion on Ab42, targeting multiple sites of
different functional domains. Cell viability experiments were
then performed by using N2a cell lines. As shown in Fig. 2A,
incubation of N2a cells with 20 mM WT Ab42 reduced the cell
viability by ∼82% and the half maximal inhibitory concentra-
tion (IC50) as calculated from the S curve was estimated to be
∼13 mM. While previous studies have reported effective reduc-
tion in cytotoxicity through chiral inversion of all amino acids
within Ab42,3 it was reported that isomerization at Asp7 residue
alone increased the cytotoxicity burden.18,19 Our results
demonstrate that D-epimerization of a few specic Asp and Ser
residues may be sufficient to reduce its cytotoxicity. As WT Ab42
showed high cytotoxicity at 20 mM and the trend lines for D-
isomerized Ab42 are well separated, we thus conducted experi-
ments with concentrations no higher than 100 mM. The IC50

value for dD Ab42 is ∼2.6 folds higher than WT Ab42 while the
cell viability only reduced by ∼18% with 20 mM incubation,
suggesting a signicantly reduced cytotoxicity within N2a cell
line. However, the IC50 values for dS Ab42 and dDdS Ab42
cannot be derived from the concentration range studied herein.
Noting their reduced viabilities are ∼0% and ∼12%, respec-
tively, further expansion of our methodology may establish the
possible cytotoxicity reduction. These dose–response experi-
ments using N2a cell lines clearly reveal site-specic, domain-
constrained structural inversion differentially reduces amyloid
cytotoxicity of Ab42. This agrees with previous studies on
different cell lines that used similar Ab42 stereoisomer
samples.2,3

Notably, Ab42 does not function alone. Instead, as previously
reported, its biological activities rely on several cofactors
including metal ions and cellular transporters (e.g. human
serum albumin, HSA).42,43 Knowing this, it is of topical interest
to inspect the cytotoxicity of Ab42 in the presence of represen-
tative cofactors. Fig. 2B shows the viability results for four Ab42
stereoisomers in the presence of Cu2+ and HSA. For WT Ab42,
the cell viability is approximately 60% at 10 mM in the absence
of cofactors (dark bar), while the viability was reduced further by
∼10% with copper co-incubation (grey bar). Interestingly, the
copper-induced cytotoxicity was successfully reduced with the
addition of HSA (white bar), which is in accordance with
previous reports.43 Agreeing with our previous dosing experi-
ments (Fig. 2A), we also observed systematically reduced cyto-
toxicity of Ab42 in the absence of cofactors. However, no
signicant viability changes were observed for dD Ab42 with
both copper and HSA co-incubation when compared to WT
Ab42. Contrasting this observation, we did detect signicantly
reduced cytotoxicity of dS Ab42 and dDdS Ab42 in the presence
of both copper and HSA. To further interrogate the domain-
specic cytotoxicity, we then measured cell viability in the
presence of Ab42 N-terminus (Fig. 2C) and core region
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Amyloid cytotoxicity mediated by site-specific, domain-constrained structural flips. (A) Cellular viability of N2a cell line in response to
varied dosing of four Ab42 stereoisomers in the absence of co-factors. (B)–(D) Cell viability of N2a cells treated with Ab42 (B), AbN-terminus (C),
and Ab core region fragment (D) samples generated upon 24 h preincubation of cofactors including Cu2+ and HSA. Error bars represent standard
deviations from three independent experiments. Statistical comparisons are based on Student's t-tests: ns, no significance; *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001. Conditions: [Ab] = 10 mM; [Cu2+] = 10 mM; [HSA] = 10 mM.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 2

/1
3/

20
26

 9
:3

6:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
fragments (Fig. 2D). While we observe the copper-enhanced and
HSA-related cytotoxicity rescuing phenomenon in most groups,
all N-terminus fragments of Ab42 displayed only slight cyto-
toxicity whereas core regions present comparable cytotoxicity to
that of full-length Ab42. It should be noted that the observed
reduction in cytotoxicity when screening the chiral Ab42 core
region correlates directly with our previous report that
demonstrated reduced receptor binding affinity by ∼7–13-fold
upon chiral inversion of this same truncated peptide.34 Taken
together, we conclude that the site-specic, domain-
constrained structural ip is benecial for cytotoxicity reduc-
tion both in the presence and absence of cofactors. Our data
demonstrate that Ab42 cytotoxicity is largely mediated by the
core region, with observed contribution from the N-terminus.
Co-D-epimerization of Asp and Ser residues within Ab42 likely
imparts signicant steric alteration of these two structural
domains, resulting in cooperative reduction in cytotoxicity. The
hypothesized synergistic relationship between N-terminus
composition and Ab toxicity is further reinforced by previous
reports that D-isomerized Asp residues within this region.2 The
© 2023 The Author(s). Published by the Royal Society of Chemistry
results based on N2a cell line should represent a general trend
for the cytotoxicity of Ab stereoisomers from the perspective of
a proof-of-concept demonstration, although it is also useful to
extend future tests to more neuronal cell lines, including PC12
and SH-SY5Y.

Molecular mechanism for structure–activity relationship of
Ab42 stereoisomers

To understand the underlying molecular mechanisms behind
the altered cytotoxicity induced by D-epimerization, we aimed to
rstly characterize the structural impacts of chiral inversion of
Ab42. Our previously reported md-IM-MS strategy34,41 was the
clear method-of-choice, given its ability to rapidly discrimi-
nating the subtle structural differences of Ab42 stereoisomers.
Expansion of this method for the analysis of full-length Ab42
requires overcoming two pressing obstacles: (1) the propensity
of Ab42 to form aggregates in solution, crippling electrospray
signal stability during IM-MS analysis; (2) the inadequate
collision cross-section (CCS) resolution of IM-MS for Ab42
stereoisomers when using a single IM regime. The rst obstacle
Chem. Sci., 2023, 14, 5936–5944 | 5939
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was resolved through our optimization of an Ab42 sample
preparation workow. As shown (ESI†), the critical component
that ensures analytical reproducibility and spray stability is the
lyophilization and resuspension with desired native MS buffer
(e.g. 10 mM ammonium acetate) and a tenfold dilution.
Representative full MS spectra are shown in Fig. S2,† analyzing
freshly prepared Ab42 on a Synapt G2 traveling wave IMS
(TWIMS) instrument. We observe similar charge state distri-
bution across four Ab42 stereoisomers (WT, dD, dS and dDdS),
all of which predominantly carries a charge state of 4+. Though
our measurement of the predominant 4+ charge state achieved
a resolution near the maximum achievable on the TWIMS
platform (R = 40),35 this resolving power was not capable of
distinguishing highly similar stereoisomers or providing accu-
rate collision cross-sectional measurement. This observation,
which reinforces our stated second obstacle in Ab42 analysis,
necessitates the incorporation of novel analytical strategies.

Addressing the challenge of limited structural resolution, we
developed an improved md-IM-MS platform to assess the
structural impacts of D-epimerization in full-length Ab42. When
employing TWIMS measurement, there were no noticeable CCS
differences amongst the four Ab42 stereoisomers (Fig. S3†). The
inclusion of trapped ion mobility spectrometry (TIMS), which
provides higher resolving power (R > 200) was able to reveal
subtle CCS changes between Ab42 isomers. Interestingly, D-
epimerization of Asp and Ser residues induces a moderate
reduction of CCS (Fig. 3A & S4†). The observation of multiple
mobility peaks with similar distribution window for four
stereoisomers suggests high conformational dynamics of Ab42,
with varied dominate conformers across stereoisomers that
might contribute to their differences in activity. For WT Ab42, at
least three conformers were observed; cross sectional
Fig. 3 Chiral differentiation of full-length Ab42 stereoisomers (WT/
dD/dS/dDdS, 4+) by using high-resolution TIMS (A) and cIMS (10
passes) (B) instruments.

5940 | Chem. Sci., 2023, 14, 5936–5944
measurements were calculated as 844.6 Å2 (conf. #1), 874.6 Å2

(conf. #2) and 938.5 Å2 (conf. #3). While dD Ab42 holds mainly
conf. #2 and #3, both dS Ab42 and dDdS Ab42 adopt primarily
conf. #1 and/or conf. #2. Stated briey, D-epimerization at Asp
and Ser residues generally makes Ab42 more structurally
compact. To further resolve and conrm the CCS differences
amongst these Ab42 stereoisomers, we incorporated analyses
from a cyclic IM instrument (cIMS), representative of a new
generation of high-resolution IMS. As shown in Fig. 3B, gradual
separation was achieved at higher pass numbers, where the
highest resolution measurements (10-passes) conrmed the
negative trend in CCS that was observed in our TIMS
measurements. These data allow us to denitively conclude that
simultaneous chiral inversion of all Asp and Ser residues
compacts the overall structure of full-length Ab42 by ∼3.4%
(CCS differences between conf. #1 and conf. #2).

We then comparatively summarized (Scheme 1) the effects of
site-specic isomerization on Ab42 cytotoxicity with the aim to
understand potential correlations between toxicity and struc-
tural alteration (as indicated by CCS changes). As can be seen
from Scheme 1, D-epimerization at Asp residues alone is suffi-
cient to induce structural expansion and does not signicantly
affect Ab42 cytotoxicity. On the contrary, D-epimerization at Ser
residues alone promotes structural compaction and is bene-
cial for decreasing Ab42 cytotoxicity. This latter trend of
decreased cytotoxicity and compacted structure is consistent
when evaluating co-D-epimerization of all Asp and Ser residues
of full length Ab42.

We also performed a series of further experiments to eval-
uate full-length Ab42 D-isomerized at specic core region sites
(Ab42 D23S26). While it was previously reported that D-epime-
rization at D23S26 is not benecial for decreasing Ab42 cyto-
toxicity,17 our independent investigation provided clear
supporting evidence that correlates D-epimerization at D23S26
with structural expansion (Fig. S5†). The striking difference in
Scheme 1 Overview and comparative summary of the effects of site-
specific structural flip of Ab on (A) cytotoxicity and (B) CCS. ‡ Cyto-
toxicity data for Ab42-D23S26 are derived from a previous literature (J.
Org. Chem. 2020, 85, 1385).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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cytotoxicity and CCS in response to chiral inversion between
Ab42 dDdS group and Ab42 D23S26 group suggests that the N-
terminus plays an important regulatory role in conferring Ab42
structure and function.

A further survey of Ab42 domain-linked fragments enables
more detailed observations of domain-constrained chiral
effects. For N-terminus fragments, no signicant Ab cytotoxicity
(Fig. 2) was observed alongside chiral inversion-induced struc-
tural expansion (Fig. S6–9, discussions in ESI†). For core region
fragments, decreased Ab cytotoxicity was observed in tandem
chiral inversion-induced structural compaction (Fig. S6–9,
discussions in ESI†).

In summary, co-D-epimerization at Asp and Ser residues of
Ab42 at both the N-terminus and within the core region effec-
tively and synergistically reduces its cytotoxicity. This reduced
toxicity coincides with the signicant alteration of Ab42
conformation, which are shown to display domain-specic
structural features, including structural compaction.

Having overcome the two obstacles preventing reproducible,
high-resolution analyses of full-length Ab42, the data obtained
reveal two additional questions of signicant interest. First, is it
possible to illuminate the relationship between specic chiral
inversion and local conformation changes in Ab42? Second,
how do reciprocal CCS changes in domain specic fragments
(+1.3% & −1.1%, Fig. S6–9, discussion in ESI†) contribute to the
integrative CCS changes observed in full length Ab42 (−3.4%,
Fig. 3)?
Fig. 4 IM-guided REMD simulation results for full-length Ab42
stereoisomers (WT/dD/dS/dDdS, [Ab42 + 4H]4+) and corresponding
structural analysis. (A) Lowest energy and most dominant/major REMD
structural clusters for Ab42 stereoisomers. Conformer name, R0-c3-
107: R0 (rep #0), c3 (cluster #3), 107 (total structure numbers). N-
terminus, blue; C-terminus, red; Ser residues, magenta; Asp residues,
hot pink. Energy for each conformer is also listed right below the
cartoon illustration. (B)–(D) Calculated CCS distributions, secondary
structures and charge-dipole interactions for REMD-simulated Ab42
stereoisomers. Charge-dipole interactions are characterized with the
spatial distances between certain residues (e.g. S26–E22 (d1), S26–D23
(d2) and S26–K28 (d3)), which is termed Accumulated Distance (Acc.
Dis.). Accumulated Distance is calculated from the Euclidian distance
between all interacting residues: dacc = (d1^2 + d2^2 + d3^2)^0.5.

© 2023 The Author(s). Published by the Royal Society of Chemistry
To this end, we performed IM-MS-guided molecular
dynamics (MD) simulations of Ab42 stereoisomers. CCS values
based on TIMS measurements were used to guide replica
exchange MD (REMD), which means only structural models
within experimental CCS error ranges were adopted to create
nal cluster models. REMD results in distinct cluster models
that are energetically favorable for Ab42 stereoisomers
(Fig. S10–13†). Fig. 4 illustrates the lowest energy clusters for
WT, dD, dS and dDdS Ab42, ranging from 137.3 kJ mol−1 to
146.2 kJ mol−1. These chosen clusters of lowest energy are
considered as representative conformers, as they possess
signicant percentages of total structure numbers, ranging
from 107 (29% of all cluster models) to 1556 (61% of all cluster
models). Ab42 cluster models generated from 300 K REMD
simulations displayed mean CCS values of 886.3 ± 3.2 Å2 (4+),
901.7 ± 2.0 Å2 (4+), 889.2 ± 2.1 Å2 (4+) and 857.0 ± 1.9 Å2 (4+),
for WT, dD, dS and dDdS, respectively. The generated WT, dD
and dS Ab42 models match well with our experimental results
(Fig. 3A), especially conf. #2, with CCS deviations spanning 1.3–
3.0%. As well, the in silico dDdS Ab42 model is in accordance
with our experimentally observed conf. #1, deviating by only
1.5%. From these results, we can conclude not only a strong
agreement between our experimental results and theoretical
models, but also that our hypothesis regarding structural
compaction post D-epimerization can be rigorously tested.

In order to distill more structural detail, we further evaluated
the REMD-generated Ab42 stereoisomer models. Secondary
structure analysis, as shown in Fig. 4C, suggests an increased
coil fraction but decreased turn content in Ab42 aer chiral
inversion. The D-isomerized Ab42 clusters exhibit a coil fraction
range of 29–43% while the turn fraction ranges between 52–
57%. These observed changes of secondary structural elements
appear to be linked to the structural compaction observed in
Ab42 isomers. Taking Ser26 as an example, we found that
charge-dipole interactions17 are effectively altered at both long
(WT: S26–E22 distance up to 13 Å, d1, Fig. 4D) and short ranges
(dDdS: S26–E22 distance of 4.2 Å). This type of alteration in
charge-dipole attraction is also prevalent across two other pairs
of residues, S26–D23 (d2) and S26–K28 (d3). To characterize
these overall charge-dipole interactions, we cumulatively eval-
uated the distances of these three pairs (dacc, Fig. 4D). In total,
the dacc values for Ser26 were diminished from∼19 Å (WT Ab42)
to 6.9 Å (dDdS Ab42), indicative of the elevated charge-dipole
attractions upon D-epimerization. Therefore, REMD simula-
tions suggest that the major consequences of D-epimerization
are the enhanced S26-related dipole-charge attractions and
increased coil fraction at the C-terminus, which together result
in the compaction of full-length Ab42.

Conclusions

Collectively, we present integrated, comprehensive IM-MS
datasets on the analyses of Ab42 stereochemistry, with focus
on two most frequently observed D-epimerization residues in
nature, Asp and Ser. Site-specic, domain-constrained chirality
inversion weakens both antibody and metal ion binding
capacity of full-length Ab42. Simultaneously, D-epimerization at
Chem. Sci., 2023, 14, 5936–5944 | 5941
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all Asp and Ser residues of Ab42 inhibits its cytotoxicity, likely by
inhibiting the membrane disruption pathway that shown to be
directed by the core or C-terminal regions.34,45 This is inferred
from the structural compaction of full-length Ab42 and core
region fragments, observed both experimentally and in silico.
The ndings might be of substantial interest to the eld and
potentially generalizable to other intrinsically disordered
proteins and peptides.

Our further efforts in both IM-MS and REMD give rise to
rened structural models of all stereoisomers in the gas phase,
providing unprecedented information regarding local struc-
tural features that conrm our hypothesis surrounding Ab42
structural compaction-based toxicity modulation. As shown,
domain-constrained amino acid isomerization alters and
generally compacts Ab42 while promoting differential, cooper-
ative and domain-specic structural changes. Our results
suggest that enhanced interactions between Ser26 and neigh-
bouring residues, as well as the increased amount of coil
structure at the C-terminus are accommodated in Ab42 chiral
variants. This study provides a comprehensive insight into the
molecular mechanisms behind the naturally occurring D-epi-
merization of Ser/Asp in Ab42 and serves to inform on the
molecular foundation that enables amino acid-level chiral
control that can reduce Ab42 cytotoxicity3,15–17 through enzy-
matic regulation and phage display.20,21 The analytical
approaches described here may lay the groundwork for future
AD drug development and clinical trials targeting the control of
D-epimerization-promoting enzymes with specic residues in
amyloid protein as substrates, such as racemase.20,46 It should
be noted that, not all D-substitutions will lead to effective
attenuation of cytotoxicity. In contrast, only specic site muta-
tions, mostly Ser26-based, are benecial for decreasing cyto-
toxicity. This may rationalize the fact that aged AD patients will
accumulate all kinds of Ab stereoisomers but they still suffer
from the disease, and are not effectively reduced by the bene-
cial isoforms when combating with other harmful forms.
Future efforts, from a clinical application perspective, may be
directed to elevate the level of D-substitution towards Ser26
residue rather than other sites.
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