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A�1– 42 is involved in Alzheimer’s disease (AD) pathogenesis
and is prone to glycation, an irreversible process where proteins
accumulate advanced glycated end products (AGEs). N�-(Car-
boxyethyl)lysine (CEL) is a common AGE associated with AD
patients and occurs at either Lys-16 or Lys-28 of A�1– 42.
Methyglyoxal is commonly used for the unspecific glycation of
A�1– 42, which results in a complex mixture of AGE-modified
peptides and makes interpretation of a causative AGE at a spe-
cific amino acid residue difficult. We address this issue by chem-
ically synthesizing defined CEL modifications on A�1– 42 at
Lys-16 (A�-CEL16), Lys-28 (A�-CEL28), and Lys-16 and -28
(A�-CEL16&28). We demonstrated that double-CEL glycations
at Lys-16 and Lys-28 of A�1– 42 had the most profound impact
on the ability to form amyloid fibrils. In silico predictions indi-
cated that A�-CEL16&28 had a substantial decrease in free
energy change, which contributes to fibril destabilization, and a
increased aggregation rate. Single-CEL glycations at Lys-28 of
A�1– 42 had the least impact on fibril formation, whereas CEL
glycations at Lys-16 of A�1– 42 delayed fibril formation. We
also tested these peptides for neuronal toxicity and mitochon-
drial function on a retinoic acid-differentiated SH-SY5Y human
neuroblastoma cell line (RA-differentiated SH-SY5Y). Only
A�-CEL16 and A�-CEL28 were neurotoxic, possibly through a
nonmitochondrial pathway, whereas A�-CEL16&28 showed
no neurotoxicity. Interestingly, A�-CEL16&28 had depolar-
ized the mitochondrial membrane potential, whereas A�-
CEL16 had increased mitochondrial respiration at complex
II. These results may indicate mitophagy or an alternate route
of metabolism, respectively. Therefore, our results provides

insight into potential therapeutic approaches against neuro-
toxic CEL-glycated A�1– 42.

A�1– 42 peptides are implicated in the pathogenesis of Alz-
heimer’s disease (AD).5 A�1– 42 peptides are released extracel-
lularly after being enzymatically processed from the amyloid
precursor protein and are prone to aggregation. Aggregated
A�1– 42 eventually forms amyloid plaques and causes neuronal
dysfunction (1). As aging is a major risk factor for AD develop-
ment, this natural process of aging also ubiquitously produces
advanced glycated end products (AGEs), which are a type of
post-translational modification (glycation). Several seminal
studies provide evidence of increased AGE modifications that
are associated with AD brains (2–4). Other disease states,
which affect cerebral sugar homeostasis as a consequence of
aging, such as Type II diabetes mellitus, may also contribute to
the formation of AGEs within the brain (5).

Glycation is an irreversible and nonenzymatically driven pro-
cess that occurs through a Maillard reaction that conjugates
sugars and proteins (6, 7). A particular in vivo sugar derivative,
methylglyoxal (MG), is a glycating agent capable of forming
different AGEs on A�1– 42 at lysine residues 16 (Lys-16) and 28
(Lys-28) (8, 9). The increase in in vivo MG production was
observed in AD patients (10). Several key studies have showed
that a common and major species of AGE, N�-(carboxyethyl)ly-
sine (CEL), had elevated levels in AD brain samples relative to
age-matched controls (11). In the cerebrospinal fluid of AD
patients, CEL levels had increased and were correlated with a
decline in cognitive ability (12). Recently, CEL modifications on
AD-associated serum proteins had increased in AD patientsThis work was supported by grants from Brain Research New Zealand Ranga-

hau Roro Aotearoa, the University of Auckland Faculty Research Develop-
ment Fund, the Lottery Grants Board. The authors declare that they have
no conflicts of interest with the contents of this article.

This article contains Figs. S1–S6.
† This work is dedicated to Nigel Peter Birch, who sadly passed away on

August 23, 2018, prior to submission of this manuscript, and his loving
family, his wife Suzie, and his daughters Georgia and Harriet.

1 Co-first authors.
2 To whom correspondence may be addressed. E-mail: jin.ng@auckland.

ac.nz.
3 Supported by Rutherford Discovery Fellowship 15-MAU-001.
4 To whom correspondence may be addressed: School of Biological Sciences,

3A Symonds St., University of Auckland, Auckland, New Zealand. Tel.: 64-9-
923-2615; E-mail: a.hickey@auckland.ac.nz.

5 The abbreviations used are: AD, Alzheimer’s disease; AGEs, advanced glyca-
tion end products; CEL, N�-(carboxyethyl)lysine; A�1– 42, amyloid � 1– 42
fragment; MG, methylglyoxal; ThT, thioflavin T; MTT, 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide; LDH, lactate dehydrogenase;
TEM, transmission electron microscopy; ��m, mitochondrial membrane
potential; O2

. , superoxide; CI, complex I; CII, complex II; HATU, O-(7-azaben-
zotriazol-1-yl)-N,N,N�,N�-tetramethyl-uronium hexafluorophosphate; SSPS,
solid-phase peptide synthesis; DMF, N,N-dimethylformamide; RP-HPLC,
reverse phase HPLC; Pen/Strep, penicillin-streptomycin; ANOVA, analysis of
variance; RA, retinoic acid; OXPHOS, oxidative phosphorylation; Fmoc, N-(9-
fluorenyl)methoxycarbonyl; FBS, fetal bovine serum; DPBS, Dulbecco’s phos-
phate-buffered saline.

croARTICLE

8806 J. Biol. Chem. (2019) 294(22) 8806 –8818

© 2019 Ng et al. Published under exclusive license by The American Society for Biochemistry and Molecular Biology, Inc.

https://orcid.org/0000-0003-0516-7208
https://orcid.org/0000-0003-3551-6982
https://orcid.org/0000-0002-7086-4096
http://www.jbc.org/cgi/content/full/RA118.006846/DC1
mailto:jin.ng@auckland.ac.nz
mailto:jin.ng@auckland.ac.nz
mailto:a.hickey@auckland.ac.nz
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.RA118.006846&domain=pdf&date_stamp=2019-4-17


relative to age-matched controls (13). Other studies have also
demonstrated high levels of CEL in cartilage collagen (14) and
eye lenses (15) among aged individuals.

Although CEL is one of the most common forms of MG-
derived AGE associated with AD, there are other MG-de-
rived AGEs such as argpyrimidine, MG imidazolone, and
MG-lysine dimmer (MOLD) (16). Despite this, the physio-
logical significance of these MG-derived AGEs has not been
as extensively explored as CEL. Arginine (Arg-5) on A� is
also a glycation site, however, there is evidence to suggest a
preferential glycation at Lys residues by MG (17). N�-(car-
boxymethyl)lysine, another non-MG-derived AGE, is also
able to attach at Lys residues and was found to increase with
CEL modifications (12, 18). Physiologically, A�1– 42 could
be glycated with many forms of AGEs at different amino acid
positions. At this stage, however, very little is known about
the effect of site-specific CEL modifications and whether
there is a major species of AGE that contributes to neuronal
toxicity more than another does.

Despite mounting evidence that the increase in CEL modifi-
cations on A�1– 42 were associated with AD, studies have gly-
cated A�1– 42 with MG to produce unspecific AGEs at differ-
ent amino acid groups (17, 19). This nonspecific method of
glycation makes it difficult to associate a particular AGE mod-
ification to toxicity as seen in in vitro studies (20).

Therefore, our current study addresses issues of nonspe-
cific AGE modifications by using organic (21) and peptide
chemistry (6) to synthesize unglycated A�1– 42 and three
A�1– 42 variants with site-specific CEL modifications,
namely: a single-CEL modification at Lys-16 (A�-CEL16),
Lys-28 (A�-CEL28), and double-CEL modifications at
Lys-16 and Lys-28 (A�-CEL16&28). First, we biophysically
characterized the CEL modifications relative to unglycated
A�1– 42 by observing peptide morphology with transmis-
sion EM (TEM). Following this, we investigated the molec-
ular peptide behavior by calculating the free energy associ-
ated with the addition or removal of each peptide from a
pentameric stack. We also used the thioflavin T (ThT) assay
to measure the kinetics of peptide aggregation, as well as CD
to quantify peptide secondary structure.

Next, we assessed the in vitro effect of these three CEL-gly-
cated A�1– 42 on a retinoic acid (RA)-differentiated human
neuroblastoma cell line (RA-differentiated SH-SY5Y), which
parallels the behavior and phenotype of mature neurons (22).
Our cell culture data investigated overall cell health using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay, lactate dehydrogenase (LDH) release (necrosis),
and caspase 3/7 activity (apoptosis). We then focused on the
effect of the CEL modifications on neuronal mitochondrial
function. Mitochondrial dysfunction is an important “cellular
switch” that precedes AD pathogenesis (23). It is known that
unglycated A� affects mitochondrial membrane potential
(��m), mitochondrial swelling, mitochondrial superoxide
(O2

. ) production, and mitochondrial respiration (24). Hence, we
chose to investigate the effect of the three CEL-glycated
A�1– 42 on these four mitochondrial parameters.

Results

Double-CEL modifications at Lys-16 and Lys-28 differentially
affect A�1– 42 aggregation over 5 days

Unglycated A�1– 42 is known to form fibrils in 10 mM HCl at
37 °C within 24 h (25). We quantified whether site-specific CEL
modifications on A�1– 42 were able to form fibrils to the same
extent as unglycated A�1– 42 under the same experimental
conditions. We assessed different aggregate species of the pep-
tides with quantitative TEM across 5 days. The three main
aggregate species we considered were fibrils, protofibrils, and
oligomers as outlined in Fig. S2.

At day 0, when the lyophilized peptides were freshly resus-
pended in the fibril-promoting solution, all peptides had �80%
oligomers, with protofibrils making up the remaining aggregate
species (Fig. 1, C–F). Negligible amounts of fibrils were seen at
day 0 across all peptides.

At day 1, A�1– 42 and A�-CEL28 had a high proportion of
fibrils (�60%) followed by a significant decrease (p � 0.05) in
oligomers. In contrast, at day 1, A�-CEL16 and A�-CEL16&28
had a low proportion of fibrils without a significant decrease in
oligomers. This high proportion of fibrils and low proportion of
oligomers exhibited by A�1– 42 and A�-CEL28 was main-
tained until day 5 without a significant change in the proportion
of protofibrils. However, only A�1– 42 had a significant
increase in protofibrils by day 5 (p � 0.05).

Conversely, A�-CEL16 and A�-CEL16&28 maintained a low
proportion of fibrils and high proportion of oligomers until day
5, with the exception of A�-CEL16 displaying a significant
decrease (p � 0.05) in oligomers by day 5. The proportion of
oligomers for A�-CEL16&28 remains unchanged by day 5. The
proportion of protofibrils remains unaffected across all days for
A�-CEL16 and A�-CEL16&28. A�-CEL16&28 displayed a
greater variation in the aggregate species profile across all days
compared with all peptides.

There were no observable differences when comparing the
TEM micrographs at day 5 between A�1– 42 and A�-CEL28.
However, at day 5, A�-CEL16 appears to have slightly different
aggregate species relative to A�1– 42, with A�-CEL16&28 hav-
ing the least likeness to A�1– 42. Thus, a double-CEL modifi-
cation at both Lys-16 and Lys-28 affects peptide morphology
and appears to either prevent the elongation of fibrils or pro-
mote the fragmentation of fibrils, whereas a single-CEL modi-
fication at Lys-16 slows down the rate of oligomer conversion to
either fibrils or protofibrils. Conversely, a single-CEL modifica-
tion at Lys-28 does not significantly affect peptide morphology
relative to the unglycated A�1– 42.

Double-CEL modifications at Lys-16 and Lys-28 decrease free
energy release upon elongation

To estimate the propensity of the CEL-glycated A�1– 42 to
aggregate into protofibrillar structures via a simple elongation
mechanism, we utilized computational free energy calcula-
tions. Umbrella sampling was employed to determine the free
energy change, �Gbind, upon addition of an A�1– 42 monomer
to a 4-monomer protofibril model based on NMR structure
PDB code 2BEG (26). The same four single- and double-gly-
cated A� variants were tested, with all A�1– 42 monomers
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exhibiting the same glycation state for each simulation such
that the fibril was homogeneous, analogous to the experimental
studies. The results of these simulations are presented in Fig.
2A, with the full potential of mean force curves available in Fig.
S3. CEL-glycation impacts �Gbind in a manner that depends on
the location of the CEL. Glycation at Lys-16 results in a �Gbind
that is 37% lower than the unglycated A�1– 42 �Gbind, and
glycation at Lys-16 and -28 decreases the �Gbind by 64% of the
unglycated A�1– 42, suggesting that glycation at these posi-
tions destabilizes the formation of the fibril or protofibril struc-
ture. The proportion of oligomer in the day 5 TEM images
(Fig. 1, C–F) mirrors the calculated �Gbind values, with the
two models with less negative �Gbind values, A�-CEL16 and
A�-CEL16&28, both exhibiting much larger proportions of
oligomer relative to A�1– 42 and A�-CEL28.

Double-CEL modifications at Lys-16 and Lys-28 have a faster
rate of fibril aggregation

We also explored the rate of fibril aggregation, another crucial
aspect that contributes to peptide morphology and behavior. By
utilizing the proposed mathematical models for A�1–42 self-as-
sembly in AmyloFit (27), we assessed the kinetics of peptide aggre-
gation using the ThT assay, with representative ThT plots avail-
able in Fig. S4. We plotted the half-time (t1⁄2; time to reach half the
maximumThTsignal)ofeachpeptideagainst their startingmono-
meric peptide concentrations (0.2 to 5 �M) (Fig. 2B). The slope of
each fitted line indicates the rate of fibril aggregation (28).

Our results show that the rate of fibril aggregation for
A�1– 42 (�1.17) was slower compared with A�-CEL16
(�0.65) and A�-CEL28 (�0.76), with A�-CEL16&28 (�0.34)

Figure 1. Double-CEL modifications at Lys-16 and Lys-28 differentially affect A�1– 42 aggregation over 5 days. A, chemical structure of CEL. B, peptide
sequences of A�1– 42 and the three CEL variants on A�1– 42. C–F, A�-CEL16&28 do not form extensive fibrils and have a high abundance of protofibrils and
oligomers after 5 days in a fibril-promoting buffer relative to all CEL-glycated peptides and unglycated A�1– 42. Representative TEM micrographs at day 5 (left
panel) (n � 2–3; scale bar � 100 nm) with the graph of % aggregate species (right panel) showing proportions of fibrils, protofibrils, and oligomers over 5 days.
*, p � 0.05. p values for oligomers and protofibrils are relative to day 0 and fibrils are relative to day 1 using Bonferroni’s post hoc test in a one-way analysis of
variance (ANOVA). See Fig. S1 for synthesis of peptide and Fig. S2 for examples of fibrils, protofibrils, and oligomers.

Figure 2. Double-CEL modifications at Lys-16 and Lys-28 decrease peptide stability and rate of fibril aggregation without affecting peptide second-
ary structure. A, A�-CEL16&28 has the least negative free energy for binding of a model monomer to a pentameric stack relative to other CEL-glycated
peptides and unglycated A�1– 42. Free energies of binding were computed using umbrella sampling with reported uncertainties determined through
bootstrap analysis. B, A�-CEL16&28 has the slowest rate of fibril aggregation and A�-CEL28 has a higher threshold for maximum rate of fibril aggregation (�3
�M) relative to the CEL-glycated peptides and unglycated A�1– 42. The rate of fibril aggregation was determined using the aggregation kinetics generated
using the ThT assay. The log half-time (t1⁄2) is plotted against log starting monomer concentration (micromolars). A plateau at high starting monomer
concentrations indicate a saturated (maximum) rate of fibril aggregation. Fitted lines are from 2 to 3 independent experiments and the numeric gradient of each
fitted line is displayed. C, A�-CEL16&28 has an unchanged secondary structure profile relative to A�-CEL28 and A�1– 42, however, A�-CEL16 has a decrease in
�-sheet content with an increase in other secondary structures. Peptide secondary structure was estimated using CD (inset) and the spectra deconvoluted
using BeStSel. Results are presented as mean 	 S.E. (n � 2–3). *, p � 0.05 calculated using Bonferroni’s post hoc test in a one-way ANOVA. See Fig. S3 for
potential of mean force curves for free energy release. See Fig. S4 for aggregation kinetics of the ThT assay.
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being the fastest. Furthermore, we note that the rate of aggre-
gation is saturated at �1 �M for A�1– 42, A�-CEL16, and
A�-CEL28, whereas A�-CEL28 is saturated at �3 �M.

Single-CEL modification at Lys-16 has reduced �-sheet
content, whereas double-CEL modifications at Lys-16 and
Lys-28 remain unchanged

Amyloid fibrils are known to be rich in secondary structures
like �-sheets and differences in peptide secondary structure can
affect tertiary and quarternary structure. Here, we used CD to
collect the far-UV peptide spectra (Fig. 2C, inset). Then, we
used a spectral deconvolution software specific to analyzing
A�1– 42 spectra, BeStSel (29), to investigate whether secondary
structure changes with CEL modifications on A�1– 42. Upon
spectral deconvolution, our results indicate that the �-sheet
secondary structure was the most abundant secondary struc-
ture. The “other” secondary structures may include 310-helix,
�-helix, �-bridge, bend, loop/irregular, and/or invisible regions
of peptide (29). We observed that A�-CEL16 had a significant
decrease (p � 0.05) of �-sheet content (27.2%) relative to
A�1– 42 (33.5%), and a significant increase (p � 0.05) of other
secondary structures (49.7%) relative to all peptides (Fig. 2C).
There was no significant difference in �-helix and �-turn sec-
ondary structures between CEL-glycated peptides and the ung-
lycated A�1– 42. Despite A�-CEL16&28 having altered aggre-
gate species, free energy of release, and rate of fibril aggregation,
the secondary structure of A�-CEL16&28 remains unchanged
compared with both A�1– 42 and A�-CEL28.

Single-CEL modifications at either Lys-16 or Lys-28 decrease
MTT reduction independent of a change in basal levels of
necrosis and apoptosis

To investigate the overall status of cell health after 24 h of 10
�M peptide treatment, we measured MTT reduction, extracel-
lular LDH release (necrosis), and extracellular caspase 3/7
activity (apoptosis) in RA-differentiated SH-SY5Y cells. MTT
reduction is commonly used to determine both mitochondrial
function and cellular redox activity where both parameters
contribute to the reduction of the MTT dye (30, 31). The
amount of MTT dye reduced is proportional to the colorimetric
product. Treatment with A�1– 42, A�-CEL16, and A�-CEL28
significantly decreased MTT reduction relative to the vehicle
control (Fig. 3A) and this decrease in MTT reduction occurred

independent of a change in basal levels of necrosis and apopto-
sis (Fig. 3, B and C). We did not observe abnormal cell morphol-
ogies after peptide treatment. A�-CEL16&28 did not affect
MTT reduction, LDH release, or caspase 3/7 activity.

Double-CEL modifications at Lys-16 and Lys-28 depolarize
��m independent of mitochondrial swelling and
mitochondrial O2

. production

After investigating the overall cell health, we were interested
in whether the CEL-glycated peptides had any specific effects
on mitochondrial function. Mitochondrial dysfunction has
been implicated as an important molecular initiator that pre-
cedes AD pathogenesis (23, 24). We assessed mitochondrial
function with a mitochondrial membrane potential (��m)
fluorophore, JC-10, and observed a significant drop in the pro-
portion of cells with polarized ��m upon treatment with
A�-CEL16&28 relative to A�1– 42, A�-CEL16, and A�-CEL28
(Fig. 4A). This drop in ��m was independent of mitochondrial
swelling and O2

. production. Mitochondrial swelling and O2
.

production are two other parameters implicated in mitochon-
drial dysfunction as measured by using MitoTracker Green and
MitoSOX, respectively (Fig. 4, B and C). MitoTracker Green
accumulates proportionally in the matrix of mitochondria and
the CEL-glycated peptides did not cause a change in mitochon-
drial volume (and hence swelling), unlike the unglycated
A�1– 42 (Fig. 4B). Similarly, MitoSOX is specific to O2

. pro-
duced in the mitochondria and we did not observe a significant
change in mitochondrial O2

. production when treated with the
CEL-glycated peptides. However, the unglycated A�1– 42
caused a significant increase in mitochondrial O2

. production
(Fig. 4C).

CEL modification at Lys-16 increases mitochondrial
respiration at complex II and maximum respiration

Mitochondrial respiration is important for maintaining
overall cell health by meeting the bioenergetic demand. Ungly-
cated A�1– 42 is known to affect mitochondrial respiration (32)
and we questioned whether CEL-glycated peptides had an
effect to the same extent as unglycated A�1– 42. We used high-
resolution respirometry to measure mitochondrial respiration
in permeabilized cells treated with 10 �M peptide for 24 h. We
titrated mitochondrial respiration substrates that support the
electron transport system (Fig. S6A). Oxygen consumption was

Figure 3. Single-CEL modifications decrease MTT reduction independent of a change in basal levels of necrosis and apoptosis. All experiments
performed after 24 h of 10 �M peptide treatment in RA-differentiated SH-SY5Y human neuroblastoma cells. A, A�1– 42, A�-CEL16, and A�-CEL28 inhibit MTT
reduction, however, A�-CEL16&28 does not inhibit MTT reduction. MTT reduction was measured after 24 h of 10 �M peptide treatment. Results are presented
as mean 	 S.E. (n � 3– 4). B and C, no significant difference in LDH release and caspase 3/7 activity was observed for all peptide treatments relative to the vehicle
(Veh). Results are presented as mean 	 S.E. (n � 4). *, p � 0.05 relative to the vehicle. p value for all experiments were calculated using Bonferroni’s post hoc test
in a one-way ANOVA from randomized complete block design.
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also corrected for mitochondrial volume. See Fig. S6B for oxy-
gen consumption relative to cell count.

Our results indicated that unglycated A�1– 42 lowered
mitochondrial respiration across all respiration states, but
was only statistically significant at CI under oxidative phos-
phorylation (OXPHOS) and CI
CII under uncoupled respi-
ration (p � 0.05) (Fig. 5). A�-CEL16 increased mitochon-
drial respiration at CII and CI
CII under OXPHOS and
CI
CII under uncoupled respiration. A�-CEL28 did not show
any significant difference in mitochondrial respiration relative to
the vehicle. A�-CEL16&28 showed no difference in respiration
relative to the vehicle control. Overall, we observed that CEL mod-
ifications at Lys-16 of A�1–42 caused an increase in respiration at
CII, which was in contrast to the decrease in respiration caused by
unglycated A�1–42.

Discussion

Post-translational modifications of A�1– 42, particularly
AGEs, remains understudied despite evidence suggesting a

connection to, and exacerbation of AD pathogenesis (5, 33).
Our study is the first to synthesize CEL-glycated A�1– 42 at
Lys-16 and Lys-28, a major AGE associated with AD, and in
doing so, we characterized peptide behavior and investigated
the effect of these variants on neuronal function.

From the TEM micrographs, it is evident that A�-CEL16&28
had the most profound change in peptide morphology with the
presence of many oligomers and protofibrils after 5 days in a
fibril promoting solution. TEM micrographs at day 5 show that
a single-CEL glycation at Lys-16 slowed fibril formation,
whereas a single-CEL glycation at Lys-28 had little effect on the
ability to form fibrils. Therefore, double, but not single, CEL
glycations of A�1– 42 affect the ability of fibril formation.

It is important to note that aggregate species exist on a con-
tinuum and that size (length) observed through a TEM micro-
graph may not be a good indicator of aggregate species (34).
Accurate quantitation of A�1– 42 aggregate species have been
carried out with conformation-specific antibodies (34). In this
case, such conformation-specific antibodies may not recognize
the target epitope if a CEL glycation is present, and the non-
availability of antibodies that recognize both CEL and A�1– 42
makes this antibody approach difficult. Notwithstanding this,
size (length) observed through a TEM micrograph is still an
appropriate and commonly used technique to distinguish
between oligomeric, protofibrillar, and fibrillar A�1– 42 aggre-
gates (35, 36).

Next, we investigated whether different peptide behaviors
may contribute to the inability of A�-CEL16&28 to form fibrils
as seen with the TEM micrographs. In silico modeling reveals
a 2.7-fold decrease in free energy required to dissociate
A�-CEL16&28 relative to unglycated A�1– 42, which supports
the idea that CEL modifications at Lys-16 and Lys-28 destabi-
lize the fibril structure. We postulate that the net-neutral
charge, produced when a negatively charged CEL moiety is con-
jugated to a positively charged Lys residue, disturbs the adja-
cent hydrophobic region (Leu-17 to Ala-21) (17, 35), and the
ability to form a salt bridge hairpin turn at Asp-23 with Lys-28
(35). Hence, the double-CEL glycation on Lys-16 and Lys-28
may synergistically affect the ability of A�-CEL16&28 to form
fibrils.

In addition to the decrease in free energy with a double-CEL
glycation, we observed the fastest rate of aggregation with
A�-CEL16&28 relative to the single-CEL glycated A�1– 42 and
unglycated A�1– 42 peptides. This rate of aggregation is indic-
ative of the time taken to reach maximum fibrillar mass, which
suggests that the destabilizing effect of a double-CEL glycated
on A�1– 42 encourages rapid peptide aggregation.

We also undertook CD and spectral deconvolution of each
peptide to determine whether there was a change in peptide
secondary structure that could explain the different peptide
morphologies seen with the TEM micrographs. Interestingly,
our CD data indicated that only A�-CEL16 had a change in
secondary structures, with an increase in other secondary
structures and a decrease in �-sheet content. Indeed, the sub-
stitution of Lys-16 for Ala-16, a neutral amino acid residue, on
A�1– 42 resulted in a decreased �-sheet content, with an
increased �-helix content (9). Although CEL-glycated Lys res-
idues have a net-neutral charge, similar to the substitution of

Figure 4. Double-CEL modifications at Lys-16 and Lys-28 depolarizes ��m
independent of mitochondrial swelling and mitochondrial O2

. production.
All experiments performed by flow cytometry after 24 h of 10 �M peptide treat-
ment in RA-differentiated SH-SY5Y human neuroblastoma cells. A, A�-CEL16&28
as a decrease in cell population of polarized ��m. ��m was assessed by JC-10.
Results are presented as mean 	 S.E. (n � 3) with representative flow cytometry
plots available in Fig. S5. B, treatment with unglycated A�1–42 increased mito-
chondrial swelling relative to A�-CEL16 and the vehicle (Veh). This A�1–42
induced mitochondrial swelling is marginally different from A�-CEL28 (p � 0.07)
and A�-CEL16&28 (p�0.06). Mitochondrial volume was assessed by MitoTracker
Green. Results are presented as mean 	 S.E. (n � 4) with representative flow
cytometry plots in the corresponding histogram (right). A shift of the histogram
toward the right indicates an increase in MitoTracker Green within the cell. C,
treatment with unglycated A�1–42 has increased mitochondrial O2

. production
relative to all peptides and the vehicle. Mitochondrial O2

. production was
assessed by MitoSOX. Results are presented as mean 	 S.E. (n � 3–4) with rep-
resentative flow cytometry plots shown in Fig. S5. *, p �0.05; **, p �0.01. p values
were calculated in a one-way ANOVA using a completely randomized block
design blocked by different experiments. See Fig. S5 for flow cytometry gating
strategy.
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Lys for Ala, the type of increase in secondary structure observed
was different than in Ref. 9. This may be due to the different
deconvolution software used in Ref. 9, with BeStSel proven to be
more accurate when deconvoluting CD spectra of �-sheet–rich
structures like A�1– 42 (29). Despite this change in secondary
structure content, A�-CEL16 peptides are still able to form
fibrils, albeit delayed relative to A�1– 42 and A�-CEL28, and
the unchanged secondary structure content of A�-CEL16&28
does not reflect on the peptide’s inability to form fibrils. Thus,
secondary structure is unlikely to affect peptide aggregation
and behavior in this instance.

Following the biophysical characterization, we investigated
the effects of unglycated and CEL-glycated A�1– 42 on a neu-
ronal in vitro model, RA-differentiated SH-SY5Y cells. Because
the oligomeric species of A�1– 42 are the most neurotoxic (37),
we hypothesized that the propensity for A�-CEL16&28 to
remain oligomeric would exert more neurotoxicity on RA-dif-
ferentiated SH-SY5Y cells relative to the unglycated A�1– 42.
Neurotoxicity is, however, a broad term for the outcome of
different pathways of neuronal dysfunction, which include
mitochondrial and nonmitochondrial pathways. Interestingly,
treatment with A�-CEL16&28 resulted in a depolarization of
��m independent of a change in neurotoxicity, mitochondrial
respiration, O2

. production, and mitochondrial swelling. A
depolarization of ��m is implicated in the initiation of the
selective degradation of dysfunctional mitochondria, also
known as mitophagy (38). Moreover, this ��m depolarization
is a well-characterized and key mediator of neuronal mitophagy
(39, 40). Recently, mitophagy has also been implicated as an
important process that inhibits A�-associated pathology (41).
Therefore, we suspect that the depolarization of ��m by
A�-CEL16&28 may be a compensatory mechanism, rather
than a mediator of dysfunction, which “tags” aberrant mito-
chondria for mitophagy to maintain a healthy pool of mito-
chondria and sustain neuronal function.

Conversely, single-CEL glycated A�1– 42 are as neurotoxic
as unglycated A�1– 42. The neurotoxic effect of unglycated
A�1– 42 can be attributed to mitochondrial dysfunction.
Treatment with unglycated A�1– 42 caused a 2.2-fold increase
in O2

. production and a 1.6-fold increase in mitochondrial vol-
ume (swelling). The swelling of mitochondria was also observed

when neuronal synaptic vesicles were incubated with A� (42).
Moreover, our observation that A�1– 42 causes mitochondrial
dysfunction corroborates with findings from Caspersen and
colleagues (32). Interestingly, single- and double-CEL glycated
A�1– 42 failed to induce O2

. production relative to the ungly-
cated A�1– 42. This may be indicative of: 1) the conversion of
O2

. to hydrogen peroxide (H2O2) and/or hydroxyl radicals
(HO�), which are also thought to be involved in AD-associated
oxidative stress (43), or 2) the lack of O2

. production by mito-
chondria upon treatment with CEL-glycated A�1– 42. Thus,
we postulate that CEL-mediated neurotoxicity may occur inde-
pendent of O2

. production.
AD-mediated mitochondrial dysfunction is associated with

an altered bioenergetic profile (44). We quantified mitochon-
drial bioenergetics using high-resolution respirometry and
noted an increase in respiration primarily at CII of the electron
transport system when RA-differentiated SH-SY5Y cells were
treated with A�-CEL16. Indeed, Bubber and colleagues (45)
showed that increased CII activity in AD brains relative to age-
matched controls was a potential result of an alternate route of
energy metabolism. It is possible that A�-CEL16 elicits this
energetic response by increasing the number of CII subunits,
which favors nonglycolytic energy production (45). Moreover,
it may be easier to mediate this switch in energy metabolism by
up-regulating CII transcription and translation because CII is
comprised of only four nuclear encoded subunits.

Herein, our study has provided insight into the effect of site-
specific CEL glycations on A�1– 42 in terms of peptide behav-
ior and the effect on neuronal mitochondrial function. We have
demonstrated that double-CEL glycations at Lys-16 and Lys-28
of A�1– 42 synergistically affected fibril formation by decreas-
ing the free energy change, which destabilized the fibril struc-
ture. This destabilization of A�-CEL16&28 also resulted in an
increased aggregation rate. Moreover, single-CEL glycations at
Lys-28 of A�1– 42 affected fibril formation and aggregation the
least, compared with CEL glycations at Lys-16 of A�1– 42. Not-
withstanding this, only CEL glycations at Lys-16 of A�1– 42
had an effect on peptide secondary structure, particularly with a
decrease in �-sheet content. These results suggest that a single-
CEL glycation at Lys-16, but not Lys-28, of A�1– 42 affected
peptide behavior and double-CEL glycations at Lys-16 and

Figure 5. CEL modification at Lys-16 increases mitochondrial respiration at complex II and increases maximum respiration. All experiments were
performed by oximetry after 24 h of 10 �M peptide treatment in RA-differentiated SH-SY5Y human neuroblastoma cells. A�-CEL16 increases mitochondrial
respiration at CII and CI
CII under OXPHOS and CI
CII under uncoupled (maximum) respiration. A�1– 42 decreases mitochondrial respiration at CI under
OXPHOS and CI
CII under uncoupled respiration. Shown here is oxygen consumption from intact cells (endogenous) and mitochondria of permeabilized cells
at different states of respiration. The two main states of respiration are coupled respiration (OXPHOS) and uncoupled (maximum) respiration. Results are
presented as mean 	 S.E. (n � 5); CIV (n � 4). *, p � 0.05 relative to vehicle. p value was calculated using Bonferroni’s post hoc test in a one-way ANOVA from
randomized complete block design. See Fig. S6 for an example of oxygen consumption trace and the mitochondrial substrates added.
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Lys-28 had the most profound effect on peptide behavior. Inter-
estingly, only single-CEL glycation at Lys-16 or Lys-28 of
A�1– 42 had a neurotoxic effect similar to unglycated A�1– 42,
whereas double-CEL glycations at Lys-16 and Lys-28 did not
have a neurotoxic effect. Neither single- nor double-CEL glyca-
tions of A�1– 42 affected parameters of mitochondrial dys-
function unlike unglycated A�1– 42. However, double-CEL
glycations at Lys-16 and Lys-28 of A�1– 42 had depolarized
��m, as a potential result of mitophagy, and single-CEL glyca-
tions at Lys-16 of A�1– 42 had an increase in CII respiratory
activity, similar to what was observed in AD brains (45). There-
fore, our results suggests that the neurotoxicity of single-CEL
glycations at Lys-16 or Lys-28 may occur through nonmito-
chondrial pathways, however, further studies are needed to elu-
cidate the mechanism(s) involved. Last, the neurotoxicity of
single-CEL glycated A�1– 42 highlights the potential for a ther-
apeutic target against these CEL-glycated peptides to poten-
tially slow and prevent the pathogenesis of A�1– 42.

Experimental procedures

Materials

Thioflavin T (T3516), all-trans-RA (R2625), MTT (M5655),
and LDH assay kit (11644793001) were purchased from Sigma.
Phenol-free DMEM/F-12 (11039047), TrypLE express enzyme
(12604021), �100 GlutaMAX (3505061), and 10,000 units/ml
of penicillin-streptomycin (15140122) was purchased from
Invitrogen. Caspase 3 substrate (Ac-Asp-Glu-Val-Asp-AMC;
I-1660) was purchased from Bachem (Bubendorf, Switzerland).
N,N-Diisopropylethylamine, piperidine, N-methylmorpholine,
triisopropylsilane, tetrabutylammonium iodide, and N,N�-di-
isopropylcarbodiimide were purchased from Sigma. TFA was
purchased from Scharlau (Barcelona, Spain) and 1,2-ethanedi-
thiol was supplied by Fluka. Fmoc-Asp(OtBu)-OH, Fmoc-Ala-
OH, Fmoc-Glu(OtBu)-OH, Fmoc-Phe-OH, Fmoc-Arg(Pbf)-
OH, Fmoc-His(Trt)-OH, Fmoc-Ser(t-Bu)-OH, Fmoc-Gly-OH,
Fmoc-Tyr(tBu)-OH, Fmoc-Val-OH, Fmoc-Gln(Trt)-OH, Fmoc-
Lys(Boc)-OH, Fmoc-Leu-OH, Fmoc-Asn(Trt)-OH, Fmoc-Ile-
OH, and Fmoc-Met-OH were purchased from GL Biochem
(Shanghai, China). Fmoc-Ala-HMPP linker was purchased from
Polypeptide (Strasbourg, France), O-(7-azabenzotriazol-1-yl)-
N,N,N�,N�-tetramethyl-uronium hexafluorophosphate (HATU)
was purchased from CS Bio (Shanghai, China), aminomethyl
ChemMatrix resin was purchased from PCAS Biomatrix Inc.
(Canada), and acetonitrile (MeCN, HPLC grade) was purchased
from Merck (Germany).

Peptide synthesis and purifications

Fmoc-CEL(Boc)(OtBu)-CO2H was prepared as previously
described (21). All peptides were assembled by automated
Fmoc-solid phase peptide synthesis (Fmoc-SPPS) using a
TributeTM peptide synthesizer (Protein Technologies Inc.). To
aminomethyl ChemMatrix resin (100 mg, 0.062 mmol, 0.62
mmol/g) pre-swollen in CH2Cl2 (5 ml, 10 min) was added a
mixture of Fmoc-Ala-HMPP (91 mg, 0.186 mmol) and N,N�-
diisopropylcarbodiimide (24 �l, 0.186 mmol) in CH2Cl2:DMF
(3:1, v/v, 2.0 ml). The reaction mixture was agitated at room
temperature for 1 h, after which the resin was filtered and

washed with DMF (3 � 3 ml). Conditions for automated Fmoc-
SPPS are as follows.

Fmoc-amino acid couplings—To the peptidyl resin was added
a mixture of Fmoc-AA-OH (0.50 mmol), HATU (0.46 mmol),
and N-methylmorpholine (1.00 mmol) in DMF (2.0 ml). The
reaction mixture was agitated at room temperature for 30 min,
after which the resin was filtered and washed with DMF (2 ml,
4 � 30 s).

Coupling of Fmoc-CEL(Boc)(OtBu)-CO2H—To the peptidyl
resin was added a mixture of Fmoc-CEL(Boc)(OtBu)-CO2H
(119 mg, 0.20 mmol), HATU (72 mg, 0.19 mmol), and N,N-
diisopropylethylamine (87 �l, 0.50 mmol) in DMF (2.0 ml). The
reaction mixture was agitated at room temperature for 2 h, after
which the resin was filtered and washed with DMF (2 ml, 4 �
30 s).

Fmoc-deprotections—To the peptidyl resin was added a solu-
tion of 20% piperidine in DMF (3.0 ml), and the reaction mix-
ture was agitated room temperature for 5 min. This procedure
was repeated once, after which the resin was filtered and
washed with DMF (2 ml, 5 � 30 s). Following the final Fmoc-
deprotection, the peptidyl-resin was washed with DMF (3 � 3
ml), CH2Cl2 (3 � 3 ml), and dried under vacuum. To the dry
resin-bound peptide was added a mixture of TFA/triisopropyl-
silane/H2O/EDT (94:1:2.5:2.5; v/v/v/v; 10 ml) and the reaction
mixture was agitated at room temperature for 2 h. The TFA
mixture was filtered, the resin washed with the cleavage mix-
ture (2 � 2 ml), and the combined filtrates concentrated under
a gentle flow of nitrogen. The crude peptides were precipitated
with cold Et2O (40 ml), isolated by centrifugation, and this iso-
lation procedure was repeated twice. The crude peptides were
air-dried and purified by semi-preparative reverse phase HPLC
(RP-HPLC) on a Thermo Scientific Dionex Ultimate 3000
HPLC equipped with a four channel UV Detector at 210, 225,
254, and 280 nm. A semi-preparative column (XTerra MS C18,
125 Å, 250 � 10 mm, 10 �m) was used at either room temper-
ature or 50 °C and at a flow rate of 5 ml min�1. A linear gradient
of 8% B to 18% B over 55 min was employed, where solvent A
was 0.1% NH4OH in water and B was 0.1% NH4OH in acetoni-
trile. Any co-eluting Met(O) by-products were consequently
reduced by dissolution of the purified peptide (1.0 mg, 2.2
�mol) in neat TFA (1 ml, 1 mg ml�1) and cooled to 0 °C. To this
was added a cooled solution of tetrabutylammonium iodide (0.8
mg, 22.2 �mol) dissolved in neat TFA (0.8 ml). The mixture was
kept at 0 °C with regular agitation for 5 min, during which a pale
brown discoloration was observed. The reaction mixture was
then concentrated under a gentle flow of nitrogen, the product
was precipitated with cold Et2O, isolated by centrifugation, and
re-purified by semi-preparative RP-HPLC as described above.

The purified peptides were characterized by analytical RP-
HPLC and low resolution MS. Analytical RP-HPLC was per-
formed on a Thermo Scientific Dionex Ultimate 3000 UHPLC
equipped with a four channel UV Detector at 210, 225, 254, and
280 nm. An analytical column (XTerra MS C18, 125 Å, 150 �
4.6 mm, 5 �m) was used at 50 °C and at a flow rate of 1 ml
min�1. A linear gradient of 1% B to 41% B over 20 min was
employed, where solvent A was 0.1% NH4OH in water and B
was 0.1% NH4OH in acetonitrile. Low resolution MS analysis
was acquired on an Agilent Technologies 1260 Infinity LC
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equipped with an Agilent Technologies 6120 Quadrupole mass
spectrometer, using 50% B over 3 min, where solvent A was
0.1% formic acid in water and B was 0.1% formic acid in aceto-
nitrile. Synthesis, purification, and characterization afforded
A�1– 42 as white fluffy flakes (66% yield relative to crude
reduced peptide, �98% purity), RT: 11.8 min, ESI-MS (decon-
voluted mass 4513.42 	 0.20 Da, calculated mass 4514.08);
A�1– 42-CEL16 as white fluffy flakes (54% yield relative to
crude, 94% purity), RT: 10.9 min, ESI-MS (deconvoluted mass
4585.50 	 0.48 Da, calculated mass 4586.14); A�1– 42-CEL28
as white fluffy flakes (73% yield relative to crude reduced pep-
tide, �98% purity), RT: 10.7 min, ESI-MS (deconvoluted mass
4585.75 	 0.75 Da, calculated mass 4586.14); A�1– 42-
CEL16&28 as white fluffy flakes 20% yield relative to crude
reduced peptide, �98% purity), RT: 10.3 min, ESI-MS (decon-
voluted mass 4657.43 	 0.29 Da, calculated mass 4658.20). Fur-
ther details are available in Fig. S1.

Sample pre-treatment and concentration quantitation

Pre-treatment of peptides to remove preformed aggregates
were performed as per Ryan and colleagues (46) by treating
once with 10% (w/v) NH4OH to a concentration of 0.5 mg/ml in
LoBind Protein 1.5-ml microcentrifuge tubes (Eppendorf, Ger-
many). Peptides reconstituted in 10% (w/v) NH4OH were left
for 10 min at room temperature (21 °C) followed by bath soni-
cation for 5 min in a Soniclean 160T (Transtek Systems, Aus-
tralia) at a frequency band of 50 – 60 Hz. After bath sonication,
the peptides in solution were centrifuged at 16,100 � g for 10
min at 21 °C and the supernatant was removed and dispensed
into 100-�l aliquots that were lyophilized in a vacuum freeze
dryer (Alpha 2– 4 LDplus, Martin Christ, Germany) and stored
at �30 °C.

Peptide concentration was determined in a Cary 4000 UV
spectrophotometer (Varian) at 280 nm using a 10-mm path
length quartz cuvette. Briefly, pre-treated NH4OH-lyophilized
peptide was reconstituted (155 �l) in 0.22 �m of filtered 0.33
mM NaOH, 1 � DPBS as described by Ryan and colleagues (46).
The reconstituted peptide was then centrifuged at 16,100 � g
for 10 min at 21 °C and 150 �l of the supernatant was immedi-
ately used for spectrophotometric analysis. Concentration of
the peptide was determined from the absorbance at 280 nm
using the molar extinction coefficient for a single tyrosine res-
idue in A�1– 42 (1490 M�1 cm�1).

Transmission electron microscopy

To promote fibril formation, NH4OH pre-treated peptides
were incubated in 10 mM HCl for up to 5 days at 37 °C (25) in
LoBind Protein 1.5-ml microcentrifuge tubes (Eppendorf, Ger-
many) with sampling taken at 0 h and subsequently every 24 h
up to 120 h. Samples (2 �l) were adsorbed onto glow-dis-
charged carbon-coated 400-mesh copper grids (Gilder, UK) for
30 s, and then washed in ultrapure water (18.2 M��cm) for 30 s
followed by 60 s in 2% (w/v) uranyl acetate. Excess uranyl ace-
tate was wicked from the copper grid using a filter paper and
imaged in a CM12 transmission electron miscroscope (Philips,
Netherlands) at an operating voltage of 120 kV with a Bioscan
792 camera (Gatan, USA). At least 3 fields of view (�140,000
magnification) were taken for each sample.

Quantitation of electron micrographs

Aggregate ratio of oligomers, protofibrils, and fibrils were
manually counted using ImageJ. Classification of oligomers,
protofibrils, and fibrils are shown in Fig. S2. The “aggregate
species %” is the relative populations of each aggregate species.

Computational modeling

The model for the A� fibril chosen for this work was the core
of the A�1– 42 fibril, determined from NMR studies (26). The
published PDB structure only contains A�17– 42 with the
N-terminal 16 amino acids missing, due to their structural het-
erogeneity. For our model, the missing 16 amino acids were
added using the tLeaP program from Amber12 (47). The proto-
fibril model consists of 5 A� monomers labeled A–E, from the
inner to outer surface of the fibril model. All amino acids were
assumed to be in their standard protonation states for physio-
logical pH (7.0), resulting in a net charge of �20, which was
neutralized by the addition of 20 sodium ions. The protofibril
was added to a unit cell with dimensions 12 � 8 � 22 nm, and
was fully solvated using TIP3P water (48). Periodic boundary
conditions were applied in all directions.

All simulations were conducted using the Gromacs2016.1
software package (49). Simulations were run using the
Charmm36m force field (50), with additional terms for CEL
generated using CGenFF (51). The CEL parameters were veri-
fied by comparison to parameters generated through an alter-
native method, using a combination of RESP charge fitting
using R.E.D Server (52) and ForceGen (53). The lengths of cova-
lent bonds involving hydrogen atoms were restrained using the
LINCS algorithm (54), such that a time step of 2 fs could be
employed. Short-range nonbonded interactions were calcu-
lated using a cut-off of 1.4 nm, with long range electrostatics
calculated using the particle mesh Ewald (PME) algorithm (55).

The initial models underwent steepest descent energy mini-
mization for 5000 steps until the change in force was less than
0.02 kJ mol�1 nm�1 followed by a 5000-step conjugate gradient
minimization using a 0.01 kJ mol�1 nm�1 tolerance. The mod-
els were then heated from 50 to 310 K in the NVT ensemble at
a heating rate of 2.1 K ps�1. The Nose-Hoover thermostat (56)
was used to maintain the temperature, with the protein and
nonprotein atoms coupled to separate temperature baths using
a thermostat time constant of 0.1 ps. Following NVT equilibra-
tion at 310 K for 250 ps, a short constant pressure equilibration
was conducted for 500 ps at 1 atmosphere pressure, using the
Parrinello-Rahman barostat with a pressure coupling constant
of 2.0 ps.

Following equilibration, restraints were removed from
peptide E, with the remaining peptides restrained to their
initial positions via harmonic restraints on the heavy atoms
with a force constant of 1000 kJ mol�1 to provide an immo-
bile reference for the pulling simulations. Position restraints
are frequently employed on the model A� structure to mimic
the stability of much larger structures, while reducing the
computational expense (57, 58). For each glycation state, pep-
tide E was pulled away from the rest of the protofibrillar struc-
ture along the z axis over 1 ns at a constant pulling rate of 0.01
nm ps�1 using a spring constant of 1000 kJ mol�1 nm�2. From
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the generated trajectories, snapshots were taken for the starting
configurations of the umbrella sampling windows (59, 60).
Snapshots were taken in an asymmetric fashion with the first
distribution of windows taken at 0.1-nm increments until the
center of mass distance between peptides D and E was 2.0 nm;
beyond this distance the remaining snapshots were taken at
0.2-nm intervals. This asymmetric distribution enabled greater
resolution at small center of mass distances while reducing the
overall number of windows, such that only 45 windows were
used. Within each window a 10-ns simulation was performed
utilizing the same simulation protocol as above to give a total
umbrella sampling simulation time of 450 ns. The weighted
histogram analysis method (61) within gromacs2016.1 (62) was
utilized to analyze the results. Statistical errors were estimated
using bootstrap analysis with the b-hist option.

Thioflavin T assay and half-time (t1⁄2) analysis

ThT was prepared fresh before every experiment at a con-
centration of 1 mM in ultrapure water (18.2 M��cm) and was
diluted in ice-cold 10 mM sodium phosphate buffer (pH 7.4) to
a final concentration of 10 �M. Peptides were reconstituted in
ice-cold 10 �M ThT and immediately diluted (100 �l/well) in a
nonbinding solid bottom black 96-well plate (GN655900) on
ice. The plate was sealed with a clear plastic cover and placed in
an EnVision plate reader (PerkinElmer Life Sciences) at a tem-
perature of 30 °C. Fluorescence intensity was monitored over
300 min (1 min between each read) using an excitation and
emission wavelengths of 440 and 485 nm, respectively. Each
independent experiment had triplicate wells of each peptide.

Analysis of ThT fluorescence intensity and the time it takes
to get to half the maximum fluorescence, half-time (t1⁄2), was
performed as previously described using the AmyloFit software
(27). Double log-log plots of t1⁄2 (min) and starting monomeric
concentration (�M) was used to assess molecular mechanism of
aggregation using the scaling exponent (�).

The line of best fit used for the double log-log plots is the
one-phase decay function in GraphPad Prism (version 7.00)
with the model in Equation 1.

Y � If Y0 	 plateau� 
 e�K 
 X� � plateau (Eq. 1)

CD

Frozen lyophilized peptides were left to thaw to room tem-
perature and then diluted into a 1-mm quartz cuvette (Hellman
Analytics, Germany) to 10 �M concentration in 10 mM sodium
phosphate buffer (pH 7.4). The secondary structure of the pep-
tides was quantified in a Chirascan CD spectrophotometer
(Applied Biophysics, UK) at a chamber temperature of 30 °C
with a bandwidth of 2.5 nm and a read time of 2 s/1 nm from 260
to 180 nm. Experiments were done on different days. Mdeg
values were subtracted from the baseline (10 mM sodium phos-
phate buffer alone). Spectra deconvolution and estimation of
secondary structure were carried out using BeStSel (29).

Cell culture and RA differentiation

Human neuroblastoma SH-SY5Y (ATCC) cells were rou-
tinely cultured in complete media (10% heat-inactivated FBS in
1:1 phenol free DMEM/F-12 supplemented with 1% Pen/Strep

and 1% Glutamax) in a humidified 37 °C incubator at 5% CO2.
The medium was replaced every 2 days. After an overnight
period where cells were allowed to attach to cultureware sur-
face, differentiation was initiated by changing the complete
media to a reduced serum media (1% heat-inactivated FBS in
1:1 phenol-free DMEM/F-12 supplemented with 1% Pen/Strep
and 1% Glutamax). This reduced serum media was supple-
mented with 10 �M all-trans-RA with a DMSO concentration
of 0.5% for up to 4 days with RA medium changes every 2 days.

Peptide treatments on cell culture

Peptides were removed from �30 °C and left to equilibrate to
room temperature before being reconstituted in 0.33 mM

NaOH, 1� DPBS then centrifuged at 16,100 � g for 10 min at
21 °C. The peptide in the supernatant was carefully removed
and diluted to a concentration of 10 �M into pre-warmed 1%
FBS (1:1) phenol-free DMEM/F-12 medium supplemented
with 10 �M RA. The vehicle was carried through the same pro-
cess (without peptide) and the 0.33 mM NaOH, 1� DPBS dilu-
tion did not exceed 1/8.

MTT assay

Mitochondrial function and cellular redox activity was
assessed with the MTT assay. SH-SY5Y cells were seeded into a
96-well plate at a density of 5 � 105 cells/well and left to adhere
to the surface overnight followed by the differentiation protocol
as described. Treatment with 10 �M peptide commenced on
day 4 for 24 h.

After 24 h, 15 �l (5 mg/ml in PBS) of pre-warmed MTT
reagent was added to each well and left for 4 h to form formazan
crystals. To solubilize the crystals, 200 �l of 40 mM HCl acidi-
fied isopropyl alcohol was added to each well and mixed by
pipetting. Once solubilized, the calorimetric absorbance was
read in an EnVision plate reader (PerkinElmer Life Sciences) at
540 nm with a subtraction of background at 720 nm. All wells
were corrected for with a blank containing the same buffer dil-
uent but with no cells. Equation 2 shows the blank and back-
ground correction to get a percentage of cell toxicity relative to
the vehicle.

MTT reduction � treatment 	 blank�/untreated 	 blank�


 100 (Eq. 2)

LDH release and caspase 3/7 activity assay

Cells were seeded in 12-well dishes at a density of 1.0 � 106

and left to adhere to the surface overnight followed by the dif-
ferentiation protocol as described previously. Treatment with
10 �M peptide commenced on day 4 for 24 h and the cell culture
medium was collected and spun at 16,100 � g for 10 min at 4 °C
to remove cell debris. The supernatant was used for LDH
release and caspase 3/7 activity assays. The cells were used for
the mitochondrial respiration assay.

The LDH release assay was performed as per the manufactu-
rer’s instructions (Roche, Switzerland). The assay was per-
formed in a clear bottom 96-well plate and the calorimetric
absorbance was read in a SpectraMax iD3 plate reader (Molec-
ular Devices) at 540 nm with a subtraction of background at 720
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nm. Technical duplicate wells were used for each experiment
followed by the blank subtraction (cell-free culture media only).
Equation 3 shows blank and background correction to get a
normalized LDH release value relative to the vehicle.

LDH release � treatment 	 blank�/average untreated

	 blank� (Eq. 3)

For the caspase 3/7 activity assay, 25 �l of the supernatant
was added to a nonbinding solid bottom black 96-well plate
(GN655900, Greiner). Then the fluorogenic caspase substrate
(reconstituted in DMSO) was added to a final concentration of
40 �M in buffer (20 mM HEPES, 1 mM EDTA, 5 mM DTT, 0.1%
CHAPS, 10% sucrose). The fluorescence was monitored at
37 °C for 3.5 h with 2-min intervals between each read in a
SpectraMax iD3 plate reader (Molecular Devices) at excitation
and emission of 385 and 460 nm, respectively. A linear line of
best fit between fluorescence intensity and time was used to
determine the slope (R2 � 0.96 for all slopes) and presented as a
function of fluorescence units/min.

Mitochondrial membrane potential (��m), mitochondrial
volume, and mitochondrial superoxide (O2

.) production

Cells were seeded in 12-well dishes at a density of 1.0 � 106

and left to adhere overnight before differentiation with 10 �M

RA for 4 days. After 4 days, the cells were treated with 10 �M

peptide for 24 h the same way as previously mentioned for the
MTT assay. After 24 h, the cells were washed twice with 1� PBS
and detached from the surface with TrypLE (Invitrogen).
TrypLE was neutralized with equal amounts of complete
medium containing 10% FBS and the cells were pelleted at
200 � g for 4 min at 21 °C. For ��m, JC-10 was prepared as per
manufacturer’s instructions (Abcam, UK) and the cells were
incubated with JC-10 for 30 min at 37 °C protected from light.
For mitochondrial volume and mitochondrial O2

. production,
200 nM MitoTracker Green and 5 �M MitoSOX were used,
respectively, and diluted into warm 1% FBS DMEM/F-12. The
cells were incubated for 30 min at 37 °C protected from light.
After 30 min of dye incubation, the cells were pelleted, washed
twice, and suspended with warm 1% FBS DMEM/F-12 before
analysis using an Accuri C6 (BD Bioscience). Data were ana-
lyzed using FlowJo Version 10.4 (FlowJo LLC). The gating strat-
egy is outlined in Fig. S5. The final gates contained between 77
and 8000 individual events.

Mitochondrial respiration

Cells were seeded in 12-well dishes at a density of 1.0 � 106

and left to adhere to the surface overnight followed by the dif-
ferentiation protocol as described previously. Treatment with
10 �M peptide commenced on day 4 for 24 h and the cells were
dissociated from the surface after 24 h as per flow cytometry
methodology. The cell culture medium was saved for the LDH
release and Caspase 3/7 activity assays. The cells were counted
and immediately placed into the Oxygraph O2k (Oroboros,
Austria) containing MiRO5 respiration medium (0.5 mM

EGTA, 3 mM MgCl2�6H2O, 60 mM lactobionic acid (pH 7.0 with
5 N KOH), 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110
mM sucrose, 15 mM BSA). All experiments were conducted at

37 °C with a stirrer speed of 750 rpm. A modified multiple sub-
strate uncoupler inhibitor titration (SUIT) protocol was carried
out for all experiments (63) as outlined in Fig. S6A.

Statistical analyses

All analyses were done in either GraphPad Prism (version
7.00) or R (version 3.5.1). The types of statistical analyses are
listed in the figure legends.
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E., Buell, A. K., Aguzzi, A., Linse, S., Vendruscolo, M., Dobson, C. M., and
Knowles, T. P. J. (2017) Scaling behaviour and rate-determining steps in
filamentous self-assembly. Chem. Sci. 8, 7087–7097 CrossRef Medline

29. Micsonai, A., Wien, F., Kernya, L., Lee, Y.-H., Goto, Y., Réfrégiers, M., and
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