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ABSTRACT. Trehalose, a disaccharide present in many nonmammalian species, protects cells against various
environmental stresses. Trehalose has recently been shown to decrease aggregate formation and toxicity
in cell models and to alleviate amyloid-induced diseases. The aim of our study was to use two amyloid-
forming proteins, i.e., W7FW14F apomyoglobin and insulin, as model systems to elucidate the molecular
mechanism by which trehalose affects the amyloid aggregation process and to investigate further its
therapeutic potential. Protein aggregation was examined by far-UV circular dichroism, UV absorption,
thioflavin T fluorescence, sodium dodecyl sulfajolyacrylamide gel electrophoresis, atomic force
microscopy, and Fourier transform infrared spectroscopy. Cell viability was investigated by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reduction assay. We found that trehalose does
not inhibit protein aggregation but acts at different stages of the fibrillization process depending on the
protein model used. In fact, trehalose dose-dependently inhibited fibril formation in the W7FW14F
apomyoglobin model and increased the lag phase in the insulin model. In both cases, trehalose caused
accumulation of toxic oligomeric species. The results suggest that trehalose may favor or inhibit the
formation of “on-pathway” or “off-pathway” oligomeric intermediates depending on the nature of the
aggregating protein.

Trehalose ¢-p-glucopyranosybi-p-glucopyranoside) isa  be the time required for “nuclei” to form. Once a nucleus is
naturally occurring disaccharide with protein- and membrane- formed, fibril growth is thought to proceed rapidly by a
stabilizing capability {—6). Attention has recently focused further association of either monomers or oligomers with
on its use in the treatment of neurodegenerative diseaseghe nucleus. While insoluble aggregates correlate with disease
associated with protein misfolding and aggregation 9). progression, there is increasing evidence that the initiating
These diseases, including Alzheimer’s, Huntington’s, Par- and most toxic events are caused by prefibrillar forms rather
kinson’s, and prion diseases, are generally associated withthan by mature fibrils X7—21).
the formation of amyloid deposits of proteins/peptides  Trehalose is a promising drug for the treatment of
arranged in fibers with a characteristic crgbstructure 10, polyglutamine diseases. In fact, it inhibited polyglutamine-
11) The conversion of glObUIar prOteinS into insoluble mediated protein aggrega’[ion in VitrO, reduced aggregate
fibrillar aggregates requires Signiﬁcant conformational Changes formation and toxicity in cell models, and alleviated poin-
that in most cases are facilitated by amino acid mutations induced pa‘[hoiogy in the R6/2 mouse model of Huntington’s
that destabilize the native state and increase the structuralisease 1, 22). This protective effect was attributed to
flexibility of the peptide chain. However, other proteins are trehalose binding to expanded polyQ, which resulted in
amyloidogenic in the wild-type forml@, 13). stabilization of the partially unfolded mutant protein. Similar

The formation of amyloid fibrils has many of the results were obtained in oculopharyngeal muscular dystrophy,
characteristics of a “nucleated growth” mechanism. The an autosomal dominant disease caused by the abnormal
conversion of a protein into its fibrillar form typically  expansion of a polyalanine tract within the coding region of
includes a lag phase that is followed by a phase of rapid poly(A) binding protein nuclear 1 (PABN1YJ. Also in this
exponential growth¥4—16). The lag phase is assumed to case, aggregate formation and toxicity were inhibited by

trehalose. Finally, trehalose also seems to inhibit insulin
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cytotoxic globular structures8). In this respect, the real acquisition was carried out at 0.2 nm intervalshwé 4 s
effect of trehalose on protein aggregation is still far from integration time and a bandwidth of 1.0 nm. An average of
being completely understood. three scans was obtained for all spectra. Photomultiplier
We have used two amyloid-forming proteins, i.e., absorbance did not exceed 600 V in the spectral region
W7FW14F apomyoglobin and insulin, as models in the analyzed. Data were corrected for buffer contributions and
attempt to elucidate the molecular mechanism by which smoothed using the software provided by the manufacturer
trehalose affects amyloid aggregation and to investigate (System software, version 1.00). All measurements were
further its therapeutic potential. W7FW14F apomyoglobin performed under nitrogen flow. The protein concentration
aggregates and forms amyloid fibrils under physiological was 20x 10® M. The results were expressed as the mean
conditions, i.e., neutral pH and room temperatudd).( residue ellipticity, P]urw (deg cn? dmol™). Absorbance
Conversely, insulin aggregates at acidic pH and temperaturegneasurements were performed at°Z5on a Jasco V-550
above 50°C (25, 26). However, in both cases, aggregation double beam spectrophotometer.
involves monomeric molecules that retain predominantly — Thioflavin T (ThT) Fluorescence Measuremeriiofla-
helical structures, and the formation of highly ordered fibrils vin T fluorescence was determined with a Perkin-Elmer Life
results from a structural reorganization of the monomers Sciences LS 55 spectrofluorimeter at excitation and emission
within the early aggregate&7, 28). Our results demonstrate ~ wavelengths of 450 and 482 nm, respectively. The excitation
that trehalose does not inhibit protein aggregation but affectsand emission slit widths were set at 5 nm each. ThT stock
different steps of amyloid fibril formation depending on the solution was prepared in Tris buffer (pH 8.0, 20 mM) at a
protein model used. In fact, trehalose dose-dependentlyconcentration of 50M and stored at £C. Samples (20
inhibited fibril formation in the W7FW14F apomyoglobin  «M) were mixed with a ThT working solution at M in
model and increased the lag phase in the insulin model. Ina quartz cuvette. The fluorescence intensity at 482 nm was
both cases, trehalose caused accumulation of toxic oligomericcorrected by subtracting the emission intensity recorded
species. Consequently, caution should be exercised in usingoefore the addition of protein to thioflavin T solutions.
trehalose as an amyloid-blocking agent in the clinical setting. FTIR Measurements~ourier transform infrared spectra
were recorded on a Multiscope FT-IR microscope coupled
EXPERIMENTAL PROCEDURES with a Spectrum One spectrometer (Perkin-Elmer, Wellesley,
MA). The FTIR spectra in transmission mode were collected
(4000-600 cnt? range) at a resolution of 4 crhwith 16
accumulations per run. For each spectrum, signals corre-
sponding to the water and G@apors were automatically
subtracted and the baseline was corrected. Spectra were
recorded with dry samples of W7FW14F apomyoglobin
obtained through repeated cycles of lyophilization and
dissolution in DO at a concentration of 40M. Decomposi-

; . : . _tion of the spectra was carried out by using SpectraMax
decreasing concentrations of urea. The purity of the pmte'nsoftware (Joben-Yvon Inc., Edison, NJ). The software

S 1 . .
sample was assessed by GE”Protein concentration corrects the spectra for the baseline using different polyno-

was determined by measuring the absorbance at 275 nmmial models and performs a best fit procedure to determine
using extinction coefficients af,7s = 3750 M 1-cm™. The P P

; _ . - spectral deconvolution with Gaussian curves with optimized
assembly into fibrils was achieved by raising the pH of a 40 . " : -
uM prote)?n solution to 7.0: this resu)I/ts in thge forr%ation of intensity, posmog, and width. The goodness of fit is evaluated
protein aggregates in a prefibrillar form that turn into mature by means .Of th% parameter, and the L_evenbellg arquardt .
fibrils in 7—15 days 20). Trehalose (kindly donated by algorithm iteratively adjusts every variable for each peak in

Dermofarma Italia) was added to the protein solution before an A?griﬁptthrg;'n:\mgrg;?gz pzf[imsefrc.)rce MiCrosco
the pH was raised to neutrality. Ry Py

Insulin from bovine pancreas was purchased from Sigma (AFM) images of W7FW14F apomyoglobin sample_s in the
Chemical Co. (St. Louise, MO) and used without further presence of trehalose were recorded on an SPM microscope
o T C ; : from Topometrix Corp. (Santa Clara, CA) equipped with a
purification. Amyloid aggregation was achievediat 2 mg/ 7 um scanner and rectangular silicon cantileversA®dong
mL stock solution in glycine buffer (pH 2.0, 20 mM), diluted with resonant frequencies in the range 2G00 kHz. AFM

1.1 with a solution containing different trehalose concentra- .

tions or with alvcine buffer as a control. The protein samples images were recorded at a scan rate ofLQ lines/s. The
. or with glyct u ) protei PI€S cantilevers had integrated tips with a curvature radius of 10
were incubated at 50, 60, and 7&, and aliquots were

. : P nm and a tip cone angle of 35The samples were diluted
:em?vedt at different times after initiation of the heat to a concentration of 50 nM in 2 mM Mg&land then 16
reatment. . . . _ 20 uL of protein solution was immediately deposited onto
Spectroscopic MeasurementSircular dichroism (CD)

freshly cleaved ruby mica. The samples were incubated for
spectra were recorded at 26 on a Jasco J-715 spectropo-

; ) 2 min, rinsed with water, and blown dry with nitrogen at
larimeter using thermostated quartz cells of 0.1 cm. Spectraly g 1,5,

Protein SamplesThe W7FW14F myoglobin mutant was
expressed ifEscherichia colM15 [pREP4] strain as amino-
terminal His-tagged forms and purified as previously de-
scribed R4). The protein was sequestered into insoluble
inclusion bodies and purified via affinity chromatography
on Ni2t—nitrilotriacetic acid resin (Qiagen) under denaturing
conditions. Refolding was achieved by removing denaturant
by dialysis against 10 mM NaiRO,, pH 2.0, containing

Cell Culture and Incubation with Protein Aggregates
1 Abbreviations: UV CD, ultraviolet circular dichroism; ThT, NIH-3T3 cells (mouse fibroblasts, American Type Culture

thioflavin T; SDS-PAGE, sodium dodecyl sulfatgpolyacrylamide gel ; ; ) PP )
electrophoresis; AFM, atomic force microscopy; MTT, 3-(4,5-dimeth- Collection) were cultured in Dulbecco’s modified Eagle’s

ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; FTIR, Fourier trans- Medium (DMEM)-high glucose supplemented with 10%
formed infrared. bovine calf serum and 3.0 mM glutamine in a 5.0% O
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humidified environment at 37C. Penicillin (50 units/mL) 17000

and streptomycin (5@&g/mL) were added to the medium. E

The cells were plated at a density of 100 000 cells/well on ® 13000

12-well plates in 1 mL of medium. After 24 h, the protein 54

samples were diluted at a final concentration of 2@ in & E_E

culture medium and added to cell media containing the = 9000 E

trehalose concentration being analyzed. Cells incubated with s

culture medium without protein in the absence and in the " 5000 ‘ ‘ ‘ ‘ ‘ .

presence of trehalose served as the control. 0 60 120 180 240 300 360
MTT Assay Cell viability was assessed as the inhibition Time (min)

of the ability of cells to reduce the metabolic dye 3-(4,5- Ficure 1: Time dependence of the far-UV CD activity at 208 nm
dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide (MTT) ©of the amyloid-forming W7FW14F apomyoglobin mutant at pH

: : 7.0 in the absence and in the presence of different concentrations
to a blue formazan producgg). After 24 h of incubation of trehalose. The protein concentration was200-8 M. Trehalose

with protein_ samples, the cells were rinsed with phosphate concentrations wer0 M @), 50 mM @), 100 mM @), 200 mM
buffer solution (PBS). A 10QL portion of a stock MTT (a), 400 mM (x), and 600 mM ). Data were interpolated to a
solution (5 mg/mL in PBS) was then added to @0 of logarithmic function as f](t) = [6]o + A In t. Points are
DMEM without phenol red containing 10% bovine calf experimental values; the continuous line was obtained from the
serum/well, and incubation was continued at°87for an logarithmic fit
additional 3 h. The medium was aspirated, and the cells were

Aggregation Trehalose
treated with isopropyl alcohel0.1 M HCI for 20 min. Levels 0.16, g(gn‘;‘}ii) coneemR "
of reduced MTT were determined by measuring the differ- 0,12 0,025+ 0,008 0
ence in absorbance at 570 and 690 nm. Data are expressed 0,018 +0,005 100
as the average percent reduction of MTT with respect to the 0.013:+0,004 600

control+ SD from five independent experiments carried out
in triplicate. For statistical analysis, a two-tailed Student’s

Absorbance (280 nm)
f= f=]
k=) =)
E =3

(=}

test with unequal variance at a significance level of 5%, 0 50 100 150 200 250 300
unless otherwise indicated, was used. Time (min)

Ficure 2: Time dependence of W7FW14F apomyoglobin aggrega-
RESULTS tion at pH 7.0 in the absencH) and in the presence of 100 mM

) ) ) (®) and 600 mM Q) trehalose. Aggregation was monitored by
Trehalose is considered a chemical chaperone because omeasuring the absorbance at 280 nm of the supernatant solution

its ability to modulate protein folding and to inhibit aggregate after centrifugation. The protein samples were centrifuged at 20000
formation @, 30). In particular, trehalose has been reported for 30 min. The protein concentration was 4010°° M. Points
. . . are experimental values; continuous lines were obtained from an

to redl_Jce the extent of_poly_glutamlne, insulin, angl 10‘_42_ exponential fit ag(t) = a + be k. The inset shows the aggregation
amyloid aggregation in vitro 8§ 22, 23). Because this rates k) calculated from the fits.
conclusion was based on the absence of fibrils, we investi-
gated the effect of trehalose on the molecular mechanismsthe sum of at least two distinct phenomena: on one hand,
leading to aggregation and fibril formation of two amyloid- the CD signal is sensitive to the change in secondary structure
forming proteins, i.e., W7FW14F apomyoglobin and insulin. that accompanies amyloid fibril formation; on the other, it

W7FW14F Apomyoglobin Aggregatiowe investigated  reflects the effect of the scatter due to protein aggregation
the activity of trehalose as an inhibitor of amyloid aggrega- (28). In the case of the amyloid aggregation of W7FW14F
tion using CD, absorbance measurements, ThT fluorescencegpomyoglobin, the two factors reacted in a similar fashion.
FTIR, and AFM. We first studied the effect of trehalose on In fact, the intensity of light scatter, which determines loss
the early events of W7FW14F apomyoglobin aggregation of the CD signal, is expected to increase with protein
using far-UV CD. In mildly acidic conditions, namely, pH aggregation. The apomyoglobin negative ellipticity also
4.0, the amyloid-forming W7FW14F apomyoglobin mutant decreases when the protein becomes less helical because of
adopts a soluble partially folded conformation similar to that the formation of the cros§-amyloid conformationZ8).
of the wild-type protein, whereas an increase to pH 7.0 causes To gain further insight into the effect induced by trehalose,
protein aggregation and amyloid formation instead of result- we next measured the protein concentration in the soluble
ing in the formation of the soluble native state4). We fraction during the early stages of the aggregation process.
recorded CD spectra immediately after pH neutralization of Protein samples were centrifuged at 209®06r 30 min to
the partially folded conformation with and without increasing obtain a supernatant containing prevalently soluble protein.
concentrations of trehalose, and spectra were then recordeds shown in Figure 2, trehalose did not affect the concentra-
over time. Figure 1 shows the time dependence of the molartion of the soluble protein fraction, which remained stable
ellipticity at 208 nm in the firs 6 h of the aggregation at 15% total protei 6 h after the onset of aggregation, thus
process. In the absence of trehalose, the CD intensityindicating that aggregation was not prevented. Similarly
gradually decreased over time, and the data were well fitted trehalose did not significantly affect the aggregation rate,
to a logarithmic function Z8). The reduction in 208 nm  obtained by fitting the experimental data to an exponential
ellipticity was progressively less evident in samples incubated function asy(t) = a + be ¥ (Figure 2, inset). Taken together,
with increasing trehalose concentrations. At 600 mM, tre- the results reported in Figures 1 and 2 indicate that trehalose
halose prevented the decrease of negative ellipticity observeddoes not suppress the early phase of W7FW14F apomyo-
in the absence of sugar. The decrease of the CD signal isglobin amyloid aggregation. In this respect, the limited
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Ficure 4: Effect of trehalose on W7FW14F apomyoglobin
aggregation analyzed by SB®AGE. Aliquots of protein, in the
absence and in the presence of 100 and 600 mM trehalose, were
taken 15 days from the beginning of the aggregation process and
centrifuged at 200a9for 10 min. The pellet and surnatant were

ThT fluorescence emission in the absence and in the presence ofoaded onto 12% acrylamide gel and stained with Coomassie Blue.

different concentrations of trehalose. The protein concentration was

20 x 1076 M, the ThT concentration was 50 10-¢ M, and the
trehalose concentrations vee® M (¢), 20 mM @), 50 mM (a),
100 mM (x), 200 mM (*), 400 mM @), and 600 mM ¢). The

inset shows the dependence of the ThT fluorescence intensity at

14 days on the trehalose concentration.

presence of trehalose, whereas the formation of prefibrillar
oligomeric structures is not affected.

Direct information on the structure of W7FW14F apomyo-
globin aggregates formed in the presence of trehalose was

obtained with FTIR spectroscopy, which is a very sensitive

decrease of negative CD ellipticity can be ascribed to a technique that is widely used to monitor theo /5 transition
conformational effect. underlying amyloid formation32, 33). Figure 6 shows the

To evaluate the effect of trehalose on amyloid aggregation spectra recorded 15 days after the onset of the aggregation
of W7EW14E apomvodlobin over a lon eri/ime v?gca?rried reaction performed in the absence and in the presence of
out a series ofpex )e/zri?nents usin Th'Ig'] fluoreécence S eC_trehalose. The deconvolution analysis of the amide | region

) perir 9 PECh the absence of trehalose revealed a Gaussian component
troscopy. This dye binds thg-cross structure, thereby 200 o s
. ; . o 0% of the total) centered at 1621 chwhich is typical
causing a strong increase of its fluorescence emission at 4Sd

of the cross3 amyloid conformation34). Trehalose reduces
nm @31). In the absence of trehalose, W7FW14F apomyo- this component by as much as 10% and results in a Gaussian

globin shows a time-dependent increase of ThT fluorescencecornponent centered at 1636 chi30%). This value typically

e, o 5, bl o e range ooy assigne et e
ggreg 9 9 | conformation 84). This result suggests that the conversion

tion of W7FW14F apomyoglobin with trehalose did not of the 8 sheet native structure, probably present in early
gziﬁa-[gg a?tzr?f:ﬁ;giedl;gég ttr?: Iszgr]n%hﬁ?f ;Bsrzzgﬂ(?:oligomers, into a crosg-amyloid structure is inhibited in
the presence of trehalose. This is in line with the lack of a

intensity as the control, thereby confirming that trehalose decrease in the CD signal at 208 nm observed in the presence
does not suppress the early phase of the aggregation Processc holose (see Figure 1)
After a lag per!od of 6 days, the ﬂ_uorescence Intensity W7FW14F Apomyoglobih CytotoxicityWe investigated
mcreasc_—:-d Butdidinot rer;_lch .the_ maximal vaiue reco_rdeq .atthe effect of trehalose on the cytotoxicity of W7FW14F
the stationary phase, which indicates that trehalose mh'b'tsapomyoglobin aggregates using the MTT assay. This is a
tdhee ;ﬁr(jrgﬁ?ﬂar?rf'\e?rbt&ltsaf::%rncgﬁilrét%%gg?ggge?nII\;|] ?reigslgéerapid’ sensitive indicator of amyloid-mediated toxicity. The
inhri)bited fiboril form;ation by about 50% (Figure 3’ inset) toxicity of amyloid aggregates is closely linked to oligomeric

' . morphologies. Indeed, soluble prefibrillar oligomers, but not

Higher concentrations of trehalose did not increase the oo -
magnitude of fibril inhibition. mature f|br_|ls, generally cause a decrease in reduce_d_ MTT
concentrations 12, 17—21). We evaluated the toxicity

To obtain additional information about the fibrillization  associated with aggregates formed in the absence and in the
inhibitory properties of trehalose, we incubated the amy- presence of different trehalose concentrations at the onset
loidogenic apomyoglobin with the sugar for 15 days. The of aggregation and 15 days thereafter. As shown in Figure
protein samples were then centrifuged at 2@pfa® 10 min 7, the MTT reduction level decreased significantly to 60%
to separate fibrillar structures from nonfibrillar aggregates, (5 < 0.001) of the control level when cells were exposed
and the pellet and supernatant fractions were analyzed byfor 24 h to early W7FW14F apomyoglobin prefibrillar
SDS-PAGE. As the concentration of trehalose increased, aggregates formed in both the presence and absence of
the band relative to the pellet fraction was less intense than{renalose. Samples exposed to the higher trehalose concen-
that observed in the absence of sugar (Figure 4). This resultyrations tested, i.e., 100 and 200 mM, were cytotoxic even
is fully consistent with the data reported in Figure 3 showing after 15 days of incubation, which indicates the persistence
that higher trehalose concentrations decrease the magnitudgf the oligomeric prefibrillar structures. At a lower trehalose
of fibril formation. concentration, i.e., 20 mM, the level of MTT reduction was

We next examined the morphologies of the W7FW14F similar to that of the control. The decrease of MTT activity
apomyoglobin aggregates obtained in the presence of 600well correlates with the ThT fluorescence data (Figure 3)
mM trehalose by AFM (Figure 5). As expected, 15 days after and suggests that the lack of cytotoxicity may be a marker
the onset of the aggregation process, mature fibrils appearef harmless mature fibrils. Taken together, our results
in the control sample (no trehalose). In contrast, granular indicate that trehalose inhibits fibril formation and maintains
species predominated in the protein sample incubated withthe aggregates in a nonfibrillar, highly cytotoxic state.
trehalose. Consistent with the ThT staining results, the AFM  Insulin Aggregation and Cytotoxicityinsulin amyloid
images show that the formation of fibrils is inhibited in the formation, like other amyloidogenic proteins, occurs through
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Ficure 5: W7FW14F apomyoglobin fibrillization in the absence (left) and in the presence (right) of trehalose monitored by AFM. The
scale represents height of pixels in the image. The protein samples were taken 15 days from the beginning of the aggregation process.
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, in the absence and in the presence of different trehalose concentra-
1.0] tions. The cells were exposed for 24 h to W7FW14F apomyoglobin
0.8 aggregates formed at the beginning of the aggregation process
o (white columns) and after 15 days (gray columns). The viability
g 0.6 of the cells was measured using MTT assay. Data are expressed as
_§ ] the average percentage of MTT reductitrSD relative to that of
5 0.4 cells treated with medium alone or medium plus trehalose from
2] triplicate wells from five separate experiments. The protein
0.2] concentration was 2aM.
0,0

heat stress shortened the lag time for amyloid fibril formation
and increased the maximal value of ThT fluorescence during
. . the stationary phase3®). In agreement with previous data,
FIGURE 6: FTIR spectra of amyloid-forming W7FW14F apomyo- - g ,qrescence was not increased after 40 h of incubation at
globin in the amide’lregion at pH 7.0 in the absence (upper) and . .
in the presence (lower) of 600 mM trehalose after 15 days from 20 °C with 300 or 600 mM trehalose. However, the typical
the beginning of the aggregation process. Spectra were correctedsigmoidal increase occurred at a longer time (namely, 50
for the baseline and decomposed with Gaussian curves. and 75 h, respectively) and reached the same maximal
fluorescence value obtained in the absence of trehalose.
a nucleation and elongation process, and its rate is remarkablyThese data indicate that trehalose lengthens the lag phase
increased under stress conditions such as high temperatur@ut does not suppress amyloid fibril formation from pre-
and extreme pH35—37). Small stress molecules, including fibrillar aggregates. A similar effect was observed at prein-
trehalose, have been shown to inhibit amyloid formation of cubation temperatures of 60 and 75. At these tempera-
insulin in vitro (23). Specifically, the effect of trehalose was  tures, the increase of the lag phase was less pronounced than
monitored by ThT fluorescence for 40 h at a preincubation at 50°C. However, at all temperatures tested, higher trehalose
temperature of 50C. Under these experimental conditions, concentrations did not affect the maximal ThT fluorescence
there was no increase in ThT fluorescence, and AFM imagesvalue. This indicates that trehalose influences the nucleation
showed a population of small granular aggregates and rarephase but does not inhibit amyloid fibril formation. Differ-
fibrils (23). However, cytotoxicity studies on the trehalose ently, using a shorter observation time, Arora et28) found
effect were not performed. that trehalose completely suppressed insulin amyloid forma-
To elucidate better the inhibitory property of trehalose, tion. Our data indicate that trehalose keeps the protein in
we tested its effect on insulin amyloid aggregation by the more toxic prefibrillar conformation for a longer time.
measuring ThT fluorescence at different preincubation tem- We evaluated the viability of cells exposed to insulin
peratures, i.e., 50, 60, and 76 (Figure 8). Application of aggregates formed at 5@ for different times with and
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Wavenumber (cm™')
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Ficure 8: Kinetics of insulin fibrillization in the absence and in

Ficure 9: Toxicity of insulin aggregates formed at preincubation
temperature of 50C for 1, 24, and 60 h in the absence (white
columns) and in the presence (gray columns) of 300 mM trehalose.
The experimental procedures are those reported in Figure 7. The
protein concentration was G&M.

DISCUSSION

The aim of our study was to gain insight into the effect of
trehalose on amyloid aggregation using the amyloidogenic
W7FW14F apomyoglobin mutant and insulin as protein
models. Before aggregation, the amyloidogenic apomyoglo-
bin mutant adopts a substantially nativelike helical confor-
mation, which rapidly aggregates at neutral pH to form highly
cytotoxic prefibrillar oligomeric specie®Q, 24, 28). Insulin
is a small helical protein consisting of two polypeptide
chains, A and B, linked together by two disulfide bridges.
When the protein is heated at high temperatures and low
pH, a partial unfolding occurs and results in aggregates that
initially have a predominantly helical structur25-27). At
the macroscopic level, these two proteins display a rather
similar aggregation pathway consisting of formation of
nonfibrillar aggregates, development of prefibrils and protofil-
aments, and, finally, their assembly into mature fibrd, (

27).

Here we show that trehalose does not suppress the early
stages of the aggregation process during which toxic oligo-
meric species are formed, but affects the subsequent steps
of amyloid fibril formation in different ways depending on
the protein model. Our data seem to contrast with reports in
which trehalose was described as an in vitro inhibitor of
amyloid aggregation8; 22, 23). However, there is no real
discrepancy because the latter conclusion was based on the
absence of fibrillar structures. Moreover, the term “aggrega-
tion inhibition” can be misleading because amyloid aggrega-

the presence of different concentrations of trehalose monitored bytion is a complex nucleatiorpolymerization process that

ThT fluorescence. The protein concentration was>x2Q0¢ M,

the ThT concentration was 5& 10°¢ M, and the trehalose
concentrations wer0 M (@), 300 mM @), and 600 mM 4). The

preincubation temperatures were 8D (A), 60°C (B), and 75°C-
(C). Data were interpolated to sigmoidal functionsyas [A; —
Az]/[l + e(x‘xo)’dx] + Ao

without 300 mM trehalose. Aftel h of preincubation at

begins with toxic oligomeric precursors and continues with
their assembly into harmless mature fibrils. Evaluation of
potential antiaggregating drugs as therapeutic agents must
therefore take into account the entire aggregation process,
not only the formation of fibrils.

In the case of amyloidogenic apomyoglobin, trehalose
dose-dependently reduced fibril formation without affecting

50°C, insulin aggregates were highly cytotoxic irrespectively the lag phase. Differently, in the case of insulin, trehalose
of trehalose (Figure 9), which indicates that toxicity is strictly increased the duration of the lag phase, after which fibril
related to the length of the lag phase. At 24 h, toxicity formation took place normally. However, in both instances,
persisted only in the case of cells exposed to insulin trehalose resulted in accumulation of oligomeric toxic species
aggregates formed in the presence of trehalose. After 60 h,irrespective of the step at which it affected amyloid aggrega-

i.e., at the stationary phase of the fibril formation, all

aggregates were harmless.

tion. The differences between the two proteins are probably
due to the different temperatures at which they were studied,
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i.e., 25°C and above 50C for apomyoglobin and insulin,
respectively. Our results with insulin differ from those of
Arora et al. £3), who reported that trehalose suppresses fibril

Biochemistry, Vol. 47, No. 6, 2008.795

regulates the heat shock transcription factor Hsfl, a key
protein in promoting the cellular manufacture of proteins
(47). Sarkar et al. 48) found that trehalose stimulates

formation. However, they used a shorter observation time autophagy, thereby accelerating clearance of such aggregate-

and did not carry out a cytotoxicity assay.

prone proteins as mutant huntingtin aaesynuclein, and

Previous studies indicated that trehalose stabilizes proteingprotects cells from subsequent proapoptotic insults. This
from denaturation by a combined effect of increased surface process decreases levels of toxic protein fragments and

tension of the solution coupled with preferential hydration
of protein monomers37—40). This forces the protein to
retain a compact conformation to minimize the energy of
the solvent-protein system. It is difficult to envisage the
mechanism by which trehalose influences fibril formation
but not protein aggregation. The formation of fibrils requires

improves survival in laboratory cell models of Huntington’s
and Parkinson’s diseasd§). In addition, trehalose exerts
significant stabilizing effects on membrane structure and
function, as has been shown for membranes that are damaged
by many other cell stressordq). Moreover, trehalose acts

as an antioxidant and free radical scaven§é). (It restored

substantial structural reorganization, and the most highly calcium homeostasis and improved metabolic parameters in

ordered structures slowly evolve from the initially formed a rat model §1). These effects could help to prevent the
species. In this respect, in line with the water-layer hypothesis cellular damage induced by amyloid aggregates.

(41, 42), it is conceivable that trehalose molecules form a

coating layer around oligomeric aggregates that contain ACKNOWLEDGMENT

essentially nativelike molecules. This reduces the solvation
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consequent stabilization of the protein structure inside the
oligomer would, therefore, limit any further structural

rearrangements that lead to the formation of prefibrils and
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