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Amyloid fibril deposition is associated with over 20
degenerative diseases, including Alzheimer’s, Parkin-
son’s, and prion diseases. Although research over the
last few years has revealed the morphology and struc-
tural features of the amyloid form, knowledge about the
thermodynamics of amyloid formation is limited. Here,
we report for the first time a direct thermodynamic
study of amyloid formation using isothermal titration
calorimetry. B,-Microglobulin, a protein responsible for
dialysis-related amyloidosis, was used for extending
amyloid fibrils in a seed-controlled reaction in the cell of
the calorimeter. We investigated the enthalpy and heat
capacity changes of the reaction, where the monomeric,
acid-denatured molecules adopt an ordered, cross-§-
sheet structure in the rigid amyloid fibrils. Despite the
dramatic difference in morphology, B,-microglobulin
exhibited a similar heat capacity change upon amyloid
formation to that of the folding to the native globular
state, whereas the enthalpy change of the reaction
proved to be markedly lower. In comparison with the
native state, the results outline the important structural
features of the amyloid fibrils: a similar extent of sur-
face burial even with the supramolecular architecture
of amyloid fibrils, a lower level of internal packing, and
the possible presence of wunfavorable side chain
contributions.

Amyloid fibril deposition of different proteins is manifested
in over 20 degenerative disorders including Alzheimer’s dis-
ease, transmissible spongiform encephalopathies, and dialysis-
related amyloidosis (1-3). The increasing wealth of information
accumulated in recent years has proven that the ability to form
amyloid structures is a general property of the polypeptide
chains. A large number of proteins and peptides have been
shown to be capable of polymerization into amyloid fibrils in
vitro under appropriate conditions, such as low pH, high tem-
perature, or moderate concentrations of salts or co-solvents (1,
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4-7). Amyloid fibrils are characterized by a cross-g-structure
where B-strands are perpendicularly oriented to the axis of the
fibrils (8). The morphology and structure of the amyloid form
have been widely studied using electron microscopy, atomic
force microscopy, x-ray diffraction, solid state NMR, and sev-
eral spectroscopic methods (1, 2, 4—10). Kinetic studies showed
that the amyloid formation is a nucleation-dependent complex
reaction (see the detailed review of Stefani and Dobson (5)).

Despite the numerous studies on protein misfolding and
amyloidosis, knowledge on the thermodynamics of amyloid for-
mation is limited. Several studies have reported the structural
and thermodynamic requirements of fibril formation from the
side of the amyloidogenic precursor, showing the role of
the stability of the native state in the amyloidogenicity or the
importance of the accumulation of intermediate states (11-13).
Recent studies have revealed the importance of general phys-
icochemical characteristics of the polypeptide chain, such as
the hydrophobicity, secondary structure propensity, and over-
all charge in the amyloid formation (14, 15).

The direct thermodynamic characterization of the unfolding
and stability of globular proteins is well established by physi-
cochemical techniques, especially by differential scanning cal-
orimetry (DSC)! (16, 17). However, it has been difficult to
describe the thermodynamic properties of the amyloid form
with these techniques because of the high stability of amyloid
fibrils, the inhomogeneity of the aggregated samples, the irre-
versibility of the transitions, and problems with reproducibil-
ity. The difficulties are clearly demonstrated by the fact that, in
the PubMed data base, of over 6000 hits searching for “differ-
ential scanning calorimetry,” only two dozen are related to
amyloidosis. These works either investigated the unfolding and
stability of the monomer forms of amyloidogenic proteins or
amyloidogenic variants (18—-21) or sign the formation of aggre-
gates/amyloid fibrils from the irreversible nature and unusual
shape of the thermal unfolding profile (22). No results were
reported on the direct measurement of the thermodynamic
properties of amyloid extension. However, we believe that the
amyloid fibril formation is a reversible thermodynamic process,
unless the extensive association of fibrils causes an irreversible
aggregation.

Isothermal titration calorimetry (ITC) is a delicate method
for the study of the heat effect of ligand binding to proteins or
the study of protein association (23, 24). Related to the problem
of amyloid formation, Kim et al. (25) studied the binding of an
amyloid-specific dye, Congo Red to an immunoglobulin light

! The abbreviations used are: DSC, differential scanning calorimetry;
ITC, isothermal titration calorimetry; B2m, B,-microglobulin; ThT, thio-
flavin T.

This paper is available on line at http://www.jbc.org
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chain variable domain inducing partial unfolding into the amy-
loidogenic precursor state. Terzi et al. (26) studied the binding
of Alzheimer B-amyloid peptide 1-40 to lipid membranes and
the random coil-to-B-sheet transition of the p-amyloid 25-35
fragment (27). There is great demand to explore using thermo-
dynamic approaches the role of the different interactions such
as hydration, nonpolar interactions, hydrogen bonds, and salt
bridges in the formation and stability of the amyloid fibrils.

Here, we introduce a novel method for the direct thermody-
namic study of amyloid formation by ITC. As a model system,
we selected the amyloid fibril formation of B,-microglobulin
(B2m), a protein responsible for dialysis-related amyloidosis, a
common and serious complication in patients receiving hemo-
dialysis for more than 10 years (3, 28). B2m is the light chain of
the type I major histocompatibility complex and also appears in
a monomeric form in the blood. In the native state, B2m adopts
a typical immunoglobulin fold consisting of seven B-strands
organized into two B-sheets connected by a single disulfide
bridge (see Fig. 1A). The mechanism and the important factors
of the in vivo amyloid formation of B2m are not yet well under-
stood. We investigated the enthalpy (AH) and heat capacity
(AC,) changes of the seed-dependent extension of S2m amyloid
fibrils under acidic conditions and compared them with those of
the folding of the native f2m.

EXPERIMENTAL PROCEDURES

Protein, Amyloid Fibrils, and Seeds—Recombinant 2m was ex-
pressed and purified as described previously (29). The protein concen-
tration was determined using an extinction coefficient of 1.91 X 10* M~ *
cm ™! at 280 nm. Amyloid fibril formation of B2m was carried out by the
seed-dependent fibril extension method (30, 31). The reaction was mon-
itored by fluorometric analysis with ThT (31). Seeds (i.e. fragmented
fibrils) were prepared by sonication of 200-ul aliquots from a 0.3 mg/ml
fibril stock solution using a Microson sonicator (Misonix, Farmingdale,
NY) at intensity level 2, forty 1-s pulses on ice.

Estimation of the Monomeric B2m Concentration in the Fibril Solu-
tion—pP2m fibrils were grown in reaction mixtures containing 0.1 mg/ml
monomers and 30 pg/ml seeds at 10, 25, and 37 °C, in 50 mM sodium
citrate, 100 mm NaCl (pH 2.5) buffer. The samples were incubated for
24 h, to reach fibril-monomer equilibrium. To separate the monomers
from the fibrils, the samples were spun down at 40,000 rpm at the same
temperatures as the extension in a CS 120GX ultracentrifuge (Hitachi,
Tokyo, Japan) for 30 min. In the case of studying solutions of low
protein concentration adsorption of the protein to the surface of the
vials, tubes may decrease the free protein concentration significantly
and thus alter the results. To avoid the loss of the monomeric 32m
component from the equilibrium fibril-monomer solution during the
centrifugation through adsorption by the tube walls, the extension
reactions were carried out in the centrifuge tubes providing sufficient
monomers (0.1 mg/ml) at the beginning of the reactions to saturate the
possible adsorption effect. The centrifugal force (60,000 X g) used is not
able to sediment the monomer 32m. The monomer B2m concentrations
were determined by enzyme-linked immunosorbent assay using a com-
mercial immunoassay kit (Glazyme B,-microglobulin EIA test; Wako,
Osaka, Japan). After separation of the monomer component, Tween 20
was added at a final concentration of 0.05% (v/v) to exclude any protein
adsorption on the labware. Then 2-, 4-, 6-, and 10-fold dilution series of
the samples were assayed using standard 2m solutions of 0, 50, 100,
and 200 ng/ml as references. The assay presented a sensitive and
quasi-linear concentration dependence in the 0-200 ng/ml range.

CD Spectroscopy—Thermal unfolding of f2m was followed using a
J-720 spectropolarimeter (Jasco, Tokyo, Japan) equipped with a Peltier
cell holder. A quartz cell with a path length of 5 mm was used. The
protein concentration was 0.06 mg/ml in 20 mM sodium citrate or 20 mm
sodium phosphate buffer depending on the pH. The unfolding was
followed at 220 nm using a heating rate of 30 °C/h.

Calorimetry—DSC experiments were carried out with a VP-DSC
instrument (MicroCal, Northampton, MA). The protein concentration
was 0.3 mg/ml in 50 mM sodium phosphate buffer (pH 7.0) containing
100 mM NaCl. The thermal unfolding curves were analyzed using Mi-
croCal Origin 7.0 software.

ITC measurements to determine the enthalpy changes of the seed-
dependent extension reaction of 2m fibrils were performed with a
Microcal VP-ITC instrument. In one experimental set-up, the cell was
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Fic. 1. Representation of the alternative folding processes of
B2m. A, folding of the native globular state. B, amyloid fibril extension
in which the acid-denatured f2m molecules extend the seeds taking up
the ordered cross-B-sheet structure.

filled with monomer 2m, and the syringe was filled with f2m amyloid
seed solution. The reaction was started with a single injection of seeds
into the cell at a final seed concentration of 15 pg/ml. The same buffer
(50 mM sodium citrate at pH 2.5 containing 100 mm NaCl, pH 2.5) was
used in both the syringe and the cell.

In an inverse experimental set-up, the calorimeter cell was filled
with a seed solution of 30 pug/ml. The extension reaction was initiated by
the injection of monomer B2m into the cell. The concentration of mon-
omer in the syringe was 0.57, 0.7, or 1.0 mg/ml. Experiments with five
10-ul injections were performed. 50 mM sodium citrate buffer (pH 2.5)
containing 100 mm NaCl was used in the cell. To avoid the spontaneous
aggregation of B2m, no salt was used in the syringe. To remove any
contamination of aggregated material, prior to the measurements all of
the monomer samples in both experimental set-ups were spun down at
40,000 rpm for 30 min.

Electron Microscopy—Electron micrographs of amyloid fibrils were
taken as described before (29).

RESULTS

Thermal Unfolding of the Native State—Amyloid fibril for-
mation of B2m is an association-induced misfolding process
producing rigid amyloid fibrils with an ordered structure (Fig.
1). To discover the distinct thermodynamic properties in the
amyloid state, it is important to compare the parameters of the
amyloid state with those of the native state. The properties
focused on are the enthalpy (AH) and heat capacity (ACP)
changes of fibril formation and their contributions to the free
energy change (AG).

We first carried out the heat denaturation of the native state
followed by CD at various pH values (Fig. 24). f2m exhibited
cooperative unfolding transition in the pH range 3.7—8.0. The
advantage of this technique was that at a protein concentration
as low as 0.06 mg/ml, the thermal unfolding of f2m was com-
pletely reversible in the pH range 5—8 and fairly reversible at
pH < 5. At 37 °C, B2m is marginally stable or unstable at
pH < 5, with the unfolding transition underway, so that the
denatured state is significantly populated (Fig. 2A).

Although the presence of intermediates in the thermal un-
folding process cannot be excluded, a two-state model provided
a good fitting, valuable for comparison with the amyloid for-
mation process. The van’t Hoff enthalpy changes (AH ;) of the
unfolding transitions were calculated. The reversibility of all
the samples was checked by a second scan. In the case of partly
reversible transitions in the lower pH range, AH ; and the
melting temperatures (T') of the second scans were found to be
similar to those of the first scans within 10% and 0.5 °C, re-
spectively. AH ;; as a function of T, showed a linear depend-
ence (Fig. 2B). The slope of the fitted line provides AC,, upon
unfolding, which was found to be 5.6 + 0.4 kJ-mol LK™ 1.

To check the validity of the two-state model, we carried out a
DSC measurement using 0.3 mg/ml 2m at pH 7.0 (Fig. 20).
The two-state fitting was in good agreement with the observed
calorimetric curve. The calorimetric and van’t Hoff enthalpy
changes with a ratio of 0.98 are similar to AH obtained from
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Fic. 2. Thermal denaturation of the native state of B2m. A, thermal denaturation of 82m as a function of pH followed by CD spectroscopy.
The pH value was varied in the experiments from the left unfolding curve to the right as follows: 3.75, 4.0, 4.23, 4.5, 4.81, 5.0, 5.25, and 5.8. The
dashed line shows 37 °C. B, AH as a function of T, and fitting for AC . The 95% confidence limits are presented by thin lines. e, results from CD;
V, result of DSC at pH 7.0. C, solid line, DSC melting profile of 2m in 50 mM sodium phosphate, 100 mm NaCl at pH 7.0; dashed line, two-state

fitting; dotted line, base line.

the CD measurements (Fig. 2B). The reversibility determined
from the calorimetric enthalpy change of the second scan was
85%. It was difficult to determine AC, directly from the DSC
melting profile because of the slightly declining heat capacity
curve after the unfolding transition, although a rough estima-
tion of AC,, at the melting temperature presented a similar
value of 5.5 = 1 kJ'mol K~ 1. In Table I, the main parameters
of the native B2m at pH 7.0 are presented at three different
temperatures.

Monomer-Fibril Equilibrium in the Solution—To measure
the heat effects of fibril formation, we adapted the seed-de-
pendent fibril extension method of Naiki et al. (30, 31) to ITC.
At pH 2.5, monomeric 2m is disordered with a lack of signif-
icant amide-proton protection (32) and shows no thermal un-
folding transition in the CD or DSC measurements (data not
shown). The pH-dependent unfolding experiments by CD (Fig.
2, A and B) also verify this, showing that decreasing the pH to
3.75, monomeric B2m becomes unfolded even at room temper-
ature. In the seed-dependent extension reaction at pH 2.5,
fibrils are extended via the consecutive association of unfolded
monomeric B2m onto the ends of the fibrils without a change in
the number of fibrils (33). The concentration of fibrils is deter-
mined by the number of seeds added to the solution to start the
reaction (Fig. 1B). Although it is difficult to determine the exact
number of seeds and thus the starting fibril/monomer ratio in
the solution, under the conditions used in this study monomers
extended the seeds resulting in 50-nm-long to 1-um-long fibrils
as also can be seen in Fig. 3. If the 2m monomer solution was
free from any aggregated material, no spontaneous fibril for-
mation occurred during the time course of the experiment.

The seed-dependent extension of f2m fibrils has been vali-
dated experimentally by the following model (33, 34),

ky
[P]+[M] == [P]
ko

(Eq. D

where [P] is the concentration of seed fibrils, [M] is the concen-
tration of monomer B2m, and %, and £ _, are the apparent rate
constants for polymerization and depolymerization, respec-
tively. In the equilibrium of association and dissociation.

kA[M][P] = k_,[P] (Eq. 2)

As we can see, the equilibrium will be independent of [P] in this
type of reaction, where the concentration of the fibrils (i.e. the
concentration of the extendable fibril ends) does not change.
We obtain the equilibrium monomer concentration (critical

monomer concentration) [M], as follows,
[M], =k_1/ky = /K (Eq. 3)

where K is the equilibrium association constant. By determin-

ing [M],, we can obtain K. Then we can calculate the apparent
free energy change (AG,,,,) of the extension reaction, i.e. AG,,,
upon the folding from the acid-denatured monomeric state into
the amyloid state.

To adapt the seed-dependent fibril extension to ITC, several
factors had to be taken into account such as base-line stability,
sensitivity of the instrument, response time of the instrument,
and equilibration time of the system prior to the measurement.
Among them, the evaluation of the [M], value is essential for
the set-up of the extension reaction in the calorimeter; the
concentration of seeds in the monomer unit must be higher
than [M],. Otherwise, the seeds will depolymerize to mono-
mers. To determine [M],, extension reactions at 0.1 mg/ml
B2m were carried out in the centrifuge tubes for 24 h at 37,
25, and 10 °C. Then the fibrils were removed from the solu-
tion by ultracentrifugation. The monomer concentrations of
the supernatants, [M],, which were too low to be detected by
absorption, were determined quantitatively by immunoassay
to be 84 nm at 10 °C, and the value decreased slightly with an
increase in temperature (Table I). Although the ultracentrif-
ugation procedure of removing the fibrils theoretically may
leave small nonfibrillar oligomers in the solution, such oli-
gomers supposed to be not involved in the seed-induced fibril
extension reaction of 2m, where monomers extend the fibril
ends (30, 31, 33, 34). Moreover, small oligomers could not be
detected by analytical ultracentrifugation of 2m solutions at
pH 2.5.2 The presence of such small oligomer contamination
would mean that the equilibrium monomer concentration is
even smaller than the value determined by the immunoassay.
30 pg/ml (~2.5 uM B2m monomers) seed concentration, which
is much higher than [M],, was chosen for the ITC measure-
ments of titrating the seed fibrils with monomers. We expect
that our experimental conditions provide enough protein to
reach the monomer-fibril equilibrium and to assure that all
the injected monomers will be converted to fibrils in a rapid
reaction.

Fibril Extension Followed by ITC—The reaction started
promptly with the addition of monomers to the seed solution
or vice versa on injection of the seeds into the monomer
solution. The electron microscopy image of 82m fibrils formed
in the ITC cell showed typical straight amyloid fibrils, con-
firming the seed-dependent fibril extension (Fig. 3). Fig. 4A
shows the extension reaction monitored by heat and its ref-
erences when 75 pul of seed solution was injected at a final
concentration of 15 ug/ml into the cell containing 0.1 mg/ml of
monomer 32m solution. The areas of the peaks represent the
AH values of the reactions. Both in the syringe and in the cell,
50 mM sodium citrate buffer (pH 2.5) containing 100 mm NaCl

2J. Kardos, M. Sakai, and Y. Goto, unpublished results.
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TABLE 1
Unfolding thermodynamic parameters of the native monomeric 2m and of the amyloid form
AH —TAS® ACP
AG AG ; P
T t C pp M], (amyloid)
ermperatie Native Amyloid (native) (amylSid) (M, (amyloi Native Amyloid Native Amyloid
kdJ-mol ! kJ-mol ! kJ-mol ! nm kdJ-mol ! kdJ-mol 1K1
10 °C 232+x5 —-142*+3 258+*18 38403 84 =10 2.6 +3 52.6 + 3
25 °C 1072 £ 5 5762 239*09 41.7=x0.2 50 + 3 -833 x4 -159*+2 56*=04 4.78x0.21
37°C 174.7 = 8 124 =3 19.1*+04 439 =*=0.2 41+ 3 -155.6 = 6.5 —-80 =3

“ Calculated by AG = AH — TAS; for the amyloid form, the apparent AG values were used as an estimation.

® The common values for different temperatures were obtained.

Fic. 3. Electron microscopy image of f2m fibrils formed in the
calorimeter cell. The final protein concentration in the calorimeter
was 10 pM.

was used. The net AH upon the amyloid formation was
calculated as follows,

AH, ¢ = AHgy — AHgg — AHgy + AHgg (Eq. 4)

where SM, SB, BM, and BB are measurements of injections of
seeds into the monomer solution (extension reaction), seeds
into buffer, buffer into the monomer solution, and buffer into
buffer, respectively, and normalized for the molar amount of
associated monomers. The buffer to buffer effect is included in
the subtracted AHg and AHp,,, so that the net effect is given
by the addition of AHgg. The three references proved to be
similar to one another and exhibited only ~3% of AH,_. The
enthalpy change of the f2m amyloid fibril extension as an
average of three measurements at 37 °C was —124 = 3 kd/mol.
Fig. 4B represents AH of the reaction as a function of time by
the integration of the AP peak of the reaction shown in Fig. 44,
corrected by the references. This represents the kinetics of the
reaction via the enthalpy production, indicating the high accu-
racy and low noise of the measurement even without smoothing
of the data. AH(¢) could be fitted well by a single exponential
decay with a time constant of 33 min. The slight deviation of the
observed curve from the fitted curve may arise from: 1) the
relatively slow response time (2—-3 min) of the instrument; 2) a
decreasing number of seeds (extendable fibril ends) in the long
experiment by the aggregation of fibrils; and 3) the extension is
not purely a single exponential for unknown reasons. Other spec-
troscopic methods are probably unable to point out such differ-
ences because of the larger fluctuations in the experimental data.

The time course of the extension reaction was followed by
ThT binding as a complementary method using the same seed
and monomer concentrations (Fig. 4C). The seed and monomer
solutions were preincubated at 37 °C for 1 h, the approximate
time needed for the equilibration of the ITC before starting the
reaction. After starting the reaction, the ThT fluorescence inten-
sity reached a maximum faster than AH monitored by ITC. The
time constant on the basis of a single exponential decay was 12.5
min fitted for the first 40 min of the reaction (Fig. 4C). The reason
might be the different sensitivity and selectivity for aggregates of
the two methods. In the case of the ThT assay, a declination of
the fluorescence intensity is often visible after reaching its max-
imum (35, 36), suggesting that the clustering of preformed amy-

loid fibrils suppresses the ThT binding. On the other hand, ITC
may be able to show a process hardly detectable by ThT binding.
For example, it is likely that the clustering of preformed amyloid
fibrils contributes to the observed slow heat effects. Although the
difference in the kinetics monitored by ITC and ThT needs fur-
ther investigation, it is clear that the kinetics of amyloid fibril
formation can be monitored by ITC.

Temperature Dependence of AH of Fibril Extension—The ex-
tension reaction was carried out at eight different tempera-
tures in the 26-50 °C range using a reverse experimental set-
up, i.e. injection of monomers into the seed solution of the
calorimeter cell. In these experiments, no salt was used in the
concentrated monomer solution of the syringe to avoid aggre-
gation. This required careful reference subtraction because of
the heat effect of salt dilution. The advantage of this technique
was that we could inject a small amount of 82m monomer
solution repeatedly, assuring fast and complete reactions at a
temperature as low as 26 °C where the reaction is slow. More-
over, with no salt in the syringe we avoided the aggregation of
stock monomers at higher temperatures such as 50 °C.

ITC raw data on injecting five 10-ul aliquots of 0.57 mg/ml
B2m monomer solution into the ITC cell filled with 30 ug/ml
seed solution at 30 °C showed repeated heat effects (i.e. nega-
tive spikes) caused by the fibril extension (Fig. 5A). To avoid
the usual uncertainty of the first injection, a small, 2-ul aliquot
was injected at the beginning of the experiment. Fig. 5B pre-
sents the enthalpy changes of the extension reactions and their
references at various temperatures. The AH,_,. values cor-
rected with the references and normalized for molar associated
monomers indicated a linear temperature dependence with a
slope of —4.78 kJ-mol K ! (Fig. 5C and Table I). It is noted in
Table I that, the thermodynamic parameters of the native and
amyloid states are indicated in the direction of unfolding and
dissociation following the usual practice in protein stability
and unfolding studies (16, 17, 37, 39—41). This parameter
(—4.78 kJ-mol K1) is the heat capacity change (AC,) upon
formation of the amyloid structure from the acid-denatured
monomer. The agreement of the AH,,_;value at 37 °C obtained
by injecting the monomers (—119.2 *= 4 kJ/mol) with that by
injecting the seeds (=124 *= 3 kJ/mol) substantiates the valid-
ity of the experiments.

DISCUSSION

AC,, Suggesting a Similar Overall Surface Burial—It has been
known that the heat capacity change upon protein unfolding is
primarily given by the hydration of the polar and apolar groups
(~95%) and to a much lesser extent by disruption of the internal
noncovalent interactions such as van der Waals’ interactions,
H-bonds, ionic interactions, etc. (17, 37). An empirical function
reliably predicts AC, associated with the unfolding transitions of
native globular proteins in terms of the change in the accessible
polar and apolar surface areas and in the total buried surface
area (AASA, AASA,,;, and ABSA,,;, respectively),

AC, = AC, hyar + AC, noncoy = @*AASA, 5 — b-AASA,,,; + c-ABSA

apol>

(Eq. 5)
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monomers injected to buffer; *, fibril formation by injecting monomers to the seed solution. The error bars are presented. C, molar enthalpy change
of the extension reaction as a function of temperature. The slope of the fitted line provides AC,, upon amyloid formation. The 95% confidence bands

are also shown.

where a, b, and ¢ are empirical parameters for the hydrations
of apolar and polar groups and for the internal noncovalent
interactions, respectively (adopted from Ref. 37).

Compared with the native monomeric state, we may expect a
higher extent of surface burial upon the association of f2m
molecules in amyloid fibrils because of their supramolecular
architecture; the proportion of the buried surface increases
with an increase in the size of the folded state. To estimate the
surface burial and AC|, upon amyloid formation, we carried out
model calculations taking into account the rod-like morphology
and characteristic dimensions of amyloid fibrils obtained from
atomic force microscopy studies (36, 38) and assuming a native-
like packing density and ratio of apolar and polar surface burial
(from Protein Data Bank code 1lhsb). Based on Equation 5,
calculations for protofibrils with a diameter of 5 nm and fibrils
consisting of two or three associated protofibrils resulted in an
~1.5-2.0 times higher AC,. However, the experimental results
have disproved these calculations, showing a AC|, value similar
to that on the unfolding of the native f2m (Table I). Consider-
ing that AC,, is mainly derived from the hydration, i.e. from the
change of the solvent-accessible surfaces, a similar AC,, of the
unfolding of the native and amyloid states of B2m (5.6 versus
4.78 kJ'mol K !; Table I) indicates a similar overall burial of
surface in the two forms. The supramolecular structure of
amyloid fibrils suggests that this unexpectedly low surface
burial might be realized through the existence of a variety of
cavities accessible for bulk water located inside and between
the protofilaments constituting the amyloid fibrils. Moreover, it
is likely that the surface of B2m fibrils is not as “smooth” as
that of the native protein.

The native globular structure of 82m is a result of protein
evolution with optimal packing and burial of apolar and polar
side chains. On the contrary, the amyloid structure of the same
polypeptide chain is determined by the H-bonded and extended

intermolecular B-sheet architecture of the peptide backbones;
consequently, the side chain interactions and packing bear a
secondary role in the structure (42). Various poly-amino acids
can form amyloid fibrils. Studies with x-ray fiber diffraction of
amyloid fibrils made of poly-amino acids indicate that while the
distance between B-strands is constant (i.e. 4.7 A), the distance
between the B-sheet layers varies depending on the bulkiness
of the side chains (42). Because the natural amyloidogenic
proteins are made of various amino acid residues, it is unlikely
that tight packing of the side chain, as present in the interior of
native proteins, is achieved for all the residues, consequently
producing less internal packing and a variety of water accessi-
ble cavities inside and between the protofilaments. Moreover,
the consequence of the hydrogen bond-dominated structure
might be the unfavorable burial of polar and charged groups in
the amyloid structure. In their comprehensive thermodynamic
study on polar-apolar mutant proteins, Makhatadze and co-
workers (39) described a significant negative contribution of
the burial of polar groups to the unfolding AC,. One may
speculate that in such a situation, a similar AC, may indicate
higher overall burial in the amyloid structure compared with
the native, globular state.

AH, Suggesting Decreased Internal Packing—There are two
main effects responsible for AH of protein unfolding: the hy-
dration of the buried groups that become exposed in the un-
folded state and the disruption of internal interactions such as
van der Waals’ interactions, H-bonds, etc. (17, 40, 41). For the
thermal unfolding of globular proteins, AH, which varies sig-
nificantly depending on the protein species, increases with an
increase in temperature, then it tends to saturate approaching
a common AH value, independent of protein species, at around
120 °C. Although the temperature-dependent increase of AH is
caused by the hydration of the buried groups, the unique AH
value at 120 °C represents the internal interactions common to
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various proteins. It was shown that a simple empirical equa-
tion is able to quantify the enthalpy of protein unfolding as a
function of the changes in the solvent-accessible polar and
apolar surface areas and the changes in protonation and in
other effects (40). This indicates the structural similarities
between different globular proteins: similar atomic composi-
tions, distributions of pairwise interactions, and similar pack-
ing densities (40).

AH of the dissociation of the amyloid fibrils as normalized
per molar monomers proved to be significantly less than that of
the unfolding of native f2m (Table I). From the observed sim-
ilar AC,, values, we assumed a similar extent of overall surface
burial in the native and amyloid forms, suggesting similar AH
contributions by the hydration term. Therefore, the observed
decrease in AH seems to be a result of another term, namely the
different internal interactions. It is generally accepted that
there is a stronger and more persistent backbone H-bond net-
work in the amyloid structure than in the globular fold of
proteins, coupled with the increase in the B-sheet content (32).
Although we cannot estimate the enthalpy contribution of H-
bonds in the amyloid state for lack of a detailed structure,
H-bonds have a positive contribution to AH, indicating that we
have to search for other oppositely contributing effects to ex-
plain the observed smaller AH values.

A reasonable explanation of the decreased AH is a lower level
of side chain packing in the amyloid form. In the amyloid form,
the side chain packing cannot be as optimal as in the native
state, because the structure is determined by the extensively
H-bonded, B-structured backbones. In a systematic study using
packing and polar-nonpolar mutants Loladze et al. (41) showed
that removal of one methylene group from the interior of the
protein molecule will destabilize the protein and decrease the
enthalpy by 12 kJ/mol through decreased van der Waals’ inter-
actions. These interactions are proportional to the square of the
packing density (17), which might explain the enthalpy loss of
the amyloid form, compared with the native state. Moreover, in
the native state of the proteins the unfavorable burial of polar
groups is usually compensated by H-bonding (43). It is possible
that, in the amyloid form, some polar side chains cannot find
H-bonding partners and therefore decrease the stability
and enthalpy.

Entropy-driven Free Energy of Fibril Formation—By deter-
mining the equilibrium monomer concentration in the fibril
solution, we calculated the apparent free energy changes of
unfolding or depolymerization (Table I). The AG,,, = 43.9
kdJ/mol value at 37 °C is significantly higher than the 19 kJ/mol
stability of the native state; the fibril formation is much pre-
ferred to the folding to the native state. Consideration of the
mixing entropy increases the difference by RTIn55.5. Although
a direct comparison of the two free energy changes may be
difficult because of the different types of reactions, we still
can assert that the amyloid fibrils exhibit greater stability
and that this can only be a result of a more favorable entropy
contribution because of the decreased enthalpy term. Com-
pared with the native state, the unfavorable entropy contri-
butions to the amyloid formation are: the decrease in trans-
lational/rotational entropy with the decrease in the number
of monomeric f2m molecules in the solution and the unfavor-
able conformational entropy of the H-bonded rigid backbone.
These destabilizing effects could be opposed by the increased
conformational entropy of the side chains as a result of the
lower level of packing and possibly greater surface burial in
the amyloid state. As our results reveal, below 13 °C the
amyloid formation is purely entropy driven because of the
unfavorable AH term. A unique theoretical work may provide
an explanation describing the amyloid formation by a novel
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entropy-induced interaction of large “bodies” in a solvent of
small molecules (44).

Conclusions—By introducing a novel method, we directly
measured the AC, and AH of the amyloid formation of 82m by
ITC. The observed thermodynamic properties of the amyloid
state of B2m go beyond the validity of those empirical functions
of globular proteins, revealing a different architecture and
energetics of the amyloid structure. The main difference be-
tween the native and amyloid form is manifested in the ex-
tended B-sheet structure accompanied by a low level of internal
packing of the side chains, the possible unfavorable burial of
polar and charged groups, and the presence of solvent-
accessible cavities in the amyloid fibrils. This image of the
amyloid structure is in accordance with pressure studies on
transthyretin variants revealing that hydration and packing
are crucial to amyloidogenesis (45). This may also explain the
fact that, although most of the proteins may be capable of
amyloid formation under appropriate extreme conditions,
only less than two dozen proteins and peptides cause amyloid
diseases.
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