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In murine senile amyloidosis, misfolded serum apolipoprotein (apo)
Al deposits as amyloid fibrils (AApoAll) in a process associated with
aging. Mouse strains carrying type C apoA-ll (APOA2C) protein exhibit
a high incidence of severe systemic amyloidosis. Previously, we
showed that N- and C-terminal sequences of apoA-ll protein are
critical for polymerization into amyloid fibrils in vitro. Here, we
demonstrate that congenic mouse strains carrying type F apoA-il
- (APOAZF) protein, which contains four amino acid substitutions in
the amyloidogenic regions of APOA2C, were absolutely resistant
to amyloidosis, even after induction of amyloidosis by injection
of AApoAll In vitro fibril formation tests showed that N- and
C-terminal APOAZF peptides did not polymerize into amyloid fibrils.
Moreover, a C-terminal APOA2F peptide was a strong inhibitor of
nucleation and extension of amyloid fibrils during pelymerization,
Importantly, after the induction of amyloidosis, we succeeded in
suppressing amyloid deposition in senile amyloidosis-susceptible
mice by treatment with the C-terminal APOA2F peptide. We
suggest that the C-terminal APOAZF peptide might inhibit further
extension of amyloid fibrils by blocking the active ends of nuclei
(seeds). We present a previously unidentified model system for
investigating inhibitory mechanisms against amyloidosis in vivo
and in vitro and believe that this system will be useful for the de-
velopment of novel therapies.

amyloid fibril formation | apolspoprotem A-ll | inhibitory peptide |
mouse | senile amyloidosis

myloidosis refers to a group of protein structural disorders

characterized by the extracellular deposits of insoluble am-
yloid fibrils resulting from abnormal conformational changes
(1-5). Amyloid fibrils have a characteristic ultrastructural ap-
pearance and a f-pleated sheet core structure that consists of
full-length proteins and/or fragments of either WT or mutant
proteins found in familial diseases (2, 6-8). In humans, 28
amyloidogenic proteins have been identified. They are associated
with prominent diseases such as Alzheimer’s disease, hemodialysis-
associated amyloidosis, and familial amyloid polyneuropathy (2,
9, 10). To develop a therapeutic strategy for these disorders, it is
essential to understand the mechanisms of amyloid fibril formation.
Currently, the molecular and biological mechanisms that convert
proteins into amyloid fibrils in vivo and in vitro remain largely
unknown.

Apolipoprotein (apo) A-II is the second most abundant apo-
lipoprotein in human and mouse plasma high-density lipoproteins
(HDLs) (11) and the most important protein associated with mu-
rine senile amyloidosis because it is the precursor of amyloid fibrils
(AApoAIl) (12-15). Seven alleles of the apoA-II gene have been
found among inbred strains of mice, with polymorphisms in 15
nucleotide positions comprising eight amino acid positions (16).

www.pnas.org/cgi/doi/10.1073/pnas. 1416363112

Each inbred laboratory mouse strain has a single type apoA-1I
protein, and the pathological findings of senile amyloidosis in
strains with type A, B, or C apoA-II (APOA2A, APOA2B, or
APOA2C, respectively) have been investigated (13, 17, 18).
C57BL/6J, ICR, and DBA/Z strains have APOAZA and exhibit
a moderate incidence of mild amyloid deposits with aging (19,
20). BALB/c, C3H/He, N2B, 129/SV, and SAMRI strains have
APOA2B and exhibit a low incidence of slight amyloid deposits
with aging. In contrast, the SAMP1 strain has APOA2C and
spontaneously exhibits a high incidence of severe systemic amy-
loid deposits with aging (20-22). We previously reported a
unique mechanism in which N- and C-terminal peptides of
apoA-II protein associated into amyloid fibrils in vitro (23)
according to the nucleation-dependent polymerization model,
which can explain the general mechanisms of amyloid fibril
formation (24-28). The 11-residue amino acid sequence from
positions 6-16 in the N terminus of apoA-II protein is critical for
polymerization into amyloid fibrils. The 18-residue amino acid
sequence from positions 48-65 in the C terminus of apoA-II is
also necessary for nucleation, but not for the extension phase.
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Protein 1
APOA2A  QADGEY
APOA2B
APOA2C
APOAZF

Peptide a6/16 DMQSLFTQYFQ a48/65 QLTPLVRSAGTSLVNFFS
f6/16 ...5...... B {48/65 ...... Revenunn Reo

a48/65(R54K) ...... Revenenn N...

a48/65(N62K)  ...... Revernnn R...

a48/65(N62R)  ...... Revevunn R...

a48/65(N62A) ...... Revennns Ao

Fig. 1. Amino acid sequences of mouse apoA-ll and synthetic partial peptides. For types A, B, and C apoA-Il proteins (APOA2A, APOA2B, and APOA2C, .
respectively), the two amino acid sequences indicated in the red-colored boxes at positions 6-16 at the N terminus and 48-65 at the C terminus are the
essential and common sequences required for amyloid fibril formation (23). Synthetic partial peptides were used to evaluate polymerization into am-
yloid fibrils in vitro and suppression against amyloid deposition in mice. The bold and blue-colored letters at positions 9, 16, 54, and 62 indicate the four
variant amino acids in the core sequences for types A/B/C and F apoA-Il proteins. Peptides containing orange letters represent substitutions of the a48/65

(N62K) peptide.

Both sequences are common, and there is no substitution among
APOA2A, APOA2B, and APOA2C (Fig. 1).

We hypothesized that some amino acid substitutions in these
N- and C-terminal amyloidogenic sequences of apoA-II might
inhibit the polymerization of apoA-II into amyloid fibrils. In that
regard, type F apoA-II (APOAZ2F) contains four substitutions in
the N- and C-terminal peptides relative to APOA2C (16) (Fig. 1).
In this study, we evaluated the in vivo incidence of amyloid-
osis in mice having APOA2F and compared it with those in mice
having APOA2A or APOA2C. We also analyzed the ability of
APOAZ2F peptides to polymerize into amyloid fibrils in vitro. In
previous studies, we found that injection of a very small amount
of AApoAIl amyloid fibrils markedly accelerated amyloid de-
position (13-15). We demonstrated that mice with APOA2ZF
were absolutely resistant against senile amyloidosis, even after

" induction of amyloidosis by injection with type C AApoAIl
fibrils. Thus, we have succeeded in suppressing amyloid deposits
in amyloidosis-susceptible mice by treatment with the C-terminal
APOAZF peptide. We thus demonstrate that the C-terminal
sequence of APOA2F is an important inhibitor of polymeriza-
tion into amyloid fibrils in vitro and in vivo. These findings
provide a previously unidentified model system for investigating
inhibitory mechanisms against amyloidosis in vivo and in vitro.

Results

Mice Expressing APOA2F Suppress AApoAll Amyloidosis. To deter-
mine whether amyloid fibrils would be deposited in mice expressing
APOAZF, we generated B6.SPRET-Apoa? and R1.SPRET-Apoa2
congenic mice and iv. injected a single dose of 100 pg of sonicated
AApoAIl fibrils into 2-mo-old animals. Two to 9 mo later, we
evaluated amyloid deposits by the presence of green birefringence
in Congo red-stained tissue from whole mice and evaluated the
amyloid index (AI) (13, 29, 30). In mice carrying the Apoa2” or the
Apoa2° allele, AApoAII fibrils can deposit in systemic organs such
as the tongue, stomach, small intestine, lung, heart, liver, spleen,
and skin (but not the brain) (12, 19, 20, 30, 31). In our experiments,
the organ distribution of deposited amyloid in Apoa2® mice was
similar to that in Apoa2® mice (Fig. 2 and Table S1). In B6.SPRET-
Apoa?’ mice, amyloid deposit was detected in mice with 4poa2”
alleles (Fig. 24). The Al increased in a time-dependent manner
after in)'ection of AApoAII fibrils in Apoa2** mice. In contrast, in
Apoa2”! mice, the Al was approximately constant for 9 mo and was
less than half that of Apoa2”™ mice. None of the Apoa2” mice had
amyloid deposit over a 9-mo period. Representative images of early
and severe amyloid deposits in the tongue, stained with Congo red
or by immunohistochemical methods, are shown in Fig. 2B. Nine
months after the injection of AApoAIl fibrils into B6.SPRET-
Apoa2’ mice, amyloid deposits in the tongues of Apoa2* mice were
readily observed in the lamina propria, and those in Apoa2 mice
were detected in the same region. AApoAIl amyloid deposits were
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confirmed immunohistochemically. In contrast, AApoAll deposits
were not detected anywhere in the tongues of Apoa2” mice. In the
R1.SPRET-Apoa2’ congenic mice, we detected amyloid deposits in
all mice with the Apoa2° allele (Fig. 24 and Table S1). In contrast,
none of the Apoa2”’ mice showed amyloid deposit anywhere in the
body. The Als of Apoa2°’ mice were less than half those of Apoa2°*
mice 2 and 6 mo after induction. In addition, none of the Apoa2”
mice showed spontaneous amyloid deposit until 13 mo of age
even though Apoa2?’ mice had amyloid deposits in several
organs at the same period and Apoa2® mice had severe am-
yloid deposits (Table S2).

Properties of Plasma HDL in Mice with APOA2F. ApoA-II proteins in
plasma are primarily distributed in HDL; particles (15, 32). To
determine the effects of the polymorphism of apoA-II protein on
lipoprotein distribution, we examined the properties of HDL and
levels of ApoAs and cholesterols in B6.SPRET-Apoa2f mice
(Fig. 3). The contents of apoA-I and apoA-II proteins in the
plasma HDL fraction in Apoa2” mice were similar to those in
mice with the Apoa2” allele (Fig. 34). The particle sizes of HDL;
in Apoa2™ mice were similar to those of mice with the Apoa2”
allele and were smaller than those of the amyloidosis-resistant
SAMR1 mice (Apoa2””;)‘ The plasma levels of total and HDL
cholesterols in Apoa2’ mice were not significantly different
compared with those in mice with the Apoa2® allele (Fig. 3B). In
the R1.SPRET-Apoa2’ mice, the plasma levels of total and HDL
cholesterols in Apoa2” mice were not different compared with
those in mice with the Apoa2° allele (Fig. $1). From these results,
we conclude that the Apoa2™ allele suppresses amyloidosis and
that APOAZF affects neither the contents of apoA-I and apoA-II
proteins nor the properties of plasma apoA-II-associated HDL.

Partial Peptides of APOA2F Cannot Polymerize into Amyloid Fibrils in
Vitro. We examined in vitro amyloid fibril formation by synthetic
partial peptides of APOAZF using previously described methods
(23). Thioflavin T (ThT)-fluorescence intensities of the APOA2A
peptides (a6/16 + a48/65, TYPE A), which had common sequences
of APOA2A and APOA2C proteins, were stable for up to 2 h of
incubation at pH 2.5 (the nucleation phase) and then increased
linearly until they reached a plateau phase after 8 h (the exten-
sion phase) (Fig. 44). Using transmission electron microscopy
(TEM) to examine reaction mixtures after 21 h of incubation, we
observed abundant amyloid fibrils with characteristic structures
(Fig. 4B). Moreover, apple-green birefringence was observed in
the mixture stained with Congo red under polarizing light mi-
croscopy (LM). In contrast, the ThT intensities of the APOA2F
peptides (£6/16 + f48/65, TYPE F) were relatively unchanged
even after 21 h of incubation, and amyloid fibrils could not be
detected by TEM. Moreover, the characteristic apple-green bi-

refringence of fibrils under polarizing LM was absent from the
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Fig. 2. . Induction of amyloid:-deposits by i.v. injection of 100 pg of AApoAll

amyloid fibrils. (A) The degree of amyloid deposits (amyloid index, Al) in
mice at the indicated time of observation. Each bar shows the mean.
Numbers in parentheses represent amyloid-positive mice/total mice exam-
ined. *P < 0.05; **P < 0.01; ***P < 0,001 (Mann-Whitney U test). (B) AApoAll
deposits in the tongue of B6.SPRET-Apoa2’ mice after 9 mo of the induction.
(Upper) Amyloid deposits were identified by green birefringence in Congo
red (CR)-stained sections using polarizing LM. According to the criteria of
AApoAll amyloid deposits in mice (13, 29, 30), grades of amyloid deposit
were 4, 2, and 0 in Apoa2™, Apoa2®, and Apoa2™, respectively. (Lower)
AApoAll deposits were confirmed immunohistochemically (IHC) with anti~
apoA-ll antiserum. (Scale bars: 100 pm.)

‘mixture stained with Congo red dye. From these results, it was
apparent that the combining of N- and C-terminal APOA2F
peptides falled to form amyloid fibrils.

The C-Termmal APOAZF Peptide Suppressed Polymerization of Amyloid

Fibrils in Vitro. We hypothesized that the N- and/or C-terminal -

APOA2F peptides might inhibit polymerization into amyloid
fibrils. Thus, we examined fibril formation in a reaction mixture
containing both APOA2A and APOAZ2F peptides. First, we ex-
amined fibril formation in a mixture containing the N-terminal
APOA2A peptide with the C-terminal APOAZF peptide (a6/16 +
£48/65) and vice versa (f6/16 + a48/65). In each case; ThT intensity
was uncharged over 21 h of incubation (Fig. 44). Second, we ex-
amined fibril formation in reaction mixtures of a6/16 + 148/65 with
APOA2F peptides at various concentrations. Reaction mixtures of
TYPE A + TYPE F (1:1 mixture) showed unchanged intensities in
contrast to TYPE A (Fig. 54). N-mixture [(a6/16 + £6/16) + a48/65]
showed increased ThT intensities in a fashion similar to those of
TYPE A over 3 h of incubation (Fig. 54). ThT intensities of the
N-mixture increased linearly and reached a plateau phase after
6 h, but the maximal intensities were less than one-half those of
TYPE A. An N-mixture 1:2 {[25 pM a6/16 + 50 pM £6/16 (1:2)] +
50 pM a48/65} showed an increasing pattern similar to the
N-mixture at equal concentrations of N-terminal peptides (N-mix:

ture 1:1) (Fig. $2). In contrast, C-mixture [a6/16 + (a48/65 +
f48/65)] showed no change in ThT intensity similar to that of TYPE
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F (Fig. 54). Using TEM, amyloid fibrils were observed in the
N-mixture after 23 h of incubation, but characteristic fibrils were
not detected in the C-mixture after the same period (Fig. 5B).
We analyzed the components of the amyloid fibrils formed in the
N-mixture by HPLC and lignid chromatography with tandem
mass spectrometry (LC-MS/MS). After a 23-h incubation of
the N-mixture, amyloid fibrils contained APOAZ2A peptides
(a6/16, a48/65, and pyro-a48/65), but not the N-terminal APOA2F
peptide (f6/16) (Fig. 5C).

Next, we investigated the extension of amyloid flbnls when
premade fibrils were added as seeds in the reaction mixtures.
With the premade fibrils in the reaction mixtures, ThT intensities
of TYPE A increased rapidly from the beginning of agitation and
then reached a plateau phase after ~4 h (Fig. 5D). The lag phase
shown in Fig. 54 was absent. In contrast, the ThT intensities of
TYPE F did not increase. The N-mixture showed an increase
resembling that of TYPE A, but the maximum intensities were less
than one-half as great as TYPE A. In contrast, the ThT intensities
of the reaction mixtures containing the C-terminal APOAZF pep-
tide (C-mixture and 1:1 mixture) increased only slightly, even with
premade fibrils.

To investigate the suppressive effects of the C-terminal APOA2F
peptide on polymerization into amyloid fibrils, we analyzed the
polymerization of the C-mixtures at several ratios of 48/65 to
APOA2A peptides. The f48/65 at concentrations of one-fifth and

one-tenth of 25 pM ad8/65 peptide (1:0.2 and 1:0.1 ratios)

completely inhibited the polymerization of APOA2A peptides
into fibrils, results similar to those seen at a 1:1 ratio (Fig. 5E).
The inhibition of polymerization continued over a 15-d period
(Fig. $3). We also examined polymerization of other C-mixtures
at higher concentrations of £48/65. The f48/65 at a concentration
of 10 pM with 50 pM a48/65 [1:0.2(H)] (H, high-concentration
condition), which mimicked the native situation of N- and
C-terminal sequences of apoA-I1, inhibited the polymerization of
APOA2A peptides (Fig. 5F). In contrast, 5 pM f48/65 plus 50 uM
a48/65 [1:0.1(H)] was less effective at inhibition than 1:0.2(H).
Thus, the f48/65 inhibited the polymerization of APOA2A
peptides into amyloid fibrils in a dose-dependent manner.
Next, we analyzed the polymerization of APOA2A peptides
when there was a single amino acid substitution at positions 54 or
62 of APOA2A as shown in Fig. 1. The ThT intensities of a6/16 +
a48/65(R54K) stimulated polymerization into fibrils (Fig. 64).
Using TEM, the amyloid fibrils were observed in the reaction
mixture of a6/16 + a48/65(R54K), but, in addition, aggregated
amorphous bodies were also detected in abundance (Fig. 6D).
An amino acid substitution at position 62 (N62K) of APOA2A
completely inhibited not only the polymerization of a6/16 +
a48/65(N62K) into amyloid fibrils (Fig. 64), but also the poly-
merization of the amyloidogenic APOA2A peptides (Fig. 6B).
Moreover, the inhibitory ability of a48/65(N62K) tended to be
stronger than that of the f48/65 (Figs. 5F and 6B and Fig. 54).
We performed the polymerization using other variants [a48/65
(N62R) and a48/65(N62A)] (Fig. 6 C and E). Similar to the
abilities of the a48/65(N62K), a48/65(N62R) almost completely
inhibited the polymerization into fibrils with the a6/16 and po-
lymerization of the amyloidogenic APOA2A peptides. However,
the inhibitory ability of a48/65(N62A) was weaker than that of
a48/65(N62K), and only a few characteristic forms similar to
fibrils derived from TYPE A were detected in the concentrated

) mlxture of a6/16 + a48/65(IN62A) (Fig. 6D).

Testing the Hypothesis That the C-Terminal Sequence of APOA2F
Might Block Further Amyloid Fibril Formation by Inhibiting Seeding
Activity of Amyloid Fibrils. We conducted experiments to elucidate
whether C-terminal sequences of APOA2F might have other in-

- hibitory effects on amyloid fibril formation. First, we performed

polymerization of APOA2A peptides mixed with a48/65(N62K)
for various incubation times (Fig. 74). The ThT plot of APOA2A
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Fig. 3. Plasma concentrations of apoAs and cholesterols in B6.SPRET-Apoa2’
mice at 2 mo of age. (A, Upper) ApoA-l and apoA-ll in the HDL fraction were
detected by CBB staining. (Lower) HDL; particles were visualized by Sudan
Black B staining. SAMR1 strain was used as a control for comparison with the
Apoa2™ mice. (B) Concentrations of plasma total and HDL cholesterols (TC
and HDL-C, respectively). Each column and bar represents the mean =+ SD,
and numbers in parentheses represent total mice examined. There were no
significant differences among three groups in various pairwise comparisons
(Tukey-Kramer method for multiple comparison).

peptides plus the a45/65(IN62K) at the initial phase increased only
slightly and resembled that of the C-mixture 1:1(H) in Fig. 6B.
Mixing APOA2A peptides with a48/65(N62K) at the plateau
phase of polymerization yielded a plot that was similar to that
obtained with the TYPE A over a 48-h incubation period. In-
terestingly, the plot of the mixture in the case of the addition of
a45/65(N62K) at linear phase increased to 8 h and then de-
creased to less than half maximal intensity.

Next, we examined extension of APOA2A peptides in the
presence of preincubated seeds with C-terminal peptides. In the
presence of preincubated seeds with a48/65, the ThT intensities
increased from the beginning of agitation and reached a plateau
phase after ~4 h (Fig. 7B). The increase was similar to that of the
APOA2A peptides mixture containing preincubated seeds with
vehicle. The characteristic forms of amyloid fibrils were readily
detected in the mixture containing preincubated seeds with a48/65
after 48 h incubation (Fig. 7C). In contrast, ThT intensities of the
mixture in the presence of preincubated seeds with a48/65(N62K)
increased moderately and reached a plateau phase at approximately
one-quarter that of preincubated seeds with a48/65 or vehicle after
48 h incubation (Fig. 7B). In the mixtures with preincubated seeds
with a48/65(N62K), shorter formed fibrils were detected compared
with those of the mixtures with preincubated seeds with a48/65
(Fig. 7C).

We investigated the binding site of a48/65(N62K) on amyloid
fibrils. First, we confirmed that the biotin-labeled a48/65(N62K)
had an inhibitory effect on polymerization of APOA2A peptides
almost equal to that of a48/65(N62K) (Fig. S5). Using the in-
teraction of biotin and streptavidin, we observed that biotin-
labeled a48/65(N62K) existed near amyloid fibrils. Under TEM,
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colloidal gold with streptavidin was detected close to the head,
but not the body, of fibrils preincubated with the biotin-labeled
a48/65(N62K) (Fig. 7D and Fig. S6).

We also analyzed the degradation of amyloid fibrils in the
presence of C-terminal peptide. Premade seeds gradually de-
creased regardless of the C-terminal peptides added (Fig. 7E).

The C-Terminal Sequence of APOA2F Suppressed AApoAll Amyloidosis
in Vive. We investigated whether the C-terminal sequence of
APOAZ2F had inhibitory effects on AApoAIl amyloidosis in vivo.
All mice implanted with the a48/65(N62K) pump showed the
onset of amyloidosis, but their amyloid deposits were lower than
those in mice implanted with the vehicle or a48/65 pumps (Fig.
84 and Table S3). The severe amyloid deposits were observed
abundantly in the tongues of mice implanted with the vehicle
or a48/65 pumps (Fig. 8B). In contrast, in mice implanted with
the a48/65(N62K) pump, amyloid deposits were comparatively
moderate.

Discussion

We reported previously that the onset and frequency of senile
amyloidosis was related to the type of apoA-II protein in mice
(17, 19, 29, 33). As shown in Fig. 1, there are only two instances
in which proline (Pro, P) was replaced by glutamine (Gln, Q) at
position 5 and alanine (Ala, A) was replaced by valine (Val, V)
at position 38 in a comparison between amyloidosis-low-sensitive
APOA2B and amyloidosis-susceptible APOA2C mice (17, 19, 33).
‘We previously demonstrated in vitro that the N-terminal peptides of
both APOA2B and APOA2C (positions 1-16 with substitution of
Gln for Pro at position 5) showed the same properties in the
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Fig. 4. Synthetic partial peptides of APOAZF could not polymerize into
amyloid fibrils in vitro. (A) ThT plots of synthetic partial peptides (50 uM
each). Each symbol and bar represents the mean + SD (n = 3). a.u., arbitrary
units. (B) Microscopic analyses of the mixtures after 21 h of incubation. (Left)
TEM Images. (Scale bars: 100 nm.) (Right) Images of Congo red-stained glass
slides under bright-field or polarized LM. (Optical magnification: 100x.)
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(B) TEM images of the mixtures after 23 h of incubation. (Scale bars: 100 nm.) (C) Representative LC-MS/MS analyses show profiles of the products of the

N-mixture after 23 h of incubation. (D) Seed-dependent amyloid fibril extensi
fibrils, extension of TYPE A, TYPE F, or mixtures of APOA2A and APOAZF peptid

on of APOA2A and APOAZF peptides. In the presence of premade APOA2A
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mean = SD (n = 3). a.u., arbitrary units. (£ and F) ThT plots of APOA2A peptides mixed with f48/65 at various concentrations. Concentrations of the a48/65 in

the mixtures were 25 pM in £ (n = 3) and 50 uM [high-concentration condition, (
symbol and bar represents the mean =+ SD. a.u., arbitrary units. .

nucleation and extension phases of amyloid fibril formation in
combination with the C-terminal peptide (positions 48-65) (23).
Moreover, the N-terminal sequence from positions 1-5 was not
critical for polymerization into fibrils. Although the C-terminal
region was necessary for nucleation, its sequence was common
between APOA2B and APOA2C. We could not explain the
mechanisms underlying the reduced amyloidogenicity of APOA2B
from the in vivo polymerization analysis. Genetic analyses sug-
gested that higher levels of cholesterol and larger particles of
HDL were present in the plasma of mice with APOA2B com-
pared with mice with APOA2C (15, 34) and that it was due to an
Ala-to-Val substitution at position 38 (35). In fact, we found that
iv. injection of AApoAll fibrils derived from APOA2B induced
severe amyloidosis in SAMR1 mice with APOA2B (13). Thus,
we expect that APOA2B might differ from APOA2C in binding
affinity for HDL and in metabolic processes and that amyloidosis
could be easily induced in mice with APOA2B by changing the
microenvironment into a pathogenic state.

In the present study, using congenic mouse sirains carrying
APOAZF, we demonstrated that homozygous Apoa2” mice were
“absolutely” resistant to amyloidosis (Fig. 2 and Tables S1 and
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H)] in F (n = 4), and that of the a6/16 in each reaction mixture was 50 pM. Each

52). We also demonstrated that none of the plasma biochemical
parameters of A/panf/f mice were significantly different from
those of Apoa2™ and Apoa2° mice (Fig. 2 and Fig. $1). In
addition, the particle sizes of plasma HDIL; of homozygous
Apoa2™ mice were the same as those of Apoa2*” (Fig. 3). From
in vitro analyses, we demonstrated that the APOAZF peptides
alone and also N- or C-terminal APOA2F peptide with C- or
N-terminal APOAZA peptide did not polymerize into amyloid
fibrils (Figs. 4 and 5). Those findings suggest that the mechanism
underlying the resistance of APOA2F against amyloidosis might
be different from the mechanism discussed for APOA2B in our
previous reports (17, 29, 36) and that it might be based on the
nonamyloidogenicity of APOA2F protein. However, our con-
genic mice were generated by backcrossing only six generations,
and it is possible that other genes could play a major role in
amyloidogenicity. Further genetic investigations of those mice’
will need to be conducted.

Most importantly, we found that APOAZF had an inhibitory
effect on amyloid fibril formation by APOA2A. APOA2ZF had
protective effects in vivo as seen in amyloidosis-induced Apoa2”’
mice (Fig. 24) and in the spontaneous amyloidosis in Apoaz’f
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Fig. 6. Single amino acid substitutions in the C-terminal sequence at position 62 of APOA2A inhibited the polymerization of amyloidogenic peptides. (A and C)
ThT plots of the N-terminal APOA2A peptide plus a single amino acid substitution. Each concentration of peptides in the mixture was 50 pM. Each symbol
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concentrate were detected [a48/65(N62A) (Concentrate)]. (Scale bars: 100 nm.)

mice (Table S2). In vitro, the C-terminal APOA2F peptide (f48/65)
inhibited not only the polymerization into fibrils but also the
extension phases of the amyloidogenic APOA2A peptides (Figs.
5 and 6 and Fig. $3). In particular, the a48/65(N62K) was a
stronger inhibitor than the f48/65 (Fig. 54). We also showed that
the a48/65(N62K) suppressed amyloid deposits in vivo (Fig. 8).
Furthermore, we obtained findings supporting our hypothesis
that the C-terminal APOAZF peptide might inhibit the extension
by capping the active ends of the seeds or new amyloid fibrils
made by fragmentation (Fig. 7 A-D and Fig. S6). The premade
fibrils decreased gradually over a 10-d period regardless of the
C-terminal peptides added (Fig. 7E). In contrast, when both
N- and C-terminal APOAZ2A peptides were present in the reaction
mixtures, the fibrils made from APOA2A peptides after 24 h of
incubation were almost constant over a 15-d period (Fig. S3).
The constant amount of amyloid fibrils over 24 h of incubation as
TYPE A (Fig. 83) might be due to chemical equilibrium between
the combination of peptides and fibrils. If this interpretation is
correct, these results could suggest that the stability of amyloid
fibrils derived from apoA-II peptides might require a supply of
both N- and C-terminal peptides.

Based on our in vitro studies, we have proposed models de-
scribing the inhibition of amyloid fibril formation by apoA-II
protein via a selective C-terminal APOAZF peptide (Fig. 9). At
present, we do not know whether C-terminal APOA2F peptides
directly contact APOA2A peptides and inhibit the nucleation
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phase of fibril formation. The C-terminal APOA2F peptide
could inhibit fibril formation from the initial phase of polymer-
ization (Figs. 5F and 6B). Thus, we believe that the C-terminal
APOAZF peptide’s inhibition of polymerization at the extension
phase cannot be explained without interaction between APOA2A
and APOAZF. Further studies are required to investigate the in-
hibitory effect of the C-terminal APOA2F peptide on polymeriza-
tion of other amyloid fibrils and/or amyloidogenic proteins.

The Asp76Asn variant of f,-microglobulin (D76N p,M) is
notable because the substituted amino acid changed the electric
charge from negative to neutral at the single amino acid residue
within the region promoting polymerization of WT B,M (37).
The change resulted in accelerated polymerization of p,M into
amyloid fibrils. We speculated that the Asn76 amide might es-
tablish a new hydrogen bond with Tyr78, as a result of which the
equivalent region of D76N $,M would become more rigid than
WT poM. The a48/65(N62K) changed the electric charge to
positive and eliminated the amide residue at position 62 of
APOA2A. Its capacity for amyloidogenesis was the opposite of
the D76N B,M. We speculate that the lack of an amide at po-
sition 62 of APOA2A, like a48/65(N62K), resulted in decreased
amyloidogenicity. This hypothesis is supported by findings using
another variant [a48/65(N62R)]. It has a positive electric charge
but lacks an amide similar to the a48/65(IN62K), and it almost
completely inhibited the polymerization into amyloid fibrils (Fig.
6 C and E). On the other hand, another variant a48/65(N62A),

Sawashita et al.



B , C Pre-incubated with
TR TR 600 T £ .
; i b ] ! a48/65 a48/65(N62K),
l.— 500 —
1 8400
19
43300
i @
: ] é 200
S E™ N
0 a4 - & IS P P U I I I
0 10 20 30 40 50 [} 5 10 15 20 25 50
Incubation time (h) Incubation time (h)
~&—TYPE A Pre-incubated with
—~<- Initial phase ~B&- Vehicle
~/- Linear phase }th a4B/65(N62K) ~ @ adB/65
-5/~ Plateau phase ) -~ adB8/65(NB2K)

D

|~ Vehicle

Remaining amount {%) m

| |-e-adges
20 ]~ adB/es(NG2K) | =TT
ob
02 4 6 8 10

Incubation time (day)

Fig. 7. The a48/65(N62K) blocked amyloid fibril formation of amyloidogenic APOA2A peptides by inhibition of seeding activities. Amyloid fibril formation by
the APOA2A peptides (a6/16 + a48/65) mixed with a48/65(N62K) at various times (A), with or without preincubated seeds (B), and the remaining amounts of
premade fibrils after treatments with C-terminal peptides (E). Each symbol and bar represents the mean + SD (n = 3 in A and B, and 5 in £). a.u., arbitrary
units. (A) ThT plots of APOA2A peptides mixed with a48/65(N62K) from the beginning of agitation [initial phase (1)], after 4.5 h {linear phase (L)] and 24 h
[plateau phase (P)] of incubation. Each concentration of peptides in the mixture was 50°uM. (B) ThT plots of the APOA2A peptides in the presence of pre-
incubated seeds. (C) TEM images of the mixtures with preincubated seeds after 48 h of incubation in 8. (Scale bars: 100 nm.) (D) TEM images of the pre-
incubated seeds with biotin-labeled a48/65(N62K) using immunoelectron microscopy. Colloidal gold with streptavidin was detected close to the head of fibrils
(arrows). (Scale bars: 50 nm.) () Remaining amounts of premade fibrils after incubation with C-terminal peptides. ThT intensities are expressed as a per-
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without an amide residue at position 62 of APOAZA (but having

the same electric charge as the C-terminal APOA2A peptide),
was hard to polymerize into fibrils with the N-terminal APOA2A
" peptide, but its inhibitory ability was weaker than that of a48/65
(N62K) (Fig. 6 C-E). We speculate that the inhibitory mecha-
nism of the C-terminal APOA2F peptide requires both the ab-
sence of amide as well as a change of electric charge at position
62 of APOA2A. '
Other reports showed that the hydrophobic core regions in
o-synuclein and prion protein (associated with Parkinson’s and
prion diseases, respectively) polymerized into amyloid fibrils (38,
39). Based on those findings, we calculated the physicochemical
properties of a48/65 and f48/65 in silico using Hydrophilicity Plot
(Innovagen AB). The averaged hydrophilicity of the {48/65 was
larger than that of the a48/65 (-0.4 and —0.6, respectively). The
increased hydrophilicity of the £48/65 might be important in part
for inhibiting polymerization under the conditions described here.
In light of those suggestions, we speculate that the mechanism
involves a change of electric charge and the absence of the amide
group and possibly the increased hydrophilicity at the amyloi-
dogenic amino acid residue of APOA2A. One plausible expla-
nation for this hypothesis could be the ability of N62 to engage in

an amide zipper to stabilize an intermolecular -sheet in which it -

is found. Other reports suggest that the amide in the amyloido-
genic regions of proteins such as $,M and amylin are associated
with amyloidogenicity (37, 40, 41). However, the 3D structure of
mouse apoA-Il is unknown, and its role in polymerization is un-
clear. Further studies are required to investigate the intermolecular
mechanisms at residue 62 of apoA-II in amyloidogenicity.

We also calculated the amyloidogenic properties of APOA2C
~ and APOAZF proteins in silico using the Zyggregator algorithm
(University of Cambridge). This software predicts the intrinsic
aggregation propensities of amino acid sequences by considering
the physicochemical properties of amino acids (42-45). In the
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case of APOAZC, our selected N- and C-terminal peptides almost
matched the in silico amyloidogenic sequences of apoA-II pro-
tein, and our in vitro strategy was supported (Fig. $7). At neutral
pH, APOA2C tends to be amyloidogenic, similar to that under
acidic conditions. The calculations suggest that mice having
APOAZC are amyloidosis-susceptible. In contrast, the amy-
loidogenic properties of APOA2F were lower than those of
APOAZ2C in the oligomeric and the amyloid states. Those
calculations suggested that APOAZF might resist amyloid fi-
bril formation compared with APOA2C and strongly support
our in vivo and in vitro findings.

Our in vitro studies were performed under optimal acidic
conditions to polymerize the fibrils in the absence of bio-
molecules such as lipids, proteoglycans, sialoglycolipids, and
extracellular matrices present in the microenvironment of amy-
loid fibril formation in mice. We suspect that in vitro studies
might exaggerate the inhibitory effect against the polymerization
of amyloidosis-susceptible proteins, but we anticipate that our
strategy could lead to new approaches to the inhibition of amyloid
fibril formation and treatments that suppress amyloidosis in vivo.

Materials and Methods

Animals. B6.SPRET-Apoa2’ congenic mice were generated on a C57BL/6S
genetic background using standard procedures. Mus spretus (SPRET/EQ) mice
with the type F apoA-ll allele (4poa2™) were obtained from National Bio-
Resource Project (National Institute of Genetics, Mishima, Japan). C57BL/6)
mice with the type A apoA-ll allele (Apoa2®”?) were purchased from Japan
SLC, Inc. SPRET/Ei mice were backcrossed to C57BL/6J mice for six gen-
erations, after which heterozygous littermates (Apoa2®”) were interbred
and progeny (Apoa2?®, Apoaz2®’f and Apoa2™) were used for the indicated
experiments. The apoA-li allele was determined by use of the PCR using
specific primers for either Apoa2? or Apoa2’ (Table $4). To confirm the
strain-specific character of mice with APOA2F, we generated R1.SPRET-
Apoa2’ congenic mice on the SAMR1T genetic background. SPRET/Ei mice

“were backcrossed to R1.P1-Apoa2® (Apoa2™) for six generations. Due to
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Fig. 8. Suppression of amyloid deposits in vivo by treatment with
a48/65(N62K). A single administration of 5 ug of AApoAill fibrils was given to
2-mo-old amyloidosis-susceptible mice using osmotic pumps implanted in
their abdominal cavities. After 27 d, amyloid deposits were detected. (A) The
Al in mice induced by AApoAll fibrils. Each bar and dot shows the mean of
the group and individual grade of amyloid deposit. P value, Mann-Whitney
U test. (B) LM images of amyloid deposits in the tongues by Congo red
staining. (Left) Under normal light. (Right) Under polarized light. Grades of
amyloid deposits in the tongues were 3, 3, and 2 in mice with vehicle, a48/65,
and a48/65(N62K) pumps, respectively. (Scale bars: 100 pm.)

fighting among the males, only female mice were used for induction of
AApoAll amyloidosis. The R1.P1-Apoa2° congenic strain was developed in
our laboratory and had the amyloidogenic Apoa2 allele from the SAMP1
strain on the genetic background of the SAMR1 strain (29). An amyloidosis-
susceptible transgenic mouse strain (Apoaz®-Tg) that systemically overex-
pressed APOA2C was established in our laboratory as described previously
(15). We used transgene-heterozygous (Tg*) mice to investigate the sup-
pression of amyloid deposit by C-terminal peptides of apoA-Il.

Mice were raised in the Division of Laboratory Animal Research, Research
Center for Human and Environmental Sciences, Shinshu University, under
specific pathogen-free conditions at 24 + 2 °C with a light-controlled regi-
men (12 h light/dark cycle). A commercial diet (MF; Oriental Yeast) and tap
water were available ad libitum.

Ethics Statement. All experimental procedures conducted with mice were
carried out in accordance with the Regulations for Animal Experimentation
of Shinshu University.

Induction of AApoAll Amyloidosis. AApoAll fibrils were obtained from the
liver of an R1.P1-Apoa2° mouse that had severe amyloid deposits induced by
an i.v. injection of AApoAll fibrils (14, 29, 46). Fibrils were isolated as a dis-
tilled water suspension using Pras’s method (47) and further purified by
ultracentrifugation. The purified AApoAll fibrils were stored in a -80 °C
freezer until used for induction of amyloidosis in mice. For induction of
AApoAll amyloidosis, AApoAll fibrils were resuspended in sterile distilled
water and sonicated according to our previous method (14). Two-month-old
B6.SPRET-Apoa2 and R1.SPRET-Apoa2’ mice were injected i.v. with a single
dose of 100 pg of fibrils, after 2-9 mo, and were killed by cardiac puncture
under deep diethyl ether anesthesia. Several organs were collected from
these congenic animals and used to detect amyloid deposits.

Detection of Amyloid Deposits in Mice. Organs were fixed in 10% (vol/vol)
neutral buffered formalin, embedded in paraffin, and cut into 4-pm sections
using standard procedures. Amyloid deposits were identified with polarized
LM (Axioskop 2; Carl Zeiss Japan) to detect apple-green color birefringence
in tissue sections stained with 1% (wt/vol) Congo red (19, 48, 49). The in-
tensity of deposit was quantitated using the Al, which was the average of
grades 0-4 in the following seven organs: tongue, stomach, small intestine,
liver, spleen, heart, and skin (13, 29, 30). AApoAll fibrils were also identified
immunohistochemically using the horseradish peroxidase-labeled streptavidin-
biotin method (DAKO) with specific antiserum against mouse apoA-il. This
anti-apoA-ll antiserum was prepared in our laboratory (30). It reacts specifically
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with plasma APOA2A, APOA2B, and APOA2C on Western blotting and with
AApoAll fibrils derived from three types of apoA-ll proteins in both Western
blotting and immunohistochemical analyses (13, 15, 31).

Levels of apoA-l and apoA-Hl in HDL, HDL Particle Size, and Plasma Cholesterols.
Plasma was collected from 2-mo-old B6.SPRET-Apoa2’ mice that had fasted
for 12-16 h and was stored in a ~20 °C freezer until used for analysis. Ali-
quots were thawed on ice. To detect the levels of apoA-l and apoA-ll in HDL,
we collected the HDL fraction from plasma using the standard method of
density gradient ultracentrifugation (15, 32, 34). HDL samples were loaded
on a Tris-Tricine SDS polyacrylamide gel [16.5% (wt/vol) acrylamide] for
electrophoresis (SDS/PAGE). After electrophoresis, the gel was stained with
0.2% Coomassie Brilliant Blue (CBB) dye (R-250; MP Biomedicals). ApoA-l and
apoA-ll were identified by the markers of molecular size (Kaleidoscope
Polypeptide Standards 95790; Bio-Rad), which were loaded at the same time.
To determine the HDL particle size, plasma was prestained by Sudan Black B
dye and followed by electrophoresis on a nondenaturing PAGE gel con-
taining a 5-15% (wt/vol) linear polyacrylamide gradient. Plasma total and
HDL cholesterol levels in 2-mo-old mice were determined using quantitative
assay kits based on an enzymatic procedure or by a modified heparin-
manganese precipitation procedure, respectively (15, 32).

Polymerization of Synthetic Partial Peptides into Amyloid Fibrils. Synthetic
partial peptides [>95.0% purity; biotin-labeled a48/65(N62K), 90.3% purity]
of mouse apoA-ll protein were obtained from Sigma-Genosys. We used the
two distinct domains of apoA-ll: The N-terminal peptide (6/16) from posi-
tions 6~16 and the C-terminal peptide (48/65) from positions 48-65 were
critical for polymerization into amyloid fibrils (23). We prepared solutions of
each peptide in 100% dimethy! sulfoxide (DMSQ) using methods described
previously (23). The peptide contents of these solutions were determined
using a BCA Protein Assay Reagent Kit (Pierce). Aliquots of these peptide
solutions were stored in a refrigerator (4 °C) and thawed at 20 °C with
shaking at 300 rpm for 1 h and used immediately in each experiment.

Polymerization of synthetic peptides was performed using a method
described previously (23). Briefly, reaction mixtures in prechilled tubes (Safe-
lock tube; Eppendorf AG) contained synthetic peptides, 50 mM sodium cit-
rate buffer (pH 2.5), 100 mM NadCl, and 5% (vol/vol) DMSO at final con-
centrations. After brief blending, the reaction mixtures were incubated with
agitation at 300 rpm at 37 °C in a shaker (Thermomixer Comfort; Eppendorf
AG), and aliquots were used for ThT binding assays at arbitrary intervals.
These mixtures were also used for detecting characteristic structures and
properties of amyloid fibrils using TEM and LM. The components of amyloid
fibrils were analyzed by LC-MS/MS.

Extension of Amyloid Fibrils by Synthetic Partial Peptides. Extension of amy-
loid fibrils by synthetic peptides was also performed using methods described
previously (23). To generate “seeds” for extension reactions of amyloid fibril
formation, we performed polymerization of APOA2A peptides (a6/16 + a48/65)
for 3 d of incubation. “"Premade fibrils” were collected by centrifugation at
1.61 x 10* x g at 4 °C for 3 h using a high speed refrigerated microcentrifuge
(5415R; Eppendorf) and were stored in a -80 °C freezer until used.

To examine in detail the inhibitory effects of the C-terminal APOAZF peptide on
the extension phase of amyloid fibril formation, 25 pg/mb premade fibrils were
resuspended in the reaction solution containing 50 pM a48/65 or ad8/65(N62K).
The mixtures were incubated with agitation at 300 rpm at 37 °C for 30 min
and were recentrifuged. Pellets were carefully collected as “preincubated
seeds.” We performed extension of the APOA2A peptides with these pre-
incubated seeds. We also prepared preincubated seeds with biotin-labeled
a48/65(N62K) and used them immediately for immunoelectron microscopy.

Degradation of Amyloid Fibrils Derived from Synthetic Partial Peptides.
Twenty-five micrograms per milliliter premade fibrils and 50 pM a48/65 or
a48/65(N62K) were mixed in the reaction solution. After brief blending, the
mixtures were incubated with agitation at 300 rpm at 37 °C for 0-10 d, and
aliquots were used for ThT binding assays at arbitrary intervals.

ThT Binding Assay. The amount of amyloid fibrils derived from synthetic
peptides was determined with a fluorometric assay with ThT (23, 24, 31, 50).
Measurements were made in a total volume of 1 mL, containing 2.5- or 5-uL
aliquots of the reaction mixtures, 250 nM ThT, and 50 mM glycine-NaOH
buffer (pH 9.0). After briefly mixing the solutions at room temperature, the
ThT-fluorescence intensities were measured using a fluorescence spectro-
photometer (RF-5300PC; Shimadzu Corporation) at the excitation and
emission wavelengths of 450 nm and 482 nm, respectively. Each reaction
mixture was assayed in triplicate, and the average was calculated.
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