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To understand the mechanism of amyloid fibril formation of a protein, we examined
wild-type and three mutant human lysozymes containing both amyloidogenic and non-
amyloidogenic proteins: I56T (amyloidogenic); EAEA, which has four additional resi-
dues (Glu-Ala-Glu-Ala-) at the N-terminus located on a B-structure; and EAEA-I56T,
which is an I56T mutant of EAEA. All formed amyloid-like fibrils through an in the
increase contents of a-helix with increasing concentration of ethanol. The order of pro-
pensity for amyloid-like fibril formation in highly concentrated ethanol solution is
EAEA-I56T > EAEA > I56T > wild-type. This order is almost the reverse of the order of
conformational stability of these proteins, wild-type > EAEA > I56T > EAEA-I56T. The
important views in this work are as follows. (i) Artificially modified proteins formed
amyloid fibrils in vitro. This means that amyloid formation is a generic property of
polypeptide chains. (ii) The amyloidogenic mutation Ile56 to Thr caused the destabiliza-
tion and promoted fibril formation in the wild-type and EAEA human lysozymes, indi-
cating that instability facilitates amyloid formation. (iii) The mutant protein EAEA
human lysozyme had higher propensity for fibril formation than the amyloidogenic
mutant protein, indicating that amyloid formation is controlled not only by stability but
also by other factors. In this case, appending polypeptide chains to a B-structure accel-

erated amyloid formation.
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Human diseases such as Alzheimer s disease, late onset
diabetes, prion-related transmissible spongiform encephalo-
phathies and amyloidosis are caused by the deposition of
protein aggregates known as amyloid fibrils in tissue (1-5).
Under some pathological conditions, the proteins that nor-
mally fold to native (soluble and functional) structures fold
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incorrectly and generate stable insoluble fibrils. Amyloid
fibrils are usually formed by mutant proteins that have a
lower stability than wild-type proteins. Recently, several
studies have reported a correlation between instability and
propensity for in vitro fibril formation in mutants from
some proteins (6-9). This raises the question of whether
protein stability is the only determinant for amyloid fibril
formation.

The mutant human lysozymes I56T and D67H have
been reported to form amyloid deposits in the viscera, caus-
ing hereditary non-neuropathic systemic amyloidosis (10).
Recently, another amyloidogenic variant, W64R, has been
also reported (11). Previous studies have shown that both
I56T and D67TH decrease Gibbs energy changes of unfold-
ing not only between the native and denatured states but
also between the native and folding intermediate states,
resulting in amyloid formation (12, 13).

In this study, to further understand the mechanism of
amyloid fibril formation of human lysozyme, the relation
between the stability and potential to generate amyloid-
like fibrils of the wild-type and three mutant human
lysozymes was investigated. The three mutant proteins
selected were I56T (amyloidogenic), EAEA, which has four
additional residues (Glu-Ala-Glu-Ala-) at the N-terminus
located on a B-sheet, and EAEA-I56T, which is an 156T
mutant of EAEA. The stability and structure of EAEA have
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been already well characterized (14): (i) EAEA is less stable
than the wild-type but more stable than I56T, (ii) the
refolding-unfolding reaction of EAEA is similar to that of
I56T, (iii) the additional residues do not form a secondary
structure but are located near B-sheets in the native struc-
ture. We determined the crystal structures and thermal
stability of these mutant proteins and examined their fibril
formation rate and conformational change in highly con-
centrated ethanol solution. Hen egg white lysozyme has
been shown to form amyloid-like fibrils in the presence of
high concentrations of ethanol (15). We here report that all
three mutant proteins are less stable and form the amy-
loid-like fibrils faster than the wild-type protein. In pasticu-
lar, EAEA human lysozyme has a higher stability and a
higher propensity for fibril formation than the amy-
loidogenic mutant protein I56T. Findings are discussed in
terms of the amyloidogenicity of human lysozyme and the
determinants for its amyloid fibril formation.

EXPERIMENTAL PROCEDURES

Materials—Mutagenesis, expression (Pichia pastoris sys-
tem) and purification of human lysozymes were performed
as described (14). All other chemicals were of reagent
grade. The concentration of human lysozyme solutions was
determined spectrophotometrically using E™ (1 cm) =
25.65 at 280 nm (16).

X-Ray Crystallography—The mutant human lysozyme,
EAEA-I56T, was crystallized as described previously (14).
The crystal belongs to the space group P6,22 with a crystal
form identical to that of EAEA (14). The crystal structures
of I56T and EAEA have already been determined (12, 14).

The intensity data set of the EAEA-I56T human lyso-
zyme was collected with a Weissenberg camera (I17) on
beam line 18B at the Photon Factory (Tsukuba, Japan; Pro-
posal No. 99G309). The data was processed with the pro-
gram DENZO (18). The structure was solved by the iso-
morphous method and refined with the program X-PLOR
(19) as described previously (20, 21).

Differential Scanning Calorimetry (DSC)—Calorimetric
measurements were carried out with a DASM4 microcalo-
rimeter. The buffer solution used was 0.05 M Gly-HCIl.
EAEA-I56T was measured five times at different pH points
between pH 2.6 and 3.3. The DSC measurements of I56T
and EAEA have already been carried out (12, 14). DSC
data were analyzed using the Origin software (MicroCal,
MA), as described previously (20). The thermodynamic
parameters for denaturation as a function of temperature
were calculated using the following equations (22),

AH(T) = AH(T,) - AC, (T,-T) (1)
AS(T) = AH(TVT,— AC, In(T,/T) @)
AG(T) = AH(T) - T AS(T) @)

assuming that AC_ does not depend on temperature.

Congo Red Staining—For Congo red birefringence exper-
iments, aliquots of 10 mg/ml protein samples in concen-
trated ethanol solution were air-dried onto glass slides. The
resulting films were stained with the reaction solution as
described previously (15). The stained slides were exam-
ined with an optical microscope between crossed polarizers,
The Congo red solution was freshly prepared and filtered
three times through a 0.2 pm filter before use.
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For quantitative Congo red experiments, the samples
(0.1 mg/ml) were tested by the spectroscopic assay as de-
scribed (23). Amyloid fibrils in 80 % ethanol solution were
collected by centrifugation (30 min at 13,000 Xg) and resus-
pended in the same solution as that used in the birefrin-
gence experiments, The reaction samples were thoroughly
mixed and incubated at room temperature for at least 30
min before measurement. Amounts of amyloid fibrils could
be quantified from the maximum point of the difference
spectra of the Congo red solution between the presence and
absence of amyloid fibrils (23).

Electron Microscopy—Electron micrographs were ac-
quired using a JEOL JEM1010 transmission electron mi-
croscope at 100 kV acceleration voltage as described previ-
ously (15). Suspensions of the wild-type and mutant human
lysozymes (10 mg/ml) in concentrated ethanol solution
were applied to carbon-coated copper grids, blotted,
washed, negatively stained with 2% uranyl acetate (w/v),
air-dried, and then examined with a JEOL JEM 1010
transmission electron microscope operating at an accelerat-
ing voltage 100 kV.

X-ray Diffraction—X-ray diffraction experiments were
carried out using a Rigaku rotating anode X-ray generator,
RU-300, operated at 40 kV and 200 mA (A = 1.5418 A),
equipped with a Rigaku imaging plate detector R-AXIS Ilc
as described previously (I5). Precipitates were put into a
capillary with a diameter of 0.5 mm. The specimen-to-film
distance and the exposure time were 100 mm and 10 h, re-
spectively.

RESULTS AND DISCUSSION

Crystal Structures of Mutant Human Lysozymes—To
investigate the structural changes due to mutation, we
determined the crystal structures of the mutant human
lysozymes by X-ray analysis. The structures of the wild-
type, I56T and EAEA have been already analyzed (12, 14,
20). Data collection and refinement statistics of EAEA-I56T
are summarized in Table I. The structure of EAEA-I56T
was essentially identical to that of EAEA at the N-terminal
region and that of I56T in the vicinity of position 56. The
overall structures of the mutant proteins, I56T, EAEA and
EAEA-I56T, are similar to that of the wild-type protein, as
shown in Fig. 1, except for the mutation sites. This result

TABLE 1. X-riay data collection and refinement statistics of
EAEA-I56T human lysozyme.

EAEA-I56T
Data collection
Crystal system Hexagonal
Space group P6,22
a, ¢ (A) 90.117, 92 641
Resolution (&) 2.4
No. of measured reflections 72,930
No. of ind. reflections 9,168
Completeness of data (%) 99.8
R _* (%) 11.8
Remgnpement
No. of protein atoms 1,047
No. of solvent atoms 91
Resolution (A) 6-2.4
No. of used reflections 7,612
Completeness (%) 89.7
R-factor® 0.21

"R, = 100 ST<DV(D). *R-factor = S|FHFVZIF).
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indicates that these mutations do not serlously affect the
native structure of human lysozyme.

Conformational Stability of Mutant Human Lysozymes~
To measure the changes in conformational stability of the
mutant human lysozymes, we examined their heat dena-
turation by DSC. The stability of the wild-type, I56T and
EAEA has been already analyzed (12, 14, 20). The DSC
measurements were carried out in the acidic pH region,
where the heat denaturation of the human lysozyme is
highly reversible. Figure 2 shows typical DSC curves of the
human lysozymes. Table I represents the denaturation
temperatures (T,), the calorimetric enthalpies (AH_), and
the van’t Hoff enthalpies (AH ;) of each measurement for
EAEA-156T. Using these data and Eqgs. 1 to 3, the thermo-
dynamic parameters for the denaturation of the mutant
and wild-type proteins at the same temperature, 64.9°C,
which is the denaturation temperature of the wild-type pro-
tein at pH 2.7 (19), were calculated as shown in Table III.
The denaturation Gibbs energy changes (AG) of all mutant
proteins were smaller than that of the wild-type protein,
indicating the equilibrium destabilization due to substitu-
tion. The order of the stability of the human lysozymes was

TABLE 0. Thermodynamic parameters for denaturation of
EAEA-I56T human lysozyme at different pH values.

T AH AH

O GImel)  GJmelhy  AHa/AH,
2,69 405 218 241 0.90
2.80 417 226 246 0.92
2.96 478 277 300 0.92
3.08 50.1 288 310 0.93
3.22 52.7 301 302 1.00

Fig. 1. Overall structures (back-
bone) of the wild-type and I56T,
EAEA, and EAEA-I56T mutants
of human lysozyme. The four
structures are superimposed. Posi-
tion 56 and the N-terminal are la-
beled.

N-terminal
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as follows: wild-type > EAEA > I56T > EAEA-I56T. The
changes in AH and AG of EAEA-TI56T were similar to the
sum of each of the changes in I56T and EAEA. This result
shows that the effects of the mutations at the N-terminal
and position 56 on the stability are independent of each
other.

Amyloid Fibril Formation of Human Lysozymes in Etha
nol—Goda et al. (15) have reported that hen egg white
lysozyme forms amyloid-like fibrils in highly concentrated
ethanol. The amyloid-like fibrils are formed through an
increase in the contents of a-helix with increasing concen-
tration of ethanol (15). In this paper, we used ethanol to
promote the amyloid formation of human lysozymes, be-

Temperature (°C)

Fig. 2. Typical excess heat capacity curves of the wild-type and
I56T, EAEA, and EAEA-I56T mutants of human lysozyme. The
increments in excess heat capacity are 10 kJ mol* K.

TABLE III. Thermodynamic parameters for denaturation of the wild-type and mutant human lysozymes at the denaturation

temperature (64.9°C) of the wild-type protein at pH 2.7.

Ty CC) 4aT, (CC) ACP‘ (kJ mol™! K AH (kJ mol™) AAH (kJ mol™) AAG (kJ mol™)
Wild-type® 64.9 0) 6.6 477 © (0
EAEA* 57.3 -7.6 6.7 446 -31 -96
156T¢ 52.4 -125 5.2 425 52 -15.2
EAEA-I56T 40.4 245 7.0 390 -87 -23.7

*AC, was obtained from the slope of AH,, against T,. "From Takano-et al. (20)-From Godz et al. (14). “From Funahashi et al. (12).

Vol. 132, No. 4, 2002

2T0Z ‘62 Jequieldes uo AlseAIUN Pezy dlwes| Ie /Bi0'seuinolpioyxoqlj/:dny wouy papeojumod


http://jb.oxfordjournals.org/

658

cause it has been shown that there is no difference in amy-
loidogenicity upon mutation between the absence and pres-
ence of alcohol (8). In the case of human lysozyme, the wild-
type protein (0.1 mg/ml) precipitated in 85% ethanol, and
the three mutant proteins (0.1 mg/ml) precipitated in 75—
80% ethanol. Congo red staining, electron microscopy and
X-ray diffraction were used to determine whether the pre-
cipitates in highly concentrated ethanol of human lysozyme

Fig. 3. Optical microscopy image of EAEA human lysozyme ob-
tained under cross-polarized light. The precipitate of the EAEA
human lysozyme (10 mg/ml) was obtained after 1 week of incubation
in 70% ethanol solution and was stained with Congo red. The photo-
graph shows the blots of green birefringence coming from regions
rich in amyloid fibrils.

(A)

(a) (b)

(c) (d)

S. Goda et al.

are amyloid fibrils. Sample solution containing 10 mg/ml of
the human lysozymes was incubated at 25°C for one week
in 80% (for wild-type) or 70% (for three mutants) ethanol.
Optical microscope images of all the precipitates of the
human lysozymes (wild-type and three mutants) stained by
Congo red displayed pathognomonic green birefringence
under cross-polarized light. Figure 3 shows an optical mi-
croscopic image of the EAEA human lysozyme. The photo-
graph shows the blots of green birefringence coming from
regions rich in amyloid fibrils. The electron micrograph of
the EAEA human lysozyme showed a typical amyloid form

Fig. 4. Electron micrograph of a negatively stained prepara-
tion of EAEA of human lysozyme (10 mg/ml) in 70% ethanol so-
lution incubated at 25°C for 1 week (bar = 100 nm).

(B)

0A 47 A
= HA\ B
g | / d)
21 ©
5
5

A A L L A '3 ']
000 005 010 015 020 025 030 035 040
-1
A

Fig. 5. X-ray diffraction patterns (A) and radial intensity distri-
bution profiles of the X-ray diffraction patterns (B) of the wild-
type and EAEA, 1567, and EAEA-I56T mutants of human
lysozyme, Wild-type (a), EAEA (b), I66T (c), and EAEA-I56T (d). The
reflections generated by the interstrand spacing (4.7 A) and the inter
sheet spacing (about 10 A) typical of amyloid fibrils are marked by ar-
rows (B).
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with a diameter of approximately 70 A (Fli 4). The lengths
of_the fibrils-were- about 1,000-to- 2,000 A. These features
are similar to those of transthyretin amyloid protofilaments
(24). The X-ray diffraction pattern of the precipitates of the
human lysozymes (wild-type and three mutants) showed
one sharp and one broad reflection. Figure 5a shows the
diffraction patterns, and Fig. 5b shows the radial intensity
profiles for the circular average (25) of the human
lysozymes. The sharp reflection at 4.7 A arises from the
interstrand spacing in the B-sheets, and the broad reflec-
tion around 10 A arises from the intersheet spacing be-
tween one B-sheet and the next B-sheet. These results indi-
cate that the precipitates in highly concentrated ethanol of
the wild-type and three mutant human lysozymes have the
characteristics of amyloid-like fibrils, similar to those of
hen egg white lysozyme (15).

As described above, not only the amyloidogenic protein,
I56T human lysozyme, but also the wild-type and mutant
human lysozymes formed amyloid-like fibrils in highly con-
centrated ethanol solution. Morozova-Roche et al. (26) have
also shown that the amyloid fibrils of the wild-type human
lysozyme are formed upon incubation at low pH at high
temperature for several days. Recently, amyloid fibrils
formed by a number of proteins unlinked to disease have
been reported (27-31). For example, methionine aminopep-
tidase from a hyperthermophile forms amyloid-like fibrils
(31). Dobson (I) has described that amyloid formation is
not restricted to the small number of protein sequences
associated with diseases. The present results confirm that
amyloid formation is a property common to polypeptide
chains.

Amyloidogenicity of Human Lysozymes—To determine
the amount of fibrils formed at various ethanol concentra-
tions for each human lysozyme (0.1 mg/ml), a decrease in
the absorbance of the supernatant was measured at 280
nm after the precipitates were separated by centrifugation

035 o/ T T T T

0.25F 4

absorbance (arbitrary unit)
§

005| 740 L A 1 n
50 665 M 75 80 85

ethanol concentration % (v/v)

Fig. 6. Relation between the OD at 280 nm of the supernatants
and ethanol concentration of the wild-type and EAEA, I56T,
and EAEA-IG6T mutants of human lysozyme. Wild-type
(squares), EAEA (circles), I66T (up-triangles), and EAEA-I56T
(down-triangles). The concentration of human lysozymes was 0.1
mg/ml. After incubation with various concentrations of ethanol at
25°C for 15 h, centrifugation was carried out for 13,000 xg for 30
min. The changes in OD at 280 nm of the supernatant of the wild-
type and mutant human lysozyme solutions in the various concen-
trations of ethanol were measured.
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(for 30 min at 13,000 xg). Figure 6 shows the relation be-

tween-the-ethanoel concentration-and the ‘decrease-in absor-

bance of the supernatants of the wild-type and mutant
human lysozymes. The decrease in absorbance means that
highly associated precipitates due to formation of fibrils ap-
pear in the solution. In 80% ethanol, the amount of fibrils
formed was different among the proteins.

To elucidate the propensity for amyloid fibril formation of
human lysozyme, the kinetic measurements of amyloid
fibril formation were carried out in 80% ethanol solution.
The amount of fibrils was evaluated by the quantitative
Congo red stain method (23). Figure 7 shows the time
course of amyloid fibril formation of the human lysozymes.
The EAEA-I56T and EAEA human lysozymes formed amy-
loid fibrils within 1 h, and the amyloidogenic mutant hu-
man lysozyme, I56T, formed fibrils in up to 8 h. The wild-
type protein, however, did not form fibrils after 30 h under
these conditions. The order of the fibril formation rate of
the human lysozymes was EAEA-I56T > EAEA > I56T >
wild-type. This result indicates that the elongation of four
residues at the N-terminal of human lysozyme remarkably
promotes the formation of amyloid fibrils.

Why do the four extra N-terminal residues of human
lysozyme facilitate the amyloid formation? The N-terminal
region of the wild-type human lysozyme consists of a B-
sheet. Crystal structural analysis revealed that the four
extra residues in EAEA or EAEA-I56T do not form second-
ary structures but are near another larger B-sheet in the 8-
domain of the molecule. Thus, the four residues might
actively participate in the association of B-structures in
amyloid fibrils. Krebs et al. (32) have reported that the pep-
tides derived from the B-sheet region of hen egg white
lysozyme, which is homologous to human lysozyme, form
fibrils very readily, suggesting that the B-domain is of par-
ticular significance in the fibril formation. Hydrogen ex-
change experiments have also shown that an amy-
loidogenic D67H mutant human lysozyme reduces the sta-
bility of the B-domain in the native structure (33).

0.10 T T T —h T

A absorbance (arbitrary unit)

10720 30

0z 4 6 8
Time (hour)
Fig. 7. Time course of amyloid fibril formation of the wild-type
and EAEA, 156T, and EAEA-I56T mutants of human lysozyme
(0.1 mg/ml) in 80% ethanol solution. Wild-type (squares), EAEA
(circles), I56T (up-triangles), and EAEA-I56T (down-triangles). After
incubation at 26°C, centrifugation was carried out for 13,000 xg for

30 min. The amounts of amyloid fibrils were quantified by a Congo

red staining method. - - - -
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Relation between Stability and Potential to Form Amyloid
Fibrils of Human Lysozymes—Recently, several studies
have reported a correlation between instability and the pro-
pensity for in vitro fibril formation in mutants of some pro-
teins (6-9). This indicates that fibril formation is pre-
dominantly controlled by thermodynamic stability. In the
case of human lysozyme presented here, the amyloidogenic
mutation Ile56 to Thr, which causes the destabilization in
both the wild-type and EAEA human lysozymes, also pro-
motes the fibril formation in both proteins. This indicates
that instability is also important in the amyloid formation
process in the EAEA human lysozyme. However, there was
not a linear correlation between the level of instability and
amyloidogenic potential in the wild-type and all mutant
proteins: the order of the conformational stability was wild-
type > EAEA > I56T > EAEA-I56T, but the order of the pro-
pensity for amyloid fibril formation was EAEA-I56T >
EAEA > I56T > wild-type. It has also been reported that
the order of stability of wild-type and mutant transthyre-
tins does not correlate with their known amyloidogenic
potential (34), and a highly stable protein, methionine ami-
nopeptidase from a hyperthermophile, can form amyloid-
like conformation (31). These results suggest that mutant-
induced thermodynamic destabilization is insufficient to
explain amyloid formation. Amyloid fibril formation must
also be controlled by other factors. This is also supported by
evidence that not every unstable natural protein forms

- amyloid fibrils in vivo.

What factors other than stability are related to amyloid
formation? It is known that formation of amyloid by natu-
ral proteins not related to disease is promoted in vitro by
partially denaturing conditions such as low pH (26, 35),
high temperature (36) or the presence of alcohols (15, 28).
These findings suggest the importance of the partly dena-
tured structure for amyloid formation. Takano et al. (13)
have also have shown that the intermediate state tends
to facilitate amyloid formation by the mutant human
lysozymes more than equilibrium destabilization between
the native and completely denatured states.

Previous reports have also proposed that the mechanism
of amyloid formation consists of two steps: (i) a monomer
molecule misfolds and transforms into a precursor, and (ii)
the precursors associate and elongate into fibrils (6, 37-39).
The first step should be strongly related to the overall
instability or tendency to favor the partially denatured
structure of proteins. In contrast, the second step should be
affected by the capacity for the association into fibrils. This
would be related to the tendency to form the p-sheet struc-
ture, because amyloid fibrils consist of a number of B-
sheets. Recently, it has been reported that the changes in
amyloidogenicity upon mutation correlate with changes in
the B-sheet propensity and hydrophobicity (40), and muta-
tions at the edge of B-strands strongly affect amyloid fibril
formation (41, 42). This means that amyloid fibril forma-
tion is controlled not only by stability but also by amino
acid sequence. In the case of the EAEA human lysozymes,
the four additional residues at the N-terminus B-structure
might contribute to the association into fibrils as described
above, resulting in a faster fibril formation of EAEA than
I56T, although the stability of EAEA is higher than that of
I56T. This also suggests that deletion of amino acid resi-
dues in B-structures in the native structure of a protein
would inhibit amyloid fibril formation.

S. Goda et al.

Conclusion—Here, we show that an artificially modified
protein, EAEA human lysozyme, which has four additional
residues at the N-terminal located on a B-structure, has a
higher propensity for fibril formation than an amy-
loidogenic mutant human lysozyme. This indicates that
amyloid formation is controlled not only by stability but
also by other factors: in this case, elongation in a B-struc-
ture promotes amyloid fibril formation.

We thank Takeda Chemical Industries (Osaka) for providing the
plasmid pGEL 125.
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