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ABSTRACT. Thermostable direct hemolysin (TDH), a major virulence factoYibiio parahaemolyticus

is detoxified by heating at60—70°C but is reactivated by additional heating above€80This paradoxical
phenomenon, known as the Arrhenius effect, has remained unexplained1fd® years. We now
demonstrate that the effect is related to structural changes in the protein that produce fibrils. The native
TDH (TDHn) is transformed into nontoxic fibrils rich iA-strands by incubation at 6@ (TDHi). The

TDHi fibrils are dissociated into unfolded states by further heating abovi&C8d DHu). Rapid cooling

of TDHu results in refolding of the protein into toxic TDHnN, whereas the protein is trapped in the TDHi
structure by slow cooling of TDHu. Transmission electron microscopy indicates the fibrillar structures of
TDHi. The fibrils show both the property of the nucleation-dependent elongation and the increase in its
thioflavin T fluorescence. Formation @frich structures of TDH was also observed in the presence of
lipid vesicles containing gangliosider¢, a putative TDH receptor. Congo red was found to inhibit the
hemolytic activity of TDH in a dose-dependent manner. These data reveal that the mechanism of the
Arrhenius effect which is tightly related to the fibrillogenicity of TDH.

Vibrio parahaemolyticuss a Gram-negative rod-shaped gastroenteritis. A major virulence factor of this pathogen is
marine bacterium that is a common cause of food-borne thermostable direct hemolysin (TDH)'he hemolytic activ-
ity of TDH is inactivated by heating at 60C but is
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unaffected by heating for 15 min at 10C (1). There are unfolded. Furthermore, the heat-induced unfolded TDH
several bacterial toxins which show such paradoxical re- refolds into the native toxic form when it is rapidly cooled
sponses to heat treatment, known as the Arrhenius effectto 37 °C. These results clarify the mechanism of the
since the early 1900sx1-hemolysin ofStaphylococcus aureus  Arrhenius effect. TDH is detoxified by aggregation into
(2), exotoxin of Pseudomonas aeruginoga), hemolysins fibrils after being heated at 6070 °C, which can be
of Bacillus cereuq4) andKlebsiella pneumoniaés), and reversibly refolded into the toxic native form by being rapidly
TDH. Although the Arrhenius effect has been recognized cooled after unfolding at higher temperatures.

for ~100 years, the underlying molecular mechanism remains  We also show that a conformational state hayirgrands,
unclear. possibly similar to those of fibrillar TDH, is stabilized when

TDH is composed of 165 amino acids and has a single the protein is bound to several different lipid membranes.
intramolecular disulfide bond6]. TDH binds ganglioside  The hemolytic activity of TDH is suppressed by the addition
Grup (7), a putative TDH receptor, found in neuronal cell of Congo red, a dye known to be sensitive to amyloid fibrils.
membranes and endoplasmic reticulum. Hemolytic activity These findings support the idea that the conformational
assays with various colloidal compounds, as well as electronchange in TDH, with the increase jtsheet content, in a
microscopic observations of freeze-fractured preparations, cellular membrane, may be associated with its cytotoxicity.
show the presence of porelike structures on the surface of
membranes treated with TDHB) Although other bacterial EXPERIMENTAL PROCEDURES
pore-forming toxins are known to form ordered oligomeric
structures on the surface of the membrafe-12), the
detailed oligomerized pore-forming structure of TDH has not
been identified. Expression of green fluorescence protein
(GFP)-TDH fusion proteins in Rat-1 cultured cells shows
that TDH causes apoptosi43). These data indicate that
TDH is toxic both inside and outside the cultured cells,
although the precise mechanism of TDH-induced membrane
damage has not yet been clarified.

Some proteins and peptide fragments are prone to forming
amyloid fibrils and cause specific diseases, including Alzhe- ; >
imer’s disease, amyloidosis, and prion-caused neurodegen-exmorer 10S instrument (Amersham-Pharmacia, Uppsala,
erative disorders such as Creutzfeldt-Jakob disease ancﬁweden). ] ) )
bovine spongiform encephalopathi4]. However, several CD Spectrum.Circular dichroism (CD) spectra were
proteins and synthetic polypeptides are not implicated in "ecorded with a J-720W spectropolarimeter (JASCO, Tokyo,
specific diseases but can associate into fibrillar aggregateslapan) equipped with a thermoelectric temperature controller.
in vitro under carefully chosen conditions5—20). To date, ~ Data were processed with software provided by JASCO.
more than 20 proteins are known to form amyloid fibrils Measurements were taken in a quartz cuvette with a path
either in vitro or in vivo. Although no conserved sequences !€ngth of 2 mm, scanned in steps of 0.2 nm at a rate of 50
among the amyloidogenic proteins have been found, it has"M/min. The data from 5 to 20 runs were averaged. The
been proposed that the amyloidogenicity of polypeptide protein concentrations were 0.18 and 0.36 mg/mL_ for
chains is largely associated with simple physicochemical measurements of far- and near-UV CD spectra, respectively.
parameters1, 22). The amyloid fibril consists of cross- The heat-induced conformational transitions of TDH were
structures that tend to be more stable than the native formevaluated by the ellipticity at 212 nm. Samples of 0.09 mg/
(23—25). These fibrils are formed either heterodimerically ML TDH in 10 mM phosphate buffer (PB) at pH 7.4 were
(26) or by nucleation-dependent polymerization, also known heated from 37 to 95C at a heating rate of 0.C/min. To
as the seeding effect, around multiple sites in the nucleus,determine the differences in structure with different cooling
resumng in rapid p0|ymerization and growtﬁ?O_ treatments, the temperature was decreased rapldI)?QBO

In this study, we analyzed the structure of TDH by several min) or slowly (1°C/min) from 95 to 37C. The experiments
spectroscopic and electron microscopic techniques underwere repeated twice to evaluate the reproducibility.
various heat treatments. Below 5@, TDH exists in Electron Microscope Obseations. Solutions containing
oligomeric native states that consist predominantlg-sheet 0.13 mg/mL TDH in different conformational states were
structures. When heated 60 °C, TDH is transformed into  diluted with 10 mM PB at pH 7.0. For negative staining, 4
fibrillar aggregates rich ifg-strands. These fibrils are stable uL of the sample solution was applied to a copper grid
even when the heated TDH sample is returned to low supporting a continuous thin-carbon film, left for 1 min, and
temperatures. The TDH fibrils do not show native hemolytic then stained with 3 drops of 2% uranyl acetate. Images were
activity at 37°C. However, irrespective of whether TDH is  recorded at a magnification of 70 000 times on FG film (Fuiji
in the form of fibrils or the native structure prior to being photo film, Tokyo, Japan) using a 100CX electron micro-
heated, once the protein is heated af@Gt becomes fully scope (JEOL, Tokyo, Japan). Images were saved on a disk
after scanning with a CCD scanner.

1 Abbreviations: TDH, thermostable direct hemolysin; TDHn, native ~ Fourier Transform Infrared Spectroscopy (FT-IR)frared
TDH; TDHi, intermediate of TDH with fibrillar structure; TDHu, spectra were recorded using an AVATAR370 FT-IR spec-

unfolded TDH; CD, circular dichroism; FT-IR, Fourier transform ; ;
infrared spectroscopy; rRBC, rabbit red blood cells; DMPG, dimyris- trometer (Thermo Nicolet Co., Madison, WI) under a

toylphosphatidylglycerol; PB, phosphate buffer; PBS, phosphate- continu_ous purge with dry nitrogen gas. The nominal spectral
buffered saline; &, amyloid 3; B2-m, B2-microglobulin. resolution was 2 crit. Spectra of 128 scans were averaged.

Proteins and Hemolytic Actity. Plasmid vector pKK223-
3, harboring wild-typetdh or mutantr7 genes for TDH
(G62S), was transformed inféscherichia coliJM 109 cells.
Recombinant TDH and R7 were purified by hydroxyapatite,
anion-exchange, and gel filtration chromatograph)(
Hemolytic activity was assayed according to a previously
described method2@) with rabbit red blood cells (rRBC)
(Nippon Bio-Test Laboratories, Tokyo, Japan). For size-
exclusion analysis, 0.1 mg of native or heat-treated TDH
was applied to a Superose 6 HR column using arA
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A Happ—Genzel apodization function was applied before . 10 A ' '
Fourier transformation. The native TDH in,®& was lyoph-
ilized and subsequently dissolved in 10 mM sodium phos-
phate and’H,O at FH 7.4 (pH meter reading without
correcting for the isotope effect). The fibrils of TDH were

(deg em? dmol’
[¢;] o 6]

8] (deg cm® dmol™)

prepared by heat treatment at @D, and the aggregates were ., -10[3% -y

collected by centrifugation. The precipitates were washed 2 .15 K w‘/ s

twice with 10 mM sodium phosphate afld,O at gH 7.4 z _20_“‘-|~-'”| e | . . .

and resuspended in the same buffer. The TDH solutions were 200 210 220 230 240 250 260 280 300 320
transferred to an IR sample cell consisting of a pair of CaF Wavelength (nm) Wavelength (nm)
windows separated by a 18n spacer. FT-IR measurements FIGURE 1. Far-UV (A) and near-UV (B) CD spectra of TDH in 10
were carried out at room temperature. mM PB (pH 7.4) at 37 (solid line), 55 (thick solid line), 57.5 (thick

Thioflawin T Assay for Fibrillation.The fluorescence of ?ggitegdh“nnee)),.m (dashed line), 80 (thick dashed line) and®5

thioflavin T was measured at 46670 nm with an excitation
wavelength of 450 nm using a T-2000 (Hitachi High- ResyLTS
technologies Co., Tokyo, Japan) (Figure 5A) or FP-6500
(JASCO) (Figure 6) fluorescence spectrophotometer. Protein Heat-Induced Conformational Changes in TDFhe far-
solutions were incubated with &M thioflavin T (Sigma- UV CD spectra of native TDH (TDHn) in 10 mM PB (pH
Aldrich, Inc., St. Louis, MO) in 50 mM glycine-NaOH (pH  7.4) below 55°C exhibited a minimum at 218 nm (Figure
8.5). 1A), suggesting that the protein consists predominantly of
Kinetics of Formation of Fibrils by TDHProtein solutions ~ 3-sheet structures. The absolute ellipticity in the far-UV
of 0.35 mg/mL in 10 mM PB at pH 7.4 were prepared in region increased upon incubation at-68D °C, whereas the
1.5 mL plastic tubes with lids. For seeding experiments, 5% value decreased by further increasing the temperature to 95
(viv) aliquots of the solution containing preformed fibrils °C. The spectra obtained at 680 °C have a minimum
were added to the TDHn solution prior to incubation. The ellipticity between—15000 and-20000 deg crhdmol* at
mixture was incubated at #&. TDHi used for seeding was ~212-215 nm. This suggests an increagédheet content
prepared by sonication of elongated fibrils formed by heating compared with that of the native structure formed at lower
the TDH solution in a bath-type sonicator (Bioruptor UCD- temperatures. However, the spectrum obtained &C3@as
200TM, Tosho Electronics Ltd., Tokyo, Japan) for 15 min. typical of an unfolded polypeptide. This result suggests at
At each incubation time, a aL aliquot of the solution was ~ least three states are responsible for the heat-induced
withdrawn and then mixed with 4Q@L of the thioflavin T transitions shown by TDH: a native state (TDHn) below 55

solution. °C, an intermediate state (TDHi) at 680 °C, and a fully
Each kinetic trace was fitted to the stretched exponential Unfolded state (TDHu) above 8C.
function F = F., + AF exp[—(kt)"], where k is the rate The near-UV CD spectrum of TDHn exhibited a negative

constant (per hour)j is the heterogeneity parametérand peak at 275 nm, and positive peaks at 288 and 295 nm
F. are the fluorescence intensity (arbitrary units) at a given (Figure 1B), indicating that TDHn has specific tertiary
time and at the end of the reaction, respectively, Akdis structures. At 60C, however, the peaks at 295 and 288 nm
the amplitude of the reaction (arbitrary units per ho@g)( disappeared, and only the peak at 275 nm was observed.
Preparation of Lipid VesiclesTotal lipids and glycolipids ~ This suggested that TDHi has a particular ordered conforma-
from rRBC, the acidic lipid dimyristoylphosphatidylglycerol tion that may include tertiary contacts similar to those of
(DMPG) (Sigma-Aldrich), bovine brain ganglioside mixture TDHn. The spectrum at 98C indicates no obvious peaks,
(G. mix) (Sigma-Aldrich), and ganglioside +& (Sigma- which is consistent with the formation of a fully unfolded
Aldrich) were extracted with a 1:1 chloroform/methanol structure of TDHu drawn from far-UV CD data.
mixture. The organic fraction was completely dried in a  The Arrhenius Effect Can Be Rationalized by the Confor-
rotary evaporator, and the dried lipids were resuspended inmational Changes of TDHCD analysis showed that TDH
phosphate-buffered saline (PBS) to a concentration of 1 mg/could interconvert among at least three conformational states
mL. Repeated ultrasonic and vortex treatments were applied(TDHn, TDHi, and TDHu), depending on the temperature.
to prepare the lipid vesicle®9, 30). For CD spectroscopy,  This property of TDH can potentially explain the mechanism
lipid vesicles (10QuL) were then mixed with 30@L of PBS underlying the Arrhenius effect. However, the hemolytic
containing TDH at a final concentration of 0.05 mg/mL. activity of TDH is normally tested at 37C. Unless it is
Inhibitory Effect of Congo Red on Hemolys¥arious trapped as an irreversible aggregate, conformational changes
concentrations of Congo red were preincubated wifihg5  occur with variations in temperature. To check the revers-
of TDH for 30 min at 4°C. The TDH solution, with or ibility of the heat-induced transitions of TDH, we monitored
without Congo red, was incubated with 4% rabbit red blood the temperature dependence of the ellipticity at 212 nm by
cells (Nippon Bio-supply Center, Tokyo, Japan) in a total heating at a rate of 0.1C/min [Figure 2A ()].
volume of 200uL for 30 min at 37°C. To exclude the When the TDH solution was heated, the absolute ellipticity
remaining Congo red, samples were washed three times inat 212 nm increased in the range of-610 °C, but then
PBS and the intact red blood cells were collected by gentle gradually decreased to the value of the unfolded state above
centrifugation. Complete hemolysis was achieved by the 70 °C. These data suggest that heating induces a conforma-
addition of 2uL of polyoxyethylene 10) octylphenyl ether. tional change from TDHn to an unfolded state, TDHu, via
Hemolytic activities were calculated from the UV spectrum TDHi. To examine the effect of the cooling rate on the
as described previous|y2). secondary structure of TDH, we controlled the temperature
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Ficure 2: Effect of heat treatment on the conformation of TDH. (A) Thermal unfolding and refolding profile of TDH monitored by the
ellipticity at 212 nm [slow heating at 0.2C/min @), rapid cooling at 3GC/min (O), and slow cooling at 2C/min (a)]. (B) CD spectrum

of TDH at 37°C after rapid cooling4). The spectrum is identical to that of TDHn (dashed line). (C) CD spectrum of TDH &t Zfter

slow cooling ©). The spectrum was identical to that of TDHi at 57G (solid line). (D) Relative hemolytic activities of TDH, measured

at 37°C after various heat treatments € 5 per group).

decrease from 95C where TDH assumes the unfolded state. this treatment recovered its hemolytic activity: 637.5%
At a cooling rate of 1°C/min, the absolute ellipticity  (Figure 2D, column 4, 6095 °C).
increased to the value for TDHi until the temperature fellto  Thus, the paradoxical inactivation phenomenon of TDH,
less than 75C. However, the intensity did not recover to known as the Arrhenius effect, is due to a conformational
the value for TDHn even at lower temperatures [Figure 2A trap at the TDHi structure formed by a particular heating
(a)]. When the solution was slowly cooled, the CD spectrum and cooling regimen. The trapped structure can be readily
of TDH at 37°C was identical to that of TDHi at 57.5C recovered by heating the protein above “€@and rapidly
(Figure 2C). This indicates that, at least within the time range cooling it to a much lower temperature.
of the experiment, the protein is trapped in the TDHi  Characterization of TDHiThe data from the CD spectra
conformation even at low temperatures where normally indicate that TDH undergoes changes in conformation
TDHn should have accumulated. Conversely, TDH that depending on the temperature. This conformational change
initially unfolded at high temperatures can be renatured by in TDH is directly related to its cytotoxic ability. To
being rapidly cooled at a rate of 3€/min [Figure 2A O)]. understand the nature of TDHi, a nontoxic form of this
Thus, in this case the reaction is reversible. The reversibility protein, we further analyzed its conformational properties.
of the reaction was also confirmed by the observation that  Molecular Organization of TDHiGel filtration analysis
the peak at 218 nm in the far-UV CD spectrum reappeared of TDHi showed it to elute in the void volume, indicating a
after rapid cooling of heat-unfolded TDH (Figure 2B). These molecular mass of 440 kDa (Figure 3A). In contrast, TDHn
findings indicate that not only the thermal environment but gave an estimated molecular mass of approximate|y 65 kDa
also the rate of Cooling influences the structural Changes of by this technique_ The molecular mass of the TDH monomer
TDH. calculated from its amino acid sequence is 18.6 kDa. Hence,
Interestingly, the hemolytic activity of TDH on rabbit red assuming the molecule behaves as a globular protein, TDHn
blood cells was consistent with the conformational property appears to exist as either a trimer or tetramer in 10 mM PB,
of this protein at 37C after different heat treatments (Figure Whereas TDHi exists in a large oligomeric state.
2D). The hemolytic activity of unheated TDH, i.e., TDHn, The detailed structure of the large oligomeric state of TDHi
(3 ug/mL) at 37 °C was designated as 100% hemolysis (Figure 3C-E) was observed by transmission electron
(Figure 2D, column 1, 37C). Incubation of the protein at  microscopy. The image of TDHi indicates the presence of
95 °C for 15 min followed by rapid cooling (30C/min) to fibrillar structures, which are distinct from nonspecific
37 °C gave a hemolytic activity of 80.& 8.4% (meant amorphous aggregates usually formed by proteins after heat
standard deviation, Figure 2D, column 2, ¥5). Incubation treatment. The image of TDHn (Figure 3B) indicates the
of the protein at 60C for 15 min followed by slow cooling ~ presence of ringlike structures, probably formed by the
(1 °C/min) to 37°C gave a hemolytic activity of only 5.% association of globular proteins.
2.9% (Figure 2D, column 3, 6€C). Next, we inactivated Interestingly, the fibrils of TDHi lengthened over time
TDH at 60°C for 15 min before further heating the sample (self-elongation), as shown previously for amyloid fibrils of
to 95 °C. After a 15 min incubation at 95C, the sample  other proteinsZ7). TDHi, prepared by heating at 6@ for
was rapidly cooled to 37C (30°C/min). TDH subjected to 15 min followed by slow cooling (2C/min) to 4°C, was
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Ficure 3: Structure of oligomeric TDHi. (A) Estimated molecular
mass of TDHi and TDHn. The inset shows the gel filtration analysis
of TDHn (solid line) and TDHi (dotted line). White circles indicate
molecular mass standards: 440 kDa, ferritin; 247 kDa, phenyla-
lanyl-tRNA synthetase fromthermococcus kodakaraen{©D1;
232 kDa, catalase; 150 kDa, aldolase; 67 kDa, albumin; 25 kDa,
chymotrypsinogen A; and 20 kD&g-methylguanine-DNA meth-
yltransferase fromT. kodakaraencisKOD1. (B—F). Electron
micrographs of various TDH structures. TDHn (B). Spontaneous
elongation at £C of TDH seeded with heat-treated TDHi: days 0
(C), 1 (D), and 8 (E). The bar is 60 nm. (F) Histogram of TDHi
fiber length observed on days 0 and 8.

incubated for up to 8 days at’€ (Figure 3C-E). The TDHi
images showed the fibrils to have a diameter 6f1D nm
and a length of 100 te 200 nm (Figure 3€E). The length
of the TDHi fibrils at 4°C was measured on days 0 and 8
(Figure 3F). The mean fibril length on day 0, just after heat
treatment, was 119.& 49.2 nm ( = 40; minimum length
of 43.7 nm; maximum length of 234.1 nm), while on day 8,
the fibrils had elongated to 1814 108.1 nm ( = 42,
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Ficure 4: FT-IR spectra of TDHn (solid line) and TDHi (dashed
line) in 2H,O at pH 7.4.

However, the spectrum for TDHi differs significantly from
that of TDHn (Figure 4) and contains a high-frequency, high-
intensity band at 1624 cm. The position of this band is
characteristic of intermolecular antiparallgtsheets, as
observed for various aggregated proteins.

Thioflavin T AssayThe fluorescence intensity of thioflavin
T increases when it binds to amyloid fibril81). Interest-
ingly, the thioflavin T fluorescence in the presence of TDHi
was~100 times greater than with TDHn (Figure 5A). This
suggests the presence of crgsstructures in TDHi and is
consistent with the CD and FT-IR spectra that also indicate
the presence gf-sheet structures. TDHn and TDHu exhib-
ited no such increase in fluorescence intensity after incuba-
tion with thioflavin T (Figure 5A).

The R7 mutant of TDH, in which serine replaces glycine
at position 62, lacks hemolytic activity28). R7 after heat
treatment at 60C for 15 min exhibited less intense thioflavin
T fluorescence than TDHi (Figure 5A). Fibril formation is
correlated to the hemolytic activity of TDH (discussed in
detail below).

Seeding Experiment#t is well established that the rate
of formation of fibrils by amyloidogenic proteins is promoted
by the addition of preformed fibrils (seeding effect). The
kinetics of fibril formation was monitored by the intensity
of thioflavin T fluorescence. In the absence of seed, the
increase in the intensity of thioflavin T fluorescence occurs
only after a lag phase of-612 h. In contrast, in the presence
of seed, the rate of the increase in fluorescence intensity was
much enhanced (Figure 6).

The results shown in Figure 6 are consistent with the
model of nucleation-dependent elongation of fibrils. Such
reaction kinetics can be empirically fitted to the stretched
exponential functionF = F, + AF exp[—(k)"] (see
Experimental Procedures). According to this equation, when
the n value is equal to 1, the curve can be expressed by a
single-exponential function with a rate constankofVhen
0 < n < 1, the kinetics can be approximated by a
multiexponential function indicative of multiple events.

minimum length of 46.9 nm; maximum length of 507.7 nm). - However ifn > 1, the curves represent a sigmoidal transition
In the absence of heat treatment, TDH exhibited no such y;ith an initial lag phase, as shown for the reaction kinetics

conformational transition even after 8 days aC4(data not
shown).

FT-IR. FT-IR spectroscopy is ideal for determining the

in the absence of seed(). The kinetic parameteis., AF,
k, andn of the seeded condition were 186.0, 156.0, 0.01
h=1, and 1.0, respectively (fluorescence intensity in arbitrary

secondary structure of polypeptide chains, particularly when units). When the sami, value was used for fittingAF, k,

they associate into large aggregates. The anlitarid, in
the wavenumber region from 1600 to 1700 ¢éjris useful

andn for the unseeded condition were 180.8, 0.005 hnd
1.15, respectively. Thus, the kinetic trace of fibril growth

since the band frequencies are characteristic of differentunder unseeded conditions contains a lag phase with a lower

secondary structural elements.

Characteristic peaks around 1640620 cn1? for TDHn
and TDHi indicate the formation of-strand structures.

rate constant, which is half that for the seeded condition.

CD Spectrum of TDH in the Presence of Lipid Vesicles.
The finding that the heat-aggregated R7 mutant shows a
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Ficure 6: Seeding effect of TDH fibril formation with preformed .
TDHi fibrils. The solutions were incubated at 46 with or without ICDH' 60°C o5'C
added 5% (v/v) aliquots of a solution containing preformed fibrils, 87
not seeded4) or seeded with preformed TDHO). The dotted FiGure 7: Model of heat-induced conformational change of TDH.
line indicates., determined by fitting the kinetics in the presence Rapid heating and cooling (A). Slow heating and cooling (B).
of seed. The inset shows the lag phase for the unseeded solution
(from O to 24 h). 87, 85, and>90%, respectively (Figure 5C). Our results
suggest that the inhibitory effect of Congo red on the
hemolytic activity of TDH may be due to the binding of

50

fluoresence at 485 nm (arbitrary unit)

lower intensity of thioflavin T fluorescence suggests that R7
is less prone to forming fibrillar structures than wild-type _, . .
TDH. This implies that the hemolytic activity of TDH may EHSSHcompound to th@-structures of membrane-associated
be related to its tendency to form fibrillar aggregates. In this '
sense, it is interesting to analyze the conformational property p|scuUSsSION
of TDH when it is bound to a lipid bilayer, which mimics
the biological membrane. We, therefore, measured the far- In this study, we have demonstrated that the mechanism
UV CD spectra for TDH in the presence of various lipid 0f the Arrhenius effect on TDH originates from heat-induced
vesicles. conformational changes of the protein in forming fibrils.
As previously shown for several other polypeptidag)( Heat-induced TDHi fibrils develop when TDH is incubated
the CD spectrum of TDH changed into that characteristic of around 60°C. TDHi fibrils are stable and do not dissociate
a-helical structures in the presence of DMPG lipid vesicles into native TDHn without heat denaturation, even when the
(Figure 5B). However, the spectra of TDH in the presence temperature is lowered to 4 (Figure 3C-E). The model
of vesicles containing gangliosides (Figure 5B, rRBC, G. of the heat-induced conformational change of TDH is
mix, Grap) are similar to that of heat-treated TDHi (Figure summarized in Figure 7.
1A). These results are consistent with an earlier observation TDHi trapped in fibrillar structures has no hemolytic
that TDH has affinity for ganglioside £ (7). The spectral  activity at 37°C, consistent with the Arrhenius effect. The
similarity between TDHi and TDH bound to lipid vesicles characteristics of TDHi are similar to those of amyloid fibrils
suggests that the latter h@srich structures that may be in the sense that it shows an increase in thioflavin T
similar to those of TDHi. fluorescence and enhancement of growth rate by the addition
Inhibitory Effect of Congo Red on TDH Hemoly$Several of preformed TDHi. TDHi fibrils incubated above 8@
amyloidogenic proteins can disrupt membranes or form dissociate into unfolded states, which can refold into toxic
channels when bound to lipid vesicl&3(34). Importantly, TDHn upon rapid cooling to 37C. In this sense, TDH is

the hemolytic activity of Alzheimer'sg-amyloid (AB) not a heat-stable toxin, but rather a heat-reversible toxin. This
peptides A425—35 and A31—42 is inhibited by the presence is an unusual phenomenon because the formation of inactive
of Congo red 85). protein aggregates is generally irreversible.

TDH hemolysis is also inhibited by Congo red in a dose-  Electron and atomic force microscopic images show the
dependent manner. The inhibitory effects of 14, 28, 56, and remarkably diverse morphologies of amyloid fibrils. Mature
114 uM Congo red on hemolysis were approximately 66, amyloid fibrils typically adopt a so-called rigid needlelike
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structure, with a uniform diameter e¥10 nm. Protofibrils
often intertwine into left-handed helices or are laterally
associated into regular periodic fibrils with a left-hand twist.
However, immaturg,-microglobulin {3,-m) fibrils are short

in length and highly curved and do not appear to be
composed of protofibrils3g). Although fibrils of disulfide-
reduced3,-m are uniform in diameter (2 nm), they are still
curved, flexible, and much thinner than mature fibrég)
The morphology of TDHi under the electron microscope
differs from that of mature amyloid fibrils. TDHi fibrils were
found to be~10 nm in diameter, relatively short in length
(<1 um), and curvilinear like a tangled ribbon. At first
glance, TDHi fibrils resemble immature amyloid fibrils of
B2-m or the fibrils of disulfide-reduced,-m, although the
diameters of the fibrils differ significantly.

More than 20 diseases are now known to be related to the
formation of amyloid fibrils by particular protein29, 35,

38, 39). However, even proteins unrelated to any diseases
can form amyloid fibrils in vitro, depending on the conditions
(15—-20). Little amino acid homology was found among
amyloidogenic proteins, suggesting that amyloid formation
is a generic property of the polypeptide chain. However, there
are still arguments about whether the mature amyloid fibril
or some other conformational state of the amyloidogenic
protein is toxic 40). The preformed mature fibrils of proteins
from the SH3 domain from bovine phosphatidylinositt! 3
kinase and the amino-terminal domain of taecoli HypF
protein appear to be inherently harmless to cel®,(which
agrees with our result that heat-induced extracellularly
formed TDHi fibrils displayed no hemolytic activity. It is
also reported that perfringolysin O, one of the cholesterol-
dependent cytolysins secreted 6Jostridium perfringens

is required for the oligomerization into pore structures
through the conformational transition aroundhelical
regions, in the soluble monomeric state to form intermo-
lecular-sheets41, 42). This finding is also consistent with
our data which show that TDH formg-rich secondary
structures in the lipid environment, which is spectroscopically
similar to that of heat-induced fibrillar TDHi.

The channel hypothesis of Alzheimer’'s disease or Hun-
tington’s disease proposes that the pathogenic amyloid
peptides or polyglutamine peptides damage organs by
forming ion channels. Flux studies show that TDH can
induce the formation of a cation channdB).

The pathological hallmark of amyloids is to bind the
Congo red dye. Recent reports show that Congo red also
binds to amyloidogenic peptides or proteins (i.e31A42,
ApB25-35, prion protein, and PrP166.26) and can inhibit
channel formation in vitro. However, Congo red does not
block cytotoxicity once the pathogenic peptides are inserted
into the membrane3@). We also focused on the inhibitory
effect of Congo red on TDH hemolysis. Addition of Congo
red inhibited the hemolytic activity of TDH, as shown
previously for other amyloidogenic protein33 35).

Ap adheres to the cell membrane by binding with
phospholipids or gangliosideys (29, 44). The lipid-bound
Ap peptides accelerate amyloid fibril formatiod5) and
cause membrane disruptia®gj. Our data indicate that TDHi
does not show any cytotoxicity against the red blood cells.
On the other hand, the Congo red experiment and the
observation of conformational change in lipid vesicles of
TDH suggest that the protein changes its conformation in
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the biological membrane. Such conformational change may
contribute to the membrane damage. The mechanism by
which amyloidogenic proteins are sensitive to Congo red
upon binding to ganglioside may be similar to that of TDH
hemolysis. Thus, further investigation is needed to clarify
whether the TDH aggregation or fiber formation in biological
membranes is essential for its hemolytic activity.
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