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ABSTRACT. We report here results of the first direct measurement of partial volume and compressibility
changes of a protein as it forms an amyloid protofibril. We use a high precision density meter and an
ultrasonic velocity meter on a solution of intrinsically denatured, disulfide-deficient variant of hen lysozyme,
and follow the time-dependent changes in volume and compressibility, as the protein spontaneously forms
a protofibril. We have found a large increase in partial specific volume with time from 0.684 to 0.724
mL-g~! (Av = 0.040 mL:g~?* corresponding to 570 m{mol monomer)') and in partial specific adiabatic
compressibility coefficient from—7.48 x 1072 to +1.35 x 107*? cn?-dyn™! (Afs = 8.83 x
10-12cm?-dyn~1) as the monomer transforms into a protofibril. The results demonstrate that the protofibril
is a highly voluminous and compressible entity, disclosing a cavity-rich, fluctuating nature for the amyloid
protofibril. The volume and compressibility changes occur in two phases, the faster one preceding the
major development of thg-structure in the protofibril as monitored by CD.

The volume and compressibility of proteins are basic  Protofibrils made from the genetically engineered disul-
thermodynamic guantities that are closely related to protein fide-deficient variant of hen lysozyme (09Sin which the
hydration (), cavity formation, dynamics in the folded state eight Cys residues are replaced by Ala or Ser, constitutes
(2, 3) and the conformation of the unfolded stafe-{7). It an ideal system for such a stud¢6f. It has no tertiary
is generally accepted that the partial volume of a globular structure as judged from CD, fluorescence, and NMR and
protein decreases as the conformational order or degree ofmay only have residual secondary structure such as nascent
folding decreases3(9). Very little is known, however, about  helices since it has a far-UV CD band which is somewhat
how the volume and compressibility would change upon the more negative than that in the case of complete chemical
formation of amyloid fibrils or protofibrils. These parameters denaturation. Namely, the variant is intrinsically almost fully
are unique in elucidating basic properties of amyloid fibrils denatured in its monomeric state in the absence of denatur-
concerning compactness, fluctuation, cavities, and hydration,ants. It spontaneously forms in mildly acidic solution under
but no direct measurements of these parameters upon formingnild ionic strength a molecular assembly richjstructure
fibrils have so far been reported, except for the case of (17), which on AFM image reveals itself as protoprotofibrils
monitoring time course of aggregation with various volu- consisting of a linear array of protein moleculds) The
metric parameterd.(, 11). Moreover, the knowledge on their ~ length of the protofibril varies widely with its population
changes with amyloid protofibril formation will directly — obeying nearly an exponentially decaying function of length,

answer the question whether the amyloid fibril is dissociated showing that the fibrils grow mainly through the linear
by pressure and how easily it i$2—15). polymerization mechanism, namely, by a monomer addition

to a growing end of the polymer with a constant affinity

(19). In no case were bundles of protofibrils (or a matured
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dissociation reaction using the pressure-jump fluorescencethe monomeric states of 0SS and the reduced WT hen

spectroscopy1©) gave a negative activation volumaiff lysozyme (6, 17; this study). The extinction coefficient
= —50.5 mL:(mol monomer)* at 1 bar) and a negative may be correspondingly higher for 0SS since its molecular
activation compressibility A«¥ = —0.013 mL(mol weight, 14,196, including its amino-terminally attached

monomer)-bart), showing that the protofibril in its ground  methionine residues, is lower by 0.7% compared to that of
state is more voluminous and compressible than in the WT hen lysozyme. This error will cause the decrease of
activated state. All these results point to a notion that the 0.002 mL:g~?* in absolute value of partial specific volume,
protofibril is a highly compressible high-volume state. The which is comparable with an experimental error of density
proof of this notion should come from a direct measurement measurements. Then the result will not influence the conclu-
of volume and compressibility performed both on the sion of the present work, particularly concerning the differ-
monomeric and protofibril state under the same conditions ence between the monomer and protofibril states. A total of
as those described above (in 20 mM sodium acetate buffer2 mL of the 0SS solution was then degassed under vacuum
and 30 mM sodium chloride at pH 4.0 at 26). for a short time, about 1 mL each of which was introduced

We report here the results of the direct measurementinto the sample cells for density and sound velocity measure-
of volume and Compressibility Changes of the 0SS sol- ments within 8 min after the self-association started. Adrop

ution as the monomeric 0SS molecules assemble into©f the sample solution was also introduced into the optical
protofibr"s on a high_precision density meter and an cell for CD measurements. The reference solvent was

ultrasonic velocity meter with a protein concentration of 5 Prepared by mixing water with sodium acetate buffer and
mg:mL~! in 20 mM sodium acetate buffer and 30 mM sodium chloride solutions to the same composition as that
sodium chloride at pH 4.0 at 25C. Simultaneously, we  ©Of the protein solution on a balance to an accuracy of
monitored changes in secondary structure with time using 10°g.

circular dichroism (CD). The simultaneous recording of  Density MeasurementShe densities of the solveny,
volumetric parameters and secondary structure assures us thand the 0SS solutiop, were measured with an accuracy of
changes in volumetric parameters are due to the monomer-1 x 107°g-mL~* using a precision density meter (DMA5000,
to-protofibril transition. Since the measurement is made Anton Paar, Austria). The temperature of the sample cell
continuously under the same solution condition, it gives Was maintained at 25C with a high precision Peltier
directly the difference in volume and compressibility between temperature control system. The time dependent change in
the monomeric state (at the start of the reaction) and thedenSity of the 0SS solution was monitored CO”tinUOUSly for
protofibril state (after the reaction is nearly complete). Such 8—1,460 min after starting the fibril formation. Drifts of the
measurements are rare because conformational transition§lensity meter and temperature were confirmed negligible
(such as folding and unfolding) are usually too rapid to allow from the densities of solvent before and after a series of
time-dependent measurements. Instead, the comparison oflensity measurements of the protein solution. The partial
volume and compressibility of a protein between different Specific volumey, of the 0SS solution at each measuring
conformational states is often made under different solu- time was calculated with the following equation:

tion conditions (e.g., addition of denaturants), which may _ o
obscure the validity of the comparison of their volumetric v = (1) = (o = c)/po)] @
parameters. wherec is the protein concentration in grams per milliliter

The present study provides the first direct comprehensive of solution. Here, the partial specific volume determined at
determination of changes in equilibrium volumetric param- a fixed protein concentration (5.07 rmL~%) may be
eters for a monomer-to-protofibril transition, a crucial step regarded as that at infinite dilution of the protein solution
in the amyloid fibril formation. The result shows surprisingly = since the concentration dependence of the partial specific
large increases in both volume and compressibility upon volume is very smallZ, 3).
formation of protofibrils, disclosing the peculiar volumetric Ultrasonic Velocity MeasuremenfBhe ultrasonic veloci-

nature of an amyloid protofibril state. ties of the solvent,,, and the 0SS solution, were measured
with an accuracy of 0.1 cm/s by means of a high-resolution
MATERIALS AND METHODS ultrasonic spectrometer (HR-US 102, Ultrasonic Scientific,

Ireland) at a frequency of 5 MHz and 2&. About 1 mL of

the 0SS solution and the solvent was introduced into the two-
separated glass cells equipped with the spectrometer, and
the time course of the ultrasonic velocity difference between
the sample solution and solvent was measured continuously
for 8—1,460 min after starting fibril formation. The adiabatic
compressibility coefficients of the solvent and the sample
solution {3y and ) were calculated from the ultrasonic
velocity (U andu) and density datapg andp) at an identical
measuring time by using the Laplace equatigh= 1/pu?.

The partial specific adiabatic compressibility coefficigh,

of the 0SS amyloid protofibril was calculated with eq 2:

Preparation of Matured Protofibrils of 0S8. genetically
engineered disulfide-deficient variant of 0SS was prepared
as described 16). Protofibrils were formed similarly as
described previouslylQ); the freeze-dried 0SS powder was
first dissolved in pure water to avoid precipitation, and the
polymerization reaction was started by mixing the solution
with sodium acetate buffer and sodium chloride solution to
give a final protein concentration of 5 mgL ! in 20 mM
sodium acetate buffer containing 30 mM sodium chloride at
pH 4.0. The concentration of 0SS was determined spectro-
photometrically by assuming the same extinction coefficient,
23.7 dL/(gcm) at 280 nm, as that reported for the reduced

form of WT hen lysozyme 20) since all of the aromatic 8= —(1)(av/ aP) = (BJcv) [BIBo — (0 — O)lpd  (2)

amino acid residues are retained in 0SS, and the secondarys

and tertiary structural characteristics are very similar betweenwhereP is the pressure.
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Circular Dichroism Measurementén aliquot of the 0SS
solution used for the volume and compressibility measure- 8 -6
ments was taken to monitor the progress of the protofibril- .5
forming reaction with time using a CD spectropolarimeter « -7
(J-720W, Jasco). To allow a reliable long-time CD monitor-
ing of the 0SS solution at the high protein concentration (5 %g -8
mg-mL~1), an assembled-type Mglptical cell, specially o
constructed for vacuum ultraviolet CD measurements under.,~ -9 F
high vacuum21), was employed by adjusting the path length =
to 46 um with a Teflon spacer. As the construction of the X -10
cell does not allow an independent temperature control of 2
the sample solution, CD measurements were performed at _®11
the temperature of the room (2Q). To protect the protein D
from possible photodegradation, the UV light was cut off -12 . 4 . .
when the spectra were not measured. The time course of 0 400 _SI]I] . 1200 1600
the molar ellipticity at 215 nm, ]z15, was measured Time / min
continuously for 13-1,614 min after starting fibril formation. Ficure 1: Time dependence of the molar ellipticity at 215 nm of

. . 0SS during the monomer-to-protofibril transition at 20. The
To check if the temperature (2C), different from that (25 protein concentration is 5.07 mgL~! in 20 mM sodium acetate

°C) for volume and compressibility measurements, affected pyffer containing 30 mM NaCl (pH 4.0). The solid line is a fitting
the reaction rate significantly, an additional experiment was curve calculated for a single phase transition with the kinetic
performed to monitor the CD spectral change af@%n a parameters listed in Table 1. Inset: far-UV CD spectra at 13 (top),
Jasco J-820 spectropolarimeter equipped with a water-47: 107, 196,287, 347, 467, 587, 887, 1187, and 1614 min (bottom).
jacketed temperature control cell with a path length of 100 Similar data were obtained at 26

um.

10° / deg”an™ dmel’
B b L A = e

Jolx
" -

200 210 220 230 240 250 160
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N . . . . transition kinetics, giving the fitted curve in Figure 1 with
Kinetic Analysis of Fibril FormationThe exact analytical the kinetic parameters listed in Table 1. The CD spectral

formula that describes the time course of nucleation- . . )
" L change monitored at Z% at a protein concentration of 4.69
dependent monomer-addition type association has been

derived only under simplifying assumptior2. Moreover, mg-mL—l also_showed single phase kinetics similar to that
X : of Figure 1 with a rate constant of 0.0023 minclose to
our previous observation suggested that polyrperlymer that (0.0025 min?) at 20°C (data not shown). Obviously
addition also takes place in fibril formatioa&). Therefore, the ten.1 erature effect on the rate constant i's small '
the time courses of, s, and P]215 were fit here to a double- .p ] . '
exponential function of time: Density and Volume Changes Associated with Monomer-
to-Fibril Transition. Figure 2A shows the time dependent
X=X — A, exp(=k;t) — A, exp(=kyt) (3) change of the density of the 0SS solution during the
monomer-to-protofibril transition. The decrease is associated
whereX! and X° are the values of, s, and P].1s at times with an increase in partial specific volume. Fitting the
t and infinity, respectivelyA andk are the amplitude and  experimental data to eq 3 withi& value of 0.724 mkg—?
rate-constant of each phase; and subscripts 1 and 2 indicatéFigure 2A) gives the kinetic parameters listed in Table 1.
the fast and slow reaction phases, respectively. However, inThe partial specific volume of the 0SS monomér= 0.684
the limited experimental time range, fitting the experimental mL-g~%, is obtained by extrapolating the regression curve
values to eq 3 did not give a good conversion Xf. tot = 0 (at the time of mixing of the 0SS aqueous solution
Therefore X values were conventionally taken as the values and the buffer). The small° value indicates that the 0SS
att = 1,460 min forv andfs and as the value at= 1,614 monomer is in an intrinsically denatured state with consider-

min for [6].15 after starting fibril formation. able hydration before the onset of the fibril-forming reaction.
The v° value is close to ther value of 0.682 mtg~* of
RESULTS reduced and acid-denatured carboxamidomethylated WT hen

Circular Dichroism (CD) Change Associated with Mono- lysozyme at pH 2 ), which should essentially be in the -
mer-to-Fibril Transition.The time dependent monomer-to- Sa&me conformational state as that of 0SS. A separate density
protofibril transition of 0SS, monitored by CD at pH 4 and Measurement of 0SS in pure water (stable monomer) also
20 °C is shown in the inset of Figure 1. The 0SS CD 9ave a close value of 0.680 mkg™ (data not shown).
spectrum at the initial stage of the transition (13 min) is 1hese results are taken to indicate the reliability +6f
similar to the CD spectrum observed for the totally reduced kinetically obtained for the partial specific volume of the
and carboxamidomethylated WT hen lysozyme at pg3.( 0SS monomer.

The ellipticity becomes more negative with time with aclear  The increase in volume for the monomer-to-protofibril
isoellipticity point at 206 nm, and a new peak appears around transition isAv = »® — 19 = 0.724— 0.684= 0.040 mL:g™?,

215 nm, characteristic of g-rich amyloid protofibril. The corresponding to 570 m{mol monomer)*. The value is
molar ellipticity at 215 nm, §].15 changes exponentially with  surprisingly large compared to the value/®f (~100 mL
time, and protofibril formation is essentially complete at (mol monomer)?), previously determined from the pressure-
1,500 min. A two-phase analysis using eq 3 with thp = dependent equilibrium analysis of the 0SS system in 90%
value of —11.3 x 1C® degcn?-dmL~* gave no significant ~ H,0/10% DO (v/v) containing 50 mM deuterated sodium
difference between rate constaisandk,. Therefore, the  maleate buffer at pH 2.0 at 20C, using ®N/*H two-
time course of §].1s was analyzed with single phase dimensional NMR spectra (7.6 mgL™1) (17, 19). The
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Table 1: Kinetic Parameters for the Monomer-to-Protofibril Transition of 0SS Obtained from Changes in Molar Ellipticity at 283 [
Partial Specific Volume’, and Adiabatic Compressibility Coefficiefit®

ke ka
X0 X A A (min™Y) (min™Y)
[6] (10*-degcm-dmolY)  —5.93+ 0.04 -11.3 —5.37+£0.04 0.0025k 0.0001
v (mL-g™?) 0.6841+ 0.0002 0.724 0.0304 0.0003  0.0095t 0.0003  0.0124 0.0002  0.0018t 0.0001
Bs (10712cn?-dyn?) —7.484+ 0.03 1.35 4.7# 0.04 4.06+ 0.05 0.0145+ 0.0003  0.002H 0.0001

aThe reaction was carried out at a protein concentration of 5.0Tning' in 20 mM sodium acetate buffer (pH 4.0) containing 30 mM sodium
chloride at 25°C. The time course of molar ellipticity was analyzed at°ZDby assuming a single phase transition in eq 3. Attached are the
standard errors in statistical analysis.

ference in the partial specific adiabatic compressibility

between the two statexs = kg — kL = v, — 6L, is

6.10 x 10" > mL-g *-cn?-dyn~! using the values of°, v*,

092984 BL, andf3; obtained above.

The rate constant&; andk,, observed for the time course

of compressibility change differ by nearly an order of

magnitude and are close to those observed for the time course

029976 of partial specific volume change. The coincidence indicates
that the monomer-to-protofibril transition proceeds in a

09972 parallel manner in volume and compressibility. The fast
process observed for the volume and compressibility changes
is apparently lacking for thg-structure formation observed
for CD. The discrepancy does not arise from the difference

15003 in the temperature at which measurements were taken (20

°C for CD and 25°C for volumetric and compressibility)

because the CD measurement at°€5gave a rate similar

to that at 20°C. The apparent discrepancy of the kinetics

must, therefore, arise from a fundamental difference in

sensitivity among the methods used to monitor the reaction

15011 to the molecular events in the fast phase.
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DISCUSSION
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0 400 £00 1200 1600 Volume and Compressibility Are Sengdti Probes of
Time/ min Cavity, Hydration, and Dynamicsvolume and compress-

FicUre 2: Time dependence of the density and partial specific ibility are sensitive to internal atom packing (or cavity) and

volume (A) and the sound velocity and adiabatic compressibility the solvent accessible surface area (or hydration) of a protein

g?ezfgfig”tT(th Ofrc‘))tSG% %%rrzrégegt‘reaﬂmo‘i‘”%m;E;O'Pm[?ﬁiari;gagﬂﬂon molecule, which regulate the dynamics of a protein molecule

sodium acetat(gbuffer containing 30 mM NaCrF?p;H 4.0). The black !n Soluthn @, 3). The partial specific volume Of. a p.mtem

solid lines are fitting curves using eq 3 with the kinetic parameters IN Water is expressed as the sum of three contributions: the

listed in Table 1. constitutive volume estimated as the sum of the constitutive
atomic or group volume\{); the volume of the cavity or
void in the molecule due to imperfect atomic packiivg);

folding of monomeric globular proteins of comparable size 514 the volume change due to solvation or hydratitVis)
usually givesAv ~100 mL-mol~* (24). 25).

Ultrasonic Velocity and Compressibility Changes Associ-
ated with Monomer-to-Fibril Transition.The ultrasonic v=V,+ Vg,
velocity of the 0SS solutiony, decreases during the time
course of the monomer-to-protofibril transition (Figure 2B). Since the constitutive atomic volume is assumed to be
The decrease is associated with an increase in the partiaincompressible, the coefficient of partial specific adiabatic
specific adiabatic compressibility coefficiept, Fitting the compressibility coefficient is mainly determined by the
experimental data to eq 3 with&® value of 1.35x 107%2 internal cavity and surface hydratio8, 3):
cn?-dyn! (Figure 2B) gives the kinetic parameters listed
in Table 1. The partial specific adiabatic compressibility Bs= —(1/V)(v/0P) = —(1/)[0V, /0P +
coefficient of the 0SS monomefi? = —7.48 x 10712 3 (AV4{9P)] (5)
cn?-dynt, obtained by extrapolating the regression curve
tot = 0 is close to thes value 7.0 x 1072 cn?-dyn™?) Cavity contributes positively and hydration contributes
of reduced and carboxamidomethylated WT hen lysozyme negatively tov andfs; thus, the experimentally observgd
at pH 2 @). This coincidence again indicates that the 0SS can be positive or negative depending on the relative
monomer is intrinsically denatured before the initiation of magnitude of the two contributions. Since the constitutive
fibril formation. The compressibility change due to the atomic volume does not change in protein refolding and
monomer-to-protofibril transitionA«s, defined as the dif-  association, the volume and compressibility changes due to

+ AVsol (4)
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5¢- native 0.75 pressure 17, 19). This discrepancy may arise from two

- orotofibril protofibril reasons, namely, (1) the transition trea}t_ed in equilibriqm
£ of o0l native analys_ls represents part of the total tran_5|t|on, thereby giving
= - monomer a fractionalAv value rather than the entire volume change,
T s T reduced (pH2) and additionally, (2) the spectroscopically detected signal
g = reduced (pH2) 2 oss} intensity may not necessarily represent the reactant popula-
g 10k 3 tion correctly.
= Upon monomer-to-protofibril transition, the compress-
- sl 0.60 - ibility coefficient of 0SS also increases dramatically
= unfolded from the negatives® = —7.48 x 1072 cn-dyn! at the

20l unfolded ossl start of the transition to the positiye = +1.35 x 1012

U . o _
Ficure 3: Comparison of volume/§ and adiabatic compressibility cmP-dyn™ at the final stage of the transitiongs = 8.83 x

coefficient (3) levels of 0SS (red) and WT hen lysozyme (black) 1012 sz'dyn_ll)- The large negative Compr955it_)i|ity
at various conformational states in solution. See text for the solution of the monomeric statggC = —7.48 x 10712 cn?-dyn™?) is

conditions producing each conformational state. fully consistent with the intrinsically denatured state of the
0SS monomer, whereas the increase into positive value
(Bs = +1.35 x 10°*2 cn?-dyn™?) indicates that in the
protofibril state the compressibility is dominated by the cavity
effect rather than the hydration effect. Even so, fh®
value of the protofibril is still smaller thafis of the native

WT hen lysozyme (4.7x 107'? cn?-dyn™?) (2). This is
probably due to the fact that in the protofibril state a
considerable portion of the polypeptide chain is still exposed
and hydrated; our preliminary hydrogen/deuterium ex-
change measurements indeed show that more than 70% of
the main chain amide groups of 0SS are exposed to the
solvent in the protofibril state (unpublished results). Although
it is difficult to partition the contributions of hydration and
cavities, we expect that a small increase in the number of
cavities will account for the increased compressibility of the
protofibril since the compressibility of a cavity is about 10
times larger than that of wate2,(3). In summary, the values

the fact that the3 value of the 0SS monomer-{.48 x of A anq A.V _suggest that 'Fhe transitio_n of monomers _to
10722 ce-dyn™Y) is considerably larger than thg value the protofibril is accompanied by an increase in cavity
(—19.9 x 1012 cre-dyn %) of the WT hen lysozyme fully and a decrease in hydration, presumably because of a loss

unfolded by guanidine hydrochlorids)((Figure 3) indicates ~ Of Water in the surface area at the monomeonomer
that the naturally unfolded 0SS monomer has a residual contact.
structure excluding full hydration, whereas the guan-  The conclusion drawn by Smironovas et al. on polylysine
idinium chloride-treated WT hen lysozyme has almost no (10) and insulin (1) aggregation and amyloidogenesis that
residual structure and is fully hydrated. The differences in it accompanies a compaction and reduction in the partial
and Bs demonstrate the high sensitivity of volume and specific volume as well as a decrease in compressibility is
compressibility for differentiating hydration states of inapparent contradiction to our present conclusion. However,
proteins. only temperature dependence was reported in the former case,
Upon monomer-to-protofibril transition, the partial specific whereas in the latter case, the protein conformation (a partly
volume of 0SS increases dramatically frorh = 0.684 unfolded state formed by an endothermic transition) at the
mL-g! at the start of the transition tg° = 0.724 mL:g* start of the association reaction is apparently giving different
at the final stage of the transition. The latter value is volumetric properties than those for the present study.
considerably larger even than that of the WT hen lyso Moreover, significant differences exist in the morphology
zyme in its native state (0.712 md-l) (2). The result of the product fibrils. In general, a casual extension of the
clearly demonstrates that the amyloid protofibril of 0SS is present result to other amyloid systems should be made with
highly voluminous, even more than that of WT in its caution. For example, pressure does not necessarily lead to
folded state, which has a considerable amount of cavities the dissociation of amyloid fibrils, as reported in the literature
(26). The large volume increas@¢ = v — 1% = 0.724— (13, 14). Besides possible kinetic barriers for dissociation
0.684 = 0.040 mLg* or 570 mL(mol monomer)?) in due to the size and bundle structures of matured amyloid
the monomer-to-protofibril transition is certainly consistent fibrills, a large volume decrease upon dissociation is not
with the earlier finding that the 0SS amyloid protofibril always assured when the monomer is refolded (cf. Figure
dissociates at high pressude’{-19). However, theAv value 3). Clearly, we need more data on fibrillation systems with
kinetically and directly determined from density measure- simple, well defined conformations or structures for both the
ments in the present work (570 n{tmol monomer)?) is starting material and the product fibril to generally discuss
far greater than that~100 mL:(mol monomer)?) deter- the trend in volumetric changes upon amyloid fibril forma-
mined previously from the equilibrium analysis with variable tion.

fibril formation are mainly ascribed to changes in hydration
and the cavities.

Protofibril Formation Accompanies a Large Increase in
Volume and Compressibilitfrigure 3 compares the experi-
mentally determined values of partial specific volume (
and partial adiabatic compressibility coefficiefit)(for the
monomeric and protofibril states of 0SS with those for WT
hen lysozyme at various conformational states in solution
obtained from previous measuremerfis@). The small°
and negativegg values ¢° = 0.684 mL:g~* andSL = —7.48
x 10712 cn?-dyn™?1) for the monomer (Table 1 and Figure
3) are consistent with the already established view that
the 0SS monomer is intrinsically denatured with a consider-
able degree of hydration, as judged from the CD (Figure 1),
NMR (17, 18), and fluorescencel@) spectra as well as
from the result of ultracentrifugationl?). Nonetheless,
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Protofibril Formation Proceeds in Two Phas&hile the
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other amyloid systems are expected to open a new horizon

secondary structure formation represented by the CD spectrabf amyloid research because they not only provide a clear

change follows a single phase kinetics, the increaseaind

basis for judging whether or not the amyloid fibril is

fBs with time (Figure 2) indicates that the monomer-to- dissociable by pressure but also provide, more importantly,
protofibril transition proceeds in two phases, fast and slow, information for voids (cavities), hydration, and struct-
with rate constants differing by an order of magnitude. The ural fluctuation, which are crucial for characterizing the
rate constant 0.0025 mihfor the single phase CD change dynamics and reactivity of amyloid fibrils. Furthermore,

is rather close to 0.0018 and 0.0021 mifior the volume
and compressibility changes in the slow phase. Although the be

time dependent changes in volume and compressibility could

particularly sensitive to the early event in mole-

initial purpose of the CD measurement in the present work cular association and protofibril growth.

was to monitor the progress of the reaction with well

established CD spectral changes rather than to compare the\ckNOWLEDGMENT
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