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ABSTRACT: Interaction between aggregates of amyloid beta protein (Aβ) and membranes has been
hypothesized by many to be a key event in the mechanism of neurotoxicity associated with Alzheimer’s
disease (AD). Proposed membrane-related mechanisms of neurotoxicity include ion channel formation,
membrane disruption, changes inmembrane capacitance, and lipidmembrane oxidation. Recently, osmolytes
such as trehalose have been found to delay Aβ aggregation in vitro and reduce neurotoxicity. However, no
direct measurements have separated the effects of osmolytes on Aβ aggregation versus membrane interac-
tions. In this article, we tested the influence of trehalose, sucrose and trimethylamine-N-oxide (TMAO) onAβ
aggregation and fluorescent dye leakage induced by Aβ aggregates from liposomes. In the absence of lipid
vesicles, trehalose and sucrose, but not TMAO, were found to delay Aβ aggregation. In contrast, all of the
osmolytes significantly attenuated dye leakage. Dissolution of preformed Aβ aggregates was excluded as a
possible mechanism of dye leakage attenuation by measurements of Congo red binding as well as hydrogen-
deuterium exchange detected by mass spectrometry (HX-MS). However, the accelerated conversion of high
order oligomers to fibril caused by vesicles did not take place if any of the three osmolytes presented. Instead,
in the case of disaccharide, osmolytes were found to form adducts with Aβ, and change the dissociation
dynamics of soluble oligomeric species. Both effects may have contributed to the observed osmolyte
attenuation of dye leakage. These results suggest that disaccharides and TMAO may have very different
effects on Aβ aggregation because of the different tendencies of the osmolytes to interact with the peptide
backbone. However, the effects on Aβ membrane interaction may be due to much more general phenomena
associated with osmolyte enhancement of Aβ oligomer stability and/or direct interaction of osmolyte with the
membrane surface.

Mounting evidence suggests that interaction between aggre-
gated amyloid beta protein (Aβ) and the neuronal membrane is
central to Alzheimer’s disease (AD1). Aggregated Aβ has been
shown to exhibit ion channel activity (reviewed by ref 1), increase
membrane permeability and conductance (2-4), and enhance
lipid oxidation (reviewed by ref 5). Membranes also have the
ability to accelerate the aggregation process (6-8). Lipid type
(anionic, zwitterionic, or cationic), pH and salt concentration,
lipid bilayer surface pressure, as well as Aβ aggregated states have
all been shown to affect the Aβ-lipid interaction (3, 7-11).
Particularly, the effect of membranes on the oligomer distribu-
tion is critical since neurotoxicity has been found to be a strong

function of Aβ aggregation state, with oligomers being more
toxic than monomer or fibrillar species (12-16).

Recently, certain osmolytes, especially trehalose, were found
to be effective in slowing the aggregation of several aggrega-
tion prone proteins including Aβ (1-40) (17), insulin (18),
W7FW14F (19) and polyglutamine containing protein (20).
More importantly, trehalose was able to increase human neuro-
blastoma cell (SH-SY5Y) viability in the presence of Aβ aggre-
gates (17) and alleviate the polyglutamine induced symptoms in a
mouse model of Huntington disease(20). Another osmolyte,
trimethylamine-N-oxide (TMAO), protected MC65 cells under
conditional expression of amyloid protein precursor carboxy-
terminal fragments (21).

Though encouraging results were reported, the effects of
osmolytes on Aβ aggregation and oligomer-membrane interac-
tions are not well understood. In the above studies, Congo red,
Thioflavin T, and circular dichroism were used to assess the
formation of amyloid or β-sheet structure, but these methods
could not reveal the distribution of oligomers within a mixture of
aggregates. Knowledge of the effects of osmolytes and mem-
branes on the oligomer distribution is important since slowed
aggregation could cause accumulation of soluble oligomers,
which might be the most neurotoxic oligomeric state (12-17,
19, 22). Detailed measurements of oligomer distributions would
help to clarify whether particular osmolytes affect aggregation,
oligomer-membrane interactions, or both.
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To explain the beneficial effects of osmolytes on neurotoxi-
city, mechanisms such as dissociating preformed Aβ aggre-
gates (17) or increased protein stability (20, 21) have been
proposed. Unfortunately, these results were obtained from
different aggregating peptides, osmolytes, and aggregation
conditions, making it hard to draw general conclusions about
the property of beneficial osmolytes and dominant mechan-
isms. Consequently, additional studies are needed of different
osmolytes under common aggregation conditions, including
effects on membrane interactions. Considering the different
preferences of TMAO and carbohydrates to interact with
peptide backbones (23, 24), we found it interesting and worth-
while to compare their effects on Aβ-membrane interaction
with a single model system.

In this work, we have directly compared the effects of two
kinds of osmolytes, TMAO and two disaccharides, on Aβ-
liposome interactions. Because of the importance of Aβ con-
formation and aggregation state on such interactions, we pre-
pared different kinds of aggregate distributions prior to liposome
exposure, as opposed to the simultaneous aggregation and
liposome interaction studies (10, 25). To define composition of
the aggregates in the samples, we have exploited a methodology
based on hydrogen exchange detected by mass spectrometry
(HX-MS) (26). Control studies in the absence of liposomes were
also performed to distinguish the effects of osmolytes on Aβ
aggregation vs Aβ-liposome interactions.

On the basis of the results, trehalose and sucrose were found to
delay Aβ aggregation significantly in the absence of liposomes,
whereas TMAO did not. In contrast, all three osmolytes aboli-
shed the acceleration of Aβ aggregation caused by liposomes and
also reduced dye leakage from liposomes. Thus, while the
osmolytes had different effects on aggregation in the absence of
liposomes, all three osmolytes increased membrane integrity and
delayed membrane-induced fibril formation. Sugar-Aβ com-
plexes detected in mass spectra suggested that direct Aβ-
carbohydrate interactions could play a role in their different
effects on aggregation.

MATERIALS AND METHODS

Materials.Aβ(1-40) was purchased fromAnaspec, Inc. (San
Jose, CA) as 1.0 mg lyophilized aliquots. POPC (1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine) and POPG (1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-rac-1-glycerol [sodium salt]) were
obtained from Avanti (Alabaster, AL) and used without further
purification. Trehalose and sucrosewere fromFisher (FairLawn,
NJ). 5(6)-Carboxyfluorescein and trimethylamine-N-oxide were
from Acros Organics (Fair Lawn, NJ). One lot of Aβ was used
for all studies. Others materials were obtained from Sigma unless
otherwise specified.
Sample Preparation. Stock solutions of Aβ were prepared

by dissolving an aliquot of Aβ in 100 μL of 0.1% trifluoroacetic
acid (TFA, Fluka, Buchs, Switzerland) to a concentration of
10mg/mLat 25( 0.5 �C.After 45minof dissolution inTFA, fresh
samples were made by diluting the stock to a final concentration
at 100 μM in PBS (10 mM NaH2PO4 and 150 mM NaCl at pH
7.4). Aged samples were prepared by diluting TFA stock in PBS
as described above and then quiescently incubated at 37 �C for
4 h, 10 h, 24 h, or 72 h before labeling. For the samples incubated
with osmolytes, osmolytes were added at the same time as PBS
was added to TFA stocks, to ensure that no aggregation took
place prior to osmolyte addition. Osmolyte concentrations were
250 mM unless otherwise specified. This concentration was used

to keep the Aβ/osmolyte molar ratio consistent with the one
previously reported to delay Aβ aggregation as detected by
Thioflavin T (ThT) fluorescence assay (17).
Congo Red Binding Assay. Congo red stock solution (120

μM in PBS) first was passed through a 0.22 μm filter and then
mixed with a 100 μM Aβ sample at a volume ratio 1:9. After
45min of incubation at 25 �C, absorbance at 405 and 541 nmwas
measured with a SpectraMax Plus384 Microplate Reader
(Molecular Devices, Sunnyvale, CA). For each time point, at
least three replicates were measured. The molar concentration of
Congo red bound to Aβ was calculated by the well-established
equation of Klunk et al. (27):

½CR-Aβ� ¼ ð541At=47800Þ-ð403At=68300Þ-ð403ACR=86200Þ

Here, 541At and
403At are the total absorbance of the Congo red-

Aβ mixtures at 541 and 403 nm, respectively, and 403ACR is the
absorbance of Congo red alone in phosphate buffer with and
without osmolytes. In the microplate reader, absorbances at 405
and 540 nm were assumed to be the same as those at 403 and
541 nm (15).
Hydrogen Exchange Mass Spectrometry (HX-MS).

HX-MS analysis of Aβ oligomer distributions was carried out
as previously reported (26). Briefly, a 5 μL sample was diluted
into 45 μL of D2O (Cambridge Isotope Laboratories, D 99.9%)
in a 1.5 mL Eppendorf centrifuge tube. The molar D% in the
solvent was 90%, and the pH (as read) was 7.0. Labeling was
carried out at ambient temperature for the desired labeling time.
Subsequently, a mixture of 150 μL of dimethylsulfoxide (DMSO)
and dichloroacetic acid (DCA, Fluka, 95/5 vol/vol) were used to
rapidly dissolve aggregates back to the monomer state and
quench the labeling reaction at pH 3.5 (26, 28). Finally, the
sample was sent through a C8 desalting column (Micro Trap
1 mm ID x 8 mm, Michrom Bioresources, Inc., Auburn, CA).
A gradient from 30% to 80% acetonitrile was used to elute the
peptide from the C8 desalting column directly into the mass
spectrometer at 50 μL/min. Data were collected in positive ion,
zoom scan, and profile mode on a Thermo Finnigan LTQ linear
quadrupole ion trap mass spectrometer (San Jose, CA) with a
standard ESI source. ESI voltage was 4.5 kV, capillary tempera-
ture 275 �C, sheath gas flow rate 20 units, and tube lens voltage
135 V. All mass spectra presented were averages of approxi-
mately 400 scans. The most abundant þ4 state was used for HX
analysis, and other charge states (þ3, þ5, and þ6) were also
observed.
Liposome Preparation. Either POPC or POPG was pre-

pared in PBS buffer to give multilamellar lipid dispersions. To
prepare large unilamellar vesicles (LUVs), the dispersion was
subjected to five freeze-thaw cycles in liquid nitrogen and in a
37 �C water bath, followed by extrusion (at least 15 times)
through polycarbonate membranes with a 100 nm pore size
(Avestin, Ottawa, Canada). To prepare the 5(6)-carboxyfluor-
escein (CF) loaded liposomes, lipids were dissolved in approxi-
mately 90 mM CF in water and put through the same procedure
as that described above. After the extrusion step, the free
carboxyfluorescein was removed by overnight dialysis at 4 �C
against PBS buffer with balanced osmosis pressure inside and
outside the lipid vesicles in a Slide-A-Lyzer Dialysis cassette from
Thermo (Rockford, IL).
Dye-Leakage Assay Measure by Fluorescence. The re-

lease of CF dye from POPG LUVs was measured with a
Fluorolog-3 spectrofluorometer (Jobin-Yvon, Edison, NJ) at
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excitation and emission wavelengths of 480 and 516 nm, respec-
tively, through a 10 mm cuvette. Preaged fresh, 4 and 72 h Aβ
samples (100 μM) in PBS were then added to POPG liposome in
PBS, trehalose, sucrose, and TMAO solutions. In the final
mixture, the molar ratio of lipid to peptide was 20:1, and
osmolytes concentrations were approximately 250 mM. The
solution was carefully mixed and further incubated for 1 h at
37 �C to allow the leakage to reach maximum. Previously, others
have shown 10 min was sufficient for Aβ(1-42) to induce
significant leakage from POPC giant unilamellar vesicles (29),
and for Aβ(1-40), almost 100% leakage was observed for aged
samples within approximately 8 min for PG vesicles (9). Relative
leakagewas expressed as a percentage relative to the total amount
of dye release obtained by adding 1% Triton X-100 to the CF
loaded vesicles (29, 30). CF loaded LUVs were taken as 0%
leakage, which showed only slight leakage (less than 3%) within
1 h of measuring time. Each sample was measured in triplicate.

RESULTS

Osmolytes’ Effects on Aβ Aggregation in the Absence of
Liposomes. Congo Red Assay. Congo red binding was used
to assess the effects of osmolytes on Aβ aggregation under our
conditions. Because Congo red binds to extended β-sheet struc-
ture and not specifically to any particular aggregates or fibril (31),
the results were used qualitatively. For PBS controls (Figure 1,
filled bar), Congo red intensity quickly reached a maximum after
only 4 h of incubation. Even in the freshly prepared Aβ sample,
Congo red showed some binding, suggesting the existence of
some aggregated intermediate with extended β-sheet structure,
possibly an oligomer or protofibril. This rapid assembly is
consistent with our previous results from the same lot of Aβ
under the same conditions (26, 32). For Aβ samples incubated
with osmolytes, the Congo red binding time course was not
dramatically different. However, the time at which the maximum
Congo red binding observed was later for the osmolyte-contain-
ing samples (4 h for PBS; 10 h for TMAO; 72 h for sucrose and
trehalose). These results suggest that osmolytes may delay the

aggregation to a certain extent. However, the relative amounts of
oligomers vs fibrils present could not be assessed from this data.

HX-MS Measurements of Aggregate Structure Distri-
butions. HX-MS was used to provide complementary informa-
tion about the distribution of aggregated Aβ structures. We have
shown previously thatHX-MS can distinguishAβ inmonomeric,
low molecular weight (LMW), high molecular weight (HMW),
and fibrillar forms (26). In the same work, we carefully deconvo-
luted spectra by typical Gaussian peak fitting and assigned peaks
to different aggregated structures based on their degree of
deuterium exchange and complementary measurements (15, 26).
It should be mentioned that HMW and LMW are both distribu-
tions with centroids representing the average mass. Thus, their
distributions might be partially overlapped.

Figure 2 compares Aβ structural distributions incubated in the
absence and presence of the osmolytes. The Aβ concentration
was fixed at 100 μM and osmolyte concentrations were set at
250 mM. At this molar ratio, the inhibition of Aβ aggregation by
trehalose has been shown to be efficient (17). Aβ samples in PBS
without osmolytes that served as controls in this study showed
the same trends in distributions as we observed previously (26).
The top row of Figure 2 shows that the fresh sample contained
fully labeled monomer (M) and some partially protected LMW
oligomers (L). Samples incubated for longer periods prior to
deuterium labeling (Figure 2, 4 h through 72 h) were all mixtures,
with a major peak of partially protected HMW oligomers (H)
and a growing fibril peak (F) at long times. In the second row of
Figure 2, samples of Aβ aggregated with TMAO showed a
labeling pattern similar to that of PBS controls at every incuba-
tion time point. Markedly different labeling distributions were
generally observed for Aβ samples incubated in the presence of
trehalose and sucrose. The fresh sample was similar to PBS
controls in terms of both initial distribution and dynamics.
However, for 4 and 10 h aging times, solvent exposed monomer
made up to more than 50% of the distributions for samples
incubated with carbohydrate, while the HMW species was the
major component in PBS and TMAO-containing samples. After
24 h of incubationwith carbohydrate, themonomer still persisted
with an abundance of approximately 30%. After 72 h of
incubation with carbohydrate, the fibril peak was almost com-
pletely absent, and the predominant species was HMW, analo-
gous to the PBS control samples observed at 4 to 10 h
aggregation. The rate of aggregationwas significantly diminished
in the presence of trehalose and sucrose.

For each incubation time, experiments at different subsequent
labeling times were used to assess the dissociation rates of the
aggregated species formed during the incubation time. Our
previous study showed that for PBS controls, LMW oligomers
dissociated to the monomer within 10 min, while HMW oligo-
mers and fibrils did not dissociate significantly within a 1 h
labeling time (26). Aβ incubated with TMAO showed labeling
behavior similar to that of PBS controls for samples at all of the
incubation time points (data not shown), suggesting the dy-
namics of Aβ aggregate dissociation were not disturbed by
TMAO. However, samples incubated 24 h with trehalose and
sucrose showed very different subsequent dynamic labeling
behavior. The spectra of fresh Aβ prepared with trehalose were
similar to that of fresh PBS controls (Figure 2, left column).With
increasing incubation time prior to labeling (4, 10, and 24 h),
more LMW were formed, and the time constant for converting
LMW to the fully labeled peak was increased. It should be noted
that the dissociation rate was measured in labeling buffer

FIGURE 1: Congo red assay for the amountof boundCongo red [CR-
Aβ] (see Materials and Methods). Aβ samples were incubated at
37 �C quiescently in PBS (filled bar), trehalose (slashed bar), sucrose
(grid bar), and TMAO (open bar). Incubation times are shown as
x-axis labels. Aβ concentration was 100 μM, and each osmolyte
concentration was 250 mM. Asterisks indicate conditions signifi-
cantly different from those in PBS controls (ANOVA, p<0.01).
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prepared without trehalose, and hence, it is a characterization of
the aggregate product rather than dissociation during the aggre-
gation with trehalose.

Spectra shown in Figure 3 are representative examples of the
labeling dynamics observed after Aβ was incubated for more
than 24 hwith andwithout trehalose. For PBS controls (Figure 3,
left), HMWoligomer was the predominant species in the sample,
with ∼20% fibril. Only subtle spectra changes occur along
increased labeling time with small increases in the fraction of
monomer and a slight reduction in fibril at longer labeling times,
indicating that little dissociation occurred. In contrast, samples
incubated in trehalose buffer yielded subsequent labeling spectra
markedly different in three respects (Figure 3, right). First, no
fibril peak was present. Second, the monomer peak was promi-
nent in the spectrum of the sample labeled for 10 s. The less
labeled peak in the spectrum of the 10 s labeled sample was
∼4.0 Da heavier in mass than the HMWpeak in the PBS control
spectrum, suggesting that the species weremore solvent accessible
and/or smaller than the HMW oligomer. The centroid mass for
the protected species in the trehalose spectrum (4345.9( 1.0 Da)
was close to the mass previously reported for LMW for freshly
dissolved Aβ (4346.0 ( 0.9 Da) (26). Finally, with increased
labeling time, the intensity of the more protected oligomer peak
decreased while that of the monomer peak increased accordingly
in the presence of trehalose. This indicated that the protected
species was dissociating to a fully solvent exposed, presumably
monomeric state. This is in contrast to the lack of dissociation for
Aβ samples incubated for 24 h in the absence of trehalose.
Notably, fresh samples in PBS showed a similar labeling pattern
indicating dissociation, albeit with a shorter time constant (26).

Nonspecific Aβ-Sugar Complex Formation. The above
HX-MS data clearly showed that Aβ aggregation could be
delayed by trehalose or sucrose but not by the addition of
TMAO. Similar observations of delayed Aβ aggregation have
been previously reported for carbohydrates (17, 19, 22). How-
ever, the mechanism by which disaccharides influence the ag-
gregation remains unknown. Furthermore, direct measurements
of the oligomer-oligomer interactions and/or Aβ-carbohydrate
interactions are not available.

One possible line of evidence of saccharide-peptide interac-
tions from this work is the formation of adducts arising from
noncovalent association during the electrospray process. Figure 4
shows evidence for such noncovalent association between Aβ
and the carbohydrate osmolytes, but not with TMAO. Aβ in
PBS buffer (Figure 4, upper left) showed isolated þ3, þ4, þ5,
andþ6 charge state peaks with centroidmasses 1444.18, 1083.45,
867.00, and 722.73, respectively. The þ4 charge state was the
most abundant signal under electronic spray conditions used in
this study, and for clarity, the subsequent discussion focuses
on this peak. For Aβ in both trehalose and sucrose solutions,
the þ4 charge state (m/z 1083.45) was still the strongest
peak in the spectra, but it was followed by a series of adduct
peaks separated by an average mass of 342.0 ( 0.8 Da (85.5 (
0.2 m/z at the þ4 charge state, and the molecular weight of
trehalose and sucrose is 342.3). Adduct peak intensity decreased
with increased number of sugar molecules associated with the
peptide. In contrast, Aβ samples in TMAO yielded spectra
almost identical to that of the PBS sample. No adducts
were observed with the mass matching TMAO, even though
experiments were conducted under the same experimental

FIGURE 2: Representative hydrogen exchange mass spectra (þ4 charge state) for Aβ samples in the absence and presence of TMAO, trehalose
(Tre), and sucrose (Suc) at different times of Aβ aggregation. Incubation time points were selected as fresh (0 h), 4 h, 10 h, 24, and 72 h. The Aβ
concentration was 100 μM, and each osmolyte concentration was 250 mM. Labeling time was 10 s. Vertical lines in the columns indicated the
centroidmasses of (gray line) completely unlabeledAβ and (dark line) fully deuteratedAβ controls.M,L,H, andF indicate the peak arising from
monomer, LMW, HMW, and fibril, respectively. Each spectrum was normalized to its own maximum intensity.
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procedures and conditions as those for the carbohydrate osmo-
lytes.

Sugar and protein adduct formation during the electrospray
ionization (ESI) process have been previously taken to reflect
noncovalent interactions between the molecules, probably invol-
ving hydrogen bonding (33). The abundant-OHgroups in sugar
molecules and peptide backbones are potential hydrogen bond-
ing candidates. In contrast to the carbohydrates, TMAO is not
believed to interact preferentially with the peptide backbone, on
the basis of simulation (34) and experimental investigations
(reviewed in ref 23). Furthermore, in a recent theoretical transfer
free energy model analysis, urea and TMAO represented the two
extremes in osmolytes preferentially accumulated or excluded
from the protein backbone, respectively. Sugars such as trehalose
and sucrose fell in between these two extremes (23, 24). Therefore,
the trend in adduct formation observed here was consistent with
previous estimates of osmolyte association with the peptide
backbone. However, it should be noted that the N-O bond in
TMAOhas a large dipole; thismight allowTMAO to decompose
during MS analysis into a positive ion that would be much less
likely to form an adduct with the positively charged protein
during the electrospray process. This may also contribute to the
reduced adduct formation for TMAO.

To test whether the carbohydrate-Aβ interaction is non-
covalent, MS experiments were repeated with Aβ concentration
fixed at 100 μM, and trehalose concentration adjusted from
100 μM up to 250 mM. As shown in Figure 5, both the intensity
and number of adducts increased at the higher trehalose

concentrations. This concentration-dependent behavior is typical
of the noncovalent complex formation between carbonic anhy-
drase and a number of sugar molecules (33). In addition, the
hydrogen exchange behavior was observed to be the same for the
main peak and all adducts (see Supporting Information), in-
dicating that the association with trehalose and sucrose was not
sufficiently strong and/or long-lived to exclude solvent access to
the backbone. Indeed, simulation studies suggest that such a
lifetime of the disaccharide-peptide interactionmight only be on
the scale of approximately nanoseconds (35). This would be an
insufficient period to exclude D2O molecules capable of labeling
polypeptides in our 10-s labeling period (26).
Osmolyte Effects on the Aβ-Liposome Interaction.

Carboxyfluorescein Leakage from Liposomes. CF loaded
POPG liposomes were used here as an in vitromodel to detect the
effect of preaged Aβ samples on membrane permeability as well
as osmolyte influences on Aβ-induced membrane permeability
(9, 29). Figure 6 (black bars) shows the impact of preaged Aβ
aggregates on induced membrane permeability in the absence of
osmolytes. Fresh and 4 h samples led to the marked CF leakage
of approximately 70% and 80%, respectively. In contrast, the
72 h sample only resulted in approximately 30% leakage. The
combined fraction of HMWandLMWoligomers in each sample
prior to mixing with the liposomes was previously reported as
50%, 60%, and 35% for fresh, 4, and 72 h samples, respec-
tively (26). Therefore, the Aβ-induced leakage appeared to be
roughly correlated with the abundance of HMW and LMW
oligomers in each sample.

FIGURE 3: Representative hydrogen exchangemass spectra (þ4 charge state) for samples incubated for 24 h in PBS (left column) and in trehalose
buffer (right column), labeled subsequently for the times indicated. The Aβ concentration during incubation was 100 μM, and the trehalose
concentration was 250 mM. Each spectrum was normalized to its own maximum intensity.
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Figure 6 also shows the effect of osmolytes on permeability.
For fresh and 4 h samples, Aβ-induced leakage was reduced to
∼10%and∼30%regardless ofwhich osmolytewas used. For the
72 h sample, the osmolytes had no significant effect onmembrane
leakage. It is interesting to note that the osmolytes had very
similar effects on permeability, despite their very different effects
on aggregation in the absence of liposomes. This might be

because osmolytes alter preformed oligomer distributions or
because they modulate the Aβ-membrane interaction.

Osmolyte Effects on Preformed Aggregates.Dissociation
of the preformed aggregates was the proposedmechanism for the
reduction of Aβ-induced neurotoxicity brought about by treha-
lose (17). To test this hypothesis under our conditions, each of the
three osmolytes was added to parallel 4 and 72 h samples to a
final concentration of 250 mM. The mixture was then incubated
at 37 �C for another hour, and dissolution was assessed by the
Congo red binding assay.

FIGURE 5: Representative mass spectra in full range scan for Aβ
samples in different concentrations of trehalose. Aβ concentration
was 100 μM and trehalose concentration was 0.1 mM (A), 10 mM
(B), 50mM(C), 100mM(D), and 250mM(E). Samples were treated
using the same procedure as that used in labeling experiments
excluding the D2O dilution step. q=0 to 9 was used to indicate the
number of the trehalose adducted to Aβ at theþ4 charge state. Each
spectrum is normalized to its own maximum intensity.

FIGURE 4: Representative mass spectra in full range scan for Aβ samples in PBS, TMAO, trehalose (Tre), and sucrose (Suc) solution. Aβ
concentration was 100 μM, and each osmolyte concentration was 250 mM. Samples were treated using the same procedure as that for labeling
experiments excluding theD2O dilution step. Each spectrum is normalized to its ownmaximum intensity. ForAβ in PBS buffer only,þ3,þ4,þ5,
andþ6 charge states correspond to observedm/z values of 1444.18, 1083.45, 867.00, and 722.73, respectively. In trehalose and sucrose spectra, the
arrows point to the adduct peaks formed with the þ4 charge state which are separated by an average mass 342.0 ( 0.8 Da (the approximate
molecular weight of both sucrose and trehalose). Adducts were also observed for þ3 and þ5 charge states.

FIGURE 6: Relative percent leakage of CF from POPG LUVs upon
incubation with preaged Aβ samples in PBS (filled bar), trehalose
(slashed bar), sucrose (grid bar), and TMAO (open bar) solutions.
Osmolyte concentration was 250 mM, and lipid/Aβ ratio was 20:1.
Once Aβ was added to the liposome solution in the absence or
presence of the osmolytes, the mixture was incubated quiescently
for another 1 h at 37 �C.
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Congo red binding is unable to distinguish between the
presence of oligomers and fibril. However, Congo red does
bind to Aβ aggregates instead of monomer, making it useful in
differentiating between these two species. Therefore, if aggre-
gates were dissolved back to non-Congo red binding species,
the intensity should be significantly reduced. In Figure 7, for
both 4 and 72 h samples, Congo red intensities for Aβ controls
and samples treated with all three osmolytes were not statis-
tically different. This indicated that an insignificant amount of
aggregates was dissolved back to the monomer within
the tested time period. To further support the above results,
HX-MS was also used to detect the effect of trehalose on 4 and
72 h samples. HX labeling distributions were similar at
same labeling time for both samples with or without trehalose,
and no increase in the fully labeled peak (monomer) was
observed in the trehalose treated samples (see Supporting
Information).

HX-MS Analysis. HX-MS was used to determine whether
the Aβ oligomer distributions in the presence of lipids could be
affected by osmolytes. Aβ in fresh, 4, and 72 h samples were first
preaged, then further incubated with POPG or POPC liposomes
without CF dye, and finally labeled as described inMaterials and
Methods for Aβ samples in PBS only. In Figure 8, the mass

FIGURE 7: Congo red assay of dissolution of preaged Aβ samples by
trehalose (slashedbar), sucrose (gridbar), andTMAO(openbar).Aβ
samples were incubated for 4 and 72 h in PBS (filled bar). After Aβ
sample aggregation, concentratedosmolyte solutionswere added to a
final concentration of 250mM, afterwhich osmolytes and aggregated
Aβwere allowed to quiescently interact for an additional 1 h at 37 �C.
Samples treated with osmolytes are not statistically different from
PBS controls (ANOVA, p>0.05).

FIGURE 8: Representative hydrogen exchangemass spectra forAβ samples upon interactionwithPOPCandPOPGLUVsaswell asPOPGLUVs
in the absence and presence of the osmolytes. Labeling timewas 10 s for all of the spectra. PreagedAβ samples in PBS, fresh, 4 and 72h, are shown
in the first row.POPCorPOPG liposomeswere added topreaged sampleswith lipid/Aβmolar ratio 10:1 and additional 1 h of incubationat 37 �C.
For the fourth and fifth rows, osmolytes andPOPGwere added topreagedAβ solution in turn and also incubated for another 1 h 37 �C.Osmolyte
concentration was 250 mM for both trehalose and TMAO.
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spectra for samples in PBSbuffer only (first row, PBS) are shown.
In the second and third rows (POPC and POPG), the mass
spectra of preaged Aβ samples after incubation with liposomes
without osmolytes are displayed. For both kinds of liposomes,
fresh Aβ showed a similar HX pattern, indicating either no Aβ-
lipid interaction or no effects of the interaction on the initial
structural distribution (Figure 8, left column). However, for 4 h
incubated Aβ (Figure 8, middle column), a highly protected peak
appeared, producing a spectrum similar to that of the 72 h sample
in the absence of lipid. For 72 h incubated Aβ, only a fibril peak
was observed (Figure 8, right column). Thus, liposomes clearly
accelerated Aβ aggregation under our conditions. This was
supported by the observation of visible precipitation when Aβ
aged for 4 h (see Supporting Information) or 72 h (data not
shown) was added to the liposome solution.

Figure 8 also shows how the above acceleration of Aβ
aggregation is affected by the presence of osmolytes. Surprisingly,
HX labeling distributions in the presence of both osmolytes and
liposomes for all incubation times (fresh, 4, and 72 h) (4th and 5th
rows) were very similar to those of samples in PBS without
liposomes (1st row). Thus, HX-MS shows that both osmolytes
abolish the acceleration effect of liposomes on aggregation. This
could indicate that they both block the interaction between Aβ
and liposomes. Alternatively, since disaccharides in the absence
of liposomes appeared to slow down the rate of Aβ aggregation
(Figure 2), it is possible that the liposomes and osmolytes have
opposing effects on Aβ aggregate distribution and that at least
some fraction of theAβ present interacts with osmolytes andwith
liposomes. Thus, the results we observedmight be a combination
of those two effects.

DISCUSSION

Osmolytes are small organic molecules, which in nature
stabilize intracellular proteins against environmental stress, such
as temperature extremes, dehydration, and high extracellular
osmotic pressure (23). Recently, certain osmolytes have been
shown to increase cell viability in the presence of aggregated
Aβ (17, 21) as well as other disease-associated aggregation prone
proteins such as R-synuclein and polyglutamine (20, 36). How-
ever, the protective effects of osmolytes are still not well under-
stood because of varied conditions between studies as well as
limited investigations distinguishing their effects on protein
aggregation versus peptide membrane interactions. In this study,
we evaluated the effects of selected osmolytes on Aβ-induced
membrane permeability, as an in vitro surrogate of neurotoxicity.
In addition, HX-MS was used to monitor aggregate population
distributions in the presence and absence of both liposomes and
osmolytes. The overall goal was to determine whether and if
possible how each osmolyte affected Aβ-membrane interac-
tions, Aβ aggregation in the absence of liposomes, or both.

The first portion of this work is concerned with examining the
effects of osmolytes on Aβ aggregation in the absence of
liposomes because Aβ biological activity has been widely as-
sumed to be aggregation state dependent. Two classes of
osmolytes, the carbohydrates (sucrose and trehalose) andTMAO
had different effects on Aβ aggregation. Disaccharides increased
the typical time HMWappeared from 4 h (Figure 2, first row) to
72 h (Figure 2, third and fourth row). However, fibrils were the
majority of the sample after 6 days (data not shown) with or
without carbohydrates. Hence, disaccharides appear to mainly
affect the formation rate of HMW. Furthermore, after 24 h,
samples incubated with disaccharides dissociated much more

rapidly than controls in PBS (Figure 3). In contrast, TMAO
showed little effect on Aβ aggregation. All HX-MS spectra from
samples with added TMAO were almost identical to PBS-only
controls at the same time points (Figure 2, first and second rows).

The observed reduction in aggregation rate in the presence of
disaccharide osmolytes is generally consistent with previous
literature reports. Trehalose delayed the aggregation of
Aβ(1-40), Aβ(1-42), W7FW14F, and insulin (17, 19). Treha-
lose and sucrose also attenuated the aggregation of myoglobin
containing a 35-glutamine repeat (20) and reduced aggregate
formation of rhu-mAb HER2 when the sugar/peptide ratio
exceeds 500 (37). However, under certain conditions, such as
lowAβ concentration (10 μM) and different sugar/peptide ratios,
sucrose has been found to increase the number of Aβ(1-40)
seeds, small aggregates, protofibrils, and fibrils (22).

Fewer studies are available on the effects of TMAOon protein
aggregation. It has been found to accelerate theAβ conformation
transition from random coil to β-sheet (38), R-synuclein aggrega-
tion (39), and the formation of Tau protein fibrils (40). The
merely neutral effect of TMAO on Aβ aggregation here is
probably attributable to the early appearance of β-sheet structure
in our Aβ samples. At the relatively high concentration (100 μM)
used here, freshly prepared Aβ contained a significant fraction of
protected species termed LMW (Figure 2, first row). Further-
more, CD indicated fresh sample conformation was already
β-sheet instead of random coil (refs (15 and 41), and Supporting
Information). Under similar conditions, the dimer was observed
in equilibrium with monomer (42). Thus, it is perhaps not
surprising that in this case, the TMAO effect on β-sheet forma-
tion was not significant.

We then examined the effects of osmolytes on aggregated Aβ
induced dye leakage from liposomes and accelerated fibril
formation. It should be emphasized that in many studies of Aβ
cell and/or liposome interaction, monomeric Aβ was incubated
with liposomes or cells, and then viability or/and membrane-
induced aggregation was monitored (8, 10, 22, 25, 43). However,
in our study, fresh and preaged Aβ samples (4 and 72 h), with
well-characterized differences in solvent accessibility and dy-
namics, were mixed with liposomes in the absence or presence
of the tested osmolytes. Since osmolyte effects on Aβ aggregation
in the absence of liposomes were specifically studied in an early
portion of this article, the above approach allowed us to separate
osmolyte effects on aggregation and Aβ aggregate-liposome
interactions.

In the absence of osmolytes, we observed that preformed Aβ
aggregates induced substantial increases in membrane perme-
ability (Figure 6), with the samples causing the highest CF
leakage (fresh and 4 h, Figure 6) having the highest combined
fraction of LMWandHMWasmeasured byHX-MS (Figure 2).
This trend is in good agreement with previous reports that Aβ
oligomers are particularly effective at increasing vesicle or/and
membrane permeability (2, 4, 9) and causing cell toxicity (3, 12,
14, 15, 44). At the same time, we also found that the liposome
interaction clearly accelerated the conversion of HMW to fibrils
(Figure 8) as well as visible precipitation under some conditions
(see Supporting Information). Such membrane accelerated ag-
gregation was also observed previously in studies carried out
without osmolytes (6, 10, 45).

In the presence of all osmolytes examined, the marked Aβ-
induced leakage observed for fresh and 4 h samples was reduced
substantially (Figure 6). In addition, the accelerated fibril for-
mation induced by liposomes was abolished by osmolytes
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(Figure 8) as was visible precipitation (see Supporting In-
formation). Increased osmotic pressure has been shown pre-
viously to reduce leakage from liposomes under different
experimental conditions (46). While the effect on leakage was
much less than that observed in Figure 6, it is possible that
osmotic effect is onemeans bywhich osmolytes are stabilizing the
liposomes.

Effects of trehalose and TMAO on cell toxicity in the presence
of the Aβ aggregates have been investigated. At a similar
osmolyte/peptide molar ratio, trehalose was found to increase
the viability of SY5Y cells (17). Likewise, TMAO significantly
improvedMC56 cell viability under the conditional expression of
amyloid precursor protein fragments (21). In addition, osmolyte
effects of other protein-liposome interactions have been exam-
ined. Trehalose decreased the liposome aggregation induced by
HSA-liposome interactions (47). It reduced lipid vesicle adsorp-
tion to polystyrene with only transient intravesicular solute
leakage (48). It can also block the aggregation of human antibody
light chain induced by lipid-derived aldehydes (49), which pre-
sented in the plasmaofADpatients at elevated concentration (50)
and may also accelerate Aβ aggregation and protofibril forma-
tion (51). The correlation between our measured trends in dye
leakage and the documented benefits to cell viability suggest that
membrane permeability effects of osmolytes may play a role in
their beneficial effects on cell viability.

HX-MS measurements of the aggregated subpopulation dis-
tribution before and after exposure to liposomes were a valuable
complement to permeability measurements since they could
reveal effects of membrane interactions on the aggregates (8,
52, 53). The marked reduction in changes in the aggregate
distribution upon the addition of osmolytes (Figure 8) suggests
that reduction of membrane permeability and/or reduced mem-
brane interactions may be at least one mechanism by which
osmolytes reduce Aβ neurotoxicity.

It is important to consider that different aggregated states are
thought to differ in their membrane interactions and effects on
neurotoxicity (2, 4, 12, 14, 15, 44, 54). For example, aggregated
Aβ was shown to have greater affinity for the membrane than
monomeric Aβ (52, 55). More specifically, only oligomeric
intermediates could interact with a lipid bilayer and reduce
membrane fluidity (54), induce the ion channel activity (4), bind
toa specific antibody (14), and changemembrane capacitance (2).
It was also reported that Aβ-induced liposome aggregation
decreased when Aβ was aged for longer times (56). Therefore,
it was hypothesized that assembly into soluble oligomers gen-
erates hydrophobic domains that interact with membranes and
that these hydrophobic domains disappear in fibrils (57). Our
HX-MS and CF leakage data support this hypothesis. LMW
oligomers present in fresh samples and HMW oligomers pre-
dominant at 4 h were both more solvent exposed (Figure 2) and
induced more leakage (Figure 6) than fibrils in the 72 h samples.
Proteolytic HX-MS data suggested that the solvent accessibility
of residues 1-16 and/or 20-34 is more solvent exposed in the
protofibril (58) or HMW (41) than fibril.

In addition, HX-MS also showed that for both POPC and
POPG, HMW was readily converted into a more solvent
protected species (Figure 8). It is possible that the solvent
inaccessibility due to peptide insertion into lipids could contri-
bute to reduced HX (59), but the reduction observed is highly
consistentwith fibril formation, and the conclusion of accelerated
aggregation would be consistent with previous studies (6, 10, 45).
In addition,Aβ aggregates could induce ion channel activity from

the liposome made of either neutral or negatively charged
lipids (25). Thus, accelerated aggregation and ion channel activity
with both types of lipids suggest that HMW interacts with either
neutral or negatively charged liposomes with similar strength.
Measured binding constants for Aβ with POPC and POPG were
not statistically different (52), and this interaction was regarded
to be driven by hydrophobic rather than electrostatic interac-
tions (53). CD analysis of preaged Aβ samples upon interaction
with POPC liposomes was also carried out (see Supporting
Information). No marked conformation change was observed
except for a slight intensity increase at 218 nm, consistent with a
modest increase in the amount of β-sheet structurewhen the fibril
formed. Thus, during the incubation of preaged Aβ with
liposomes, it is possible that little change in secondary structure
composition took place other than the assembly of units with
β-sheet structure (41).

The dissolution of preformed aggregates has been proposed as
a competing hypothesis for the beneficial effects of trehalose (17).
However, under our conditions both Congo red binding
(Figure 7) and HX-MS (see Supporting Information) showed
that onceHMWwas formed, it could not be dissolved back to the
monomer by adding concentrated osmolytes within 1 h of testing
time. In addition, fibril still formed even in the presence of
trehalose or sucrose if the incubation time was longer than 6 days
(data not shown). Others have also reported that small osmolytes
cannot substantially dissolve aggregates. TMAO, PBA (4-phe-
nylbutyric acid), and glycerol were found to protect MC56 cells
from Aβ-induced toxicity but did not alter triton insolubility of
the aggregate band compared to no treatment (21). Thus, under
our conditions, the osmolyte’s preserving effect on dye leakage
cannot be explained by stating that converting preformed Aβ
oligomers to monomers. The fact that we did not observe the
dissociation of aggregates reported by others (17) may be related
to the higher Aβ concentration used and faster aggregation
observed in our study. Our measurements demonstrated that
the osmolytes mainly delayed of the formation of HMW rather
than dissolving HMW. Therefore, one possible explanation for
the different behavior observed (17) is that because of slower
aggregation at 20 μM, Aβ samples might still be LMW when
trehalose was added after 2 days.

An alternative explanation for the effect of osmolytes on dye
leakage from liposomes in the presence of aggregated Aβ is that
the osmolytes either increase the stability of oligomers and/or
increase the membrane integrity of the liposomes, or both. As
discussed earlier, the solvent-exposed hydrophobic patch pre-
sented in oligomers may make them less stable kinetically in
solution and more likely to interact with lipid membranes.
Previous results showed that the intermediate-time incubated
samples (4 and 8 h) contain oligomers with lowest apparent
stability upon guanidine treatment and also induce the most
toxicity in SH-SY5Y cells (15). The direct measurement of
stability was not carried out in this work. However, the HX-
MS data clearly demonstrated that in the presence of the
osmolytes, the membrane accelerated transition from HMW to
fibril was blocked (Figure 8), and the presence of a more rapidly
dissociating LMW species was extended from less than 4 h up to
24 h (Figure 2). Given that without osmolytes samples with the
highest content of LMW and HMW induced the most
dye leakage (Figure 6), it seems somewhat contradictory that
in the presence of osmolytes, the stability of LMW and
HMW species are enhanced but dye leakage is attenuated. One
explanation for this apparent contradiction is that osmolytes
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both enhance the stability of LMWandHMWoligomeric species
and reduce their tendency to interact with the lipid membrane
surface. This was also proposed to be the possible mechanism of
osmolyte action on Aβ by other investigators (20, 21, 60).

However, those osmolytesmay also affect the liposome surface
to prevent encapsulated dye leakage, protein adsorption and
liposome aggregation (47, 48, 61). Disaccharides have been
shown to associate with the lipid membrane (62), form a
hydrogen bond to the phosphate groups (63), and replace water
molecules at the membrane surface (64, 65). TMAO could
attenuate membrane disruption, even in the presence of dena-
turatants such as urea (66). Considering the excess amount of
osmolyte in the solution as compared to that of Aβ and lipids, it is
possible that osmolytes coat on the liposome surface and hence
help maintain the membrane integrity (47).

Notably, while the different osmolytes had similar effects on
dye leakage, TMAO showed different effects on Aβ aggregation
in the absence of liposomes. Presumably, the different osmo-
lytes affect the kinetics and/or thermodynamics of steps in the
aggregation pathway in a different manner (reviewed by ref 57).
For example, the preferential exclusion of osmolytes has been
proposed to be their stabilizing mechanism for globular proteins,
but the extent of osmolyte-peptide interaction varies from one
osmolyte to another (23, 24, 60). TMAO is preferentially
excluded from both native and denatured states, and forces
proteins to fold (reviewed by ref 23). Sucrose and trehalose have
both been shown to shift the conformation equilibrium toward
the native state and reduce aggregation (35, 60, 67). Monomer
collapse might be another explanation, but it alone is not
necessarily sufficient to protect Aβ from hydrogen exchange (68).
Thus, it is possible that, in the presence of trehalose and
sucrose, the conformational ensemble Aβ was shifted to a set
of less aggregation prone conformations and/or that the oppor-
tunity for Aβ-Aβ interaction to form large aggregates was
reduced.

The detailed mechanism of how each osmolyte exerts their
different effects on aggregation kinetics is largely beyond the scope
of this article. However, one aspect of the osmolyte-peptide
interaction was revealed by adduct formation during electrospray
ionization. Aβ/osmolyte adduct formation (Figure 4) was corre-
lated with their delaying effect on aggregation. The differences
in osmolyte-peptide interactions are also consistent with the
results of a recent transfer free energy model analysis. In this
model, TMAO exhibited the highest unfavorable interaction with
the peptide backbone, while trehalose and sucrose interact more
strongly (23, 24)

While the effects of osmolytes on oligomer distributions and
lipid interactions have potential implications for therapeutic
strategies, they are not straightforward. In addition, it should
be noted that even effective osmolytes such as trehalose may not
completely block the formation of neurotoxic oligomers as seen
in our results and the work of others (17, 19), nor does it
completely attenuate Aβ induced membrane permeability and
dye leakage. Therefore, any strategy formodifying the neurotoxic
properties and oligomer distribution by such molecules or
derivatives will require careful optimization.
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