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34  In mice, amyloidogenic type C apolipoprotein A-II (apoA-II) forms amyloid fibrils in
35age-associated amyloidosis. To understand the mechanism of amyloid fibril formation by
36apoA-II, we examined the polymerization of synthetic partial peptides of apoA-II in vitro.
37None of the partial apoA-II peptides polymerized into amyloid fibrils when tested as a
38single species mixture. We found a unique mechanism in which N- and C-terminal
39peptides associated into amyloid fibrils in a 1:1 ratio at pH 2.5. The 11-residue amino
40acid sequence (6-16), which is a common sequence of type B apoA-II and type C apoA-II
41proteins in amyloidosis-resistant mice and amyloidosis-susceptible mice, respectively, was
42critical for polymerization into amyloid fibrils. The 18-residue-long amino acid sequence
43(48-65) is also necessary for nucleation, but not for the extension phase. These findings
44suggest that there may be different mechanisms underlying the nucleation and extension
45phases of apoA-II amyloid fibril formation. We also found that amino acid substitutions
46between type B apoA-II (Pro5, Val38) and type C apoA-II (GIn5, Ala38) did not affect
47either phase. The strategy of using synthetic partial peptides of amyloidogenic proteins in
48vitro is a useful system for understanding amyloid fibril formation and for the

49development of novel therapies.
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501. Introduction

51 In humans and animals, amyloidoses are protein structural disorders characterized by
52the extracellular deposition of insoluble amyloid fibrils resulting from abnormal
53conformational changes [1-3]. Amyloid fibrils have a characteristic ultrastructural
54appearance and a [3-pleated-sheets core structure [4] that consists of full length and/or
55fragments of either wild type or mutant proteins found in familial diseases [5,6]. Several
56human diseases such as Alzheimer’s disease, hemodialysis-associated amyloidosis, prion
57diseases, and familial amyloid polyneuropathy are associated with amyloid fibril
58deposition [2,4]. To develop a therapeutic strategy for these disorders, it is essential to
59understand the mechanisms of amyloid fibril formation. Previous studies have proposed
60that a nucleation-dependent polymerization model could explain the general mechanisms
61of amyloid fibril formation in vitro [7-11], but the exact mechanism that converts proteins
62into amyloid fibrils remains largely unknown.

63 Apolipoprotein A-II (apoA-II) is the second most abundant apolipoprotein following
64apolipoprotein A-I (apoA-I) in human and mouse plasma high-density lipoproteins
65(HDL), composing approximately 20% of the protein mass of human plasma HDL [12-
6614]. From multiple studies using transgenic mice expressing human or murine apoA-I,
67apoA-II, or combined apoA-I / apoA-II, it has been shown that apoA-II serves at least two
68functions; one is to modulate the structure and function of HDL by influencing hepatic
69lipase in lipolysis, and another is to modulate the anti-inflammatory properties of HDL
70[13-17]. ApoA-II is also the most important protein associated with mouse senile
71amyloidosis, as it is the main element of amyloid fibrils (AApoAll) in Senescence-

72 Accelerated Mouse prone 1 (SAMP1) and other strains of mice [18-20]. Seven alleles of
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73the apoA-II gene have been found among inbred strains of mice with polymorphisms in 15
74nucleotide positions comprising 8 amino acid positions [21]. Type C apoA-II protein in
75amyloidosis-susceptible mice such as SAMPI, contains substitutions of proline (Pro) to
76glutamine (Gln) at position 5 and of valine (Val) to alanine (Ala) at position 38. Type B
77apoA-II protein exists in the amyloidosis resistant Senescence-Accelerated Mouse
78resistant 1 (SAMR1) and other strains of mice [19,22-25]. Genetic analyses using hybrid
79mice generated from crosses between SAMP1 and SAMRI1 mice and congenic and
80transgenic strains with the type C apoA-II gene (R1.P1-Apoa2°, and Apoa2°-Tg) have
81revealed that differences in these amino acids in type C apoA-II are responsible for severe
82amyloidosis, and Gln at position 5 of type C apoA-II protein might have considerable
83influence on traits related to the onset of amyloidosis [19,24-26].

84 Generating ‘partial’ peptides of amyloidogenic proteins, and analyzing their potential
85to polymerize into amyloid fibrils have previously provided information about the
86molecular mechanisms underlying the onset of amyloidoses and also revealed potential
87target sequence(s) for the prevention of amyloidoses [27-33]. In this study, we evaluate
88the ability of synthetic mouse apoA-II partial peptides to polymerize in vitro, and found
89two sequences of apoA-II critical for amyloid fibril formation. We demonstrate that the
90combination of N- and C-terminal sequences of mouse apoA-II and the conformational
91change of their secondary structure are essential for polymerization into AApoAll
92amyloid fibrils, and that different mechanisms may govern nucleation and extension

93reactions in fibril formation.

14 5
15



16 J. Sawashita et al

942. Materials and methods

952.1. Materials

96 Synthetic partial peptides (>95.0% purity) of mouse apoA-II shown in Fig. 1 were

97obtained from Sigma Genosys (Hokkaido, Japan). For quantitation of peptides in

98solution, a BCA Protein Assay Reagent Kit was obtained from PIERCE (Illinois, USA).

99Phosphotungstic acid (electron microscopy grade) was obtained from TAAB Laboratories
100Equipment Ltd. (Berkshire, England). Other reagents in our experiments were obtained
101from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The reaction mixtures for
102amyloid fibril formation were prepared in 0.5 ml Eppendorf tubes (Safe-Lock tubes,
103Eppendorf AG, Hamburg, Germany). Carbon-coated grids (400 mesh) for transmission
104electron microscopy (TEM) were obtained from NEM (Tokyo, Japan), and silanized slide
105glasses for light microscopy were obtained from DAKO Cytomation Co. (Tokyo, Japan).
1062.2. Preparation of Synthetic Peptides Solutions of Mouse ApoA-II
107 Each synthetic partial peptide was dissolved in 100% dimethylsulfoxide (DMSO) at
108concentrations of >6 mM, and agitated overnight at 300 rpm at 18°C in a shaker
109(Thermomixer Comfort, Eppendorf AG, Hamburg, Germany). The peptide contents of
110these solutions were determined using a BCA Protein Assay Reagent Kit, and diluted with
111100% DMSO to a final concentration of 6 mM. During denaturing treatment with DMSO,
112amyloid fibril formation was monitored by thioflavin T (ThT) fluorescence [34,35], which
113did not increase over time. Additionally, the characteristic structures of amyloid fibrils or
114aggregates were not observed under TEM (data not shown). Aliquots of these peptide
115solutions were stored in a dark room at 4°C, and thawed at 20°C with shaking at 300 rpm

116for 1 h, and used immediately in each experiment.

17 6
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1172.3. Polymerization of synthetic partial peptides into amyloid fibrils

118 Reaction mixtures in prechilled tubes contained 50-300 uM synthetic peptide(s), 50
119mM reaction buffer, 100 mM NaCl, and 5% DMSO as final concentration. Reaction
120buffers used were sodium citrate buffer (pH 2.5), sodium acetate buffer (pH 4.5), or
121sodium phosphate buffer (pH 7.0). After brief blending, the reaction mixtures were
122incubated with agitation at 300 rpm in a shaker at 37°C for 0-3 days (up to 13 days
123maximum), and aliquots were used for ThT binding assays at arbitrary intervals.
124Furthermore, these mixtures were used for detecting characteristic structures and
125properties of amyloid fibrils using TEM and LM. The components of amyloid fibrils were
126analyzed by high-performance liquid chromatography (HPLC) and liquid chromatography
127/ mass spectrometry / mass spectrometry (LC/MS/MS).

1282.4. Extension of amyloid fibrils by synthetic partial peptides

129 The reaction mixtures of synthetic peptides after 4 or 6 days incubation were
130centrifuged at 1.61 x 10* g (1.3 x 10* rpm) at 4°C for 3 h using a high speed refrigerated
13 1microcentrifuge (5415R, Eppendorf AG, Hamburg, Germany), and the supernatants were
132carefully removed from pellets to avoid contamination with trace quantities of free
133peptides. Immediately, the amyloid fibril pellets were stored in a —80°C deep freezer until
134used as ‘seeds’ for an amyloid fibril extension reaction. The pellets were re-suspended on
135ice in 50 mM citrate buffer (pH 2.5) containing 100 mM NaCl, and the concentrations of
136amyloid fibrils in the pellets were measured using a ThT binding assay. These
137suspensions were sonicated three times on ice for 30 sec at 60-sec intervals using an
138ultrasonic homogenizer (VP-5S, TAITEC Corporation, Saitama, Japan) at power 4.

139Reaction mixtures for extension of amyloid fibrils contained 5 pg/ml amyloid fibrils, 50

20 7
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140uM synthetic peptides, 50 mM citrate buffer (pH 2.5), 100 mM NaCl, and 5% DMSO.
141Reaction mixtures were used for a ThT binding assay, and to determine the structures of
142amyloid fibrils using TEM after incubation.

1432.5. ThT binding assay

144 Endogenous AApoAll amyloid fibrils isolated from livers of mice had optimum ThT-
145fluorescence intensities at the excitation and emission wavelengths of 450 nm and 482 nm,
146respectively, with the binding solution containing 250 nM ThT and 50 mM glycine—
147NaOH buffer (pH 9.0) at room temperature (22-27°C) [34,36]. Because the highest
148spectra of ThT-fluorescence intensities of reaction mixtures were 480-484 nm at
149excitation wavelengths of 450 nm in the preliminary tests (data not shown), we performed
150the ThT binding assay under the same conditions used for endogenous AApoAll amyloid
151fibrils with a fluorescence spectrophotometer (RF-5300PC, Shimadzu Corporation,
152Tokyo, Japan). Measurement mixtures were in a total volume of 1 ml, containing 2.5 or 5
153ul aliquots of the reaction mixtures, 250 nM ThT, and 50 mM glycine—-NaOH buffer (pH
1549.0). After briefly mixing the solutions at room temperature, the ThT-fluorescence
155intensities were measured. FEach reaction mixture was assayed in triplicate, and the
156average was calculated.

1572.6. Microscopic analyses

158 For TEM experiments, the reaction mixtures were spread on carbon-coated grids and
159allowed to stand for 1-2 min before excess solution was removed with filter paper. After
160drying, the grids were negatively stained with 1% phosphotungstic acid-NaOH (pH 7.0),
161incubated briefly, and blotted with filter paper until dry. These samples were examined

162under an electron microscope (1200 EX, JEOL, Tokyo, Japan) with an acceleration
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163voltage of 80 kV.

164 For observations under LM, the reaction mixtures were applied on silanized slide
165glasses, dried overnight in a 37°C dry box, and stained with 1% Congo-red dye in 80%
166ethanol for 30 min. These samples were observed for apple-green color birefringence
167under polarized light using a light microscope (Axioskop 2, Carl Zeiss Japan, Tokyo,
168Japan).

1692.7. LC/MS/MS analysis

170 Aliquots of the reaction mixtures of synthetic peptides were centrifuged at 1.61 x 10*

171g (1.3 x 10* rpm) at 4°C for 3 h using a high speed refrigerated microcentrifuge, and the
172pellets were stored in a -80°C deep freezer immediately after the supernatants were
173removed. The pellets were re-dissolved in 99% formic acid and diluted with 2% formic
174acid / 2% acetonitrile, and analyzed by HPLC and/or LC/MS/MS as described previously
175[37]. The sample solutions were analyzed using the Applied Biosystem HPLC system
176(ABI 140D and ABI 785A). A reverse phase column (C18 column, 0.5 mm i.d. x 150
177mm, Brownlee columns) was used at a flow rate of 5 ul/min with a 10-70% linear gradient
1780t acetonitrile in 0.1% trifluoroacetic acid. For LC/MS/MS analysis, the sample solutions
179were applied to a Paradigm MS4 (MicomBioResources, Inc., California, USA) HPLC
180system fitted with an HTC-PAL automatic sampler (CHROMSYS LLC, Virginia, USA).
181A reverse phase capillary column (DevelosilODS-HGS, 0.15 mm i.d. x 50 mm, Nomura
182Chemical Co. Ltd., Aichi, Japan) was used at a flow rate of 2 pl/min with a 4-72% linear
183gradient of acetonitrile in 0.1% formic acid. Eluted apoA-II partial peptides were directly
184detected with ion trap mass spectrometer, LCQ-Advantage (Thermo Electron Corporation,

185Massachusetts, USA). The data were analyzed with SEQUEST (Thermo Electron

26 9
27



28 J. Sawashita et al

186Corporation, Massachusetts, USA).

1872.8. Circular dichroism (CD) analysis

188 Far-UV CD spectra (190-250 nm) of synthetic peptide(s) were measured with a
189spectropolarimeter (J-725, JASCO, Tokyo, Japan) at 25°C as described previously
190[38,39]. The solutions for spectroscopic measurements contained 50 uM peptide(s), 50
191mM buffer, 100 mM NaCl, and 0.5% hexafluoroisopropanol as final concentrations.
192Buffers used were sodium citrate buffer (pH 2.5), sodium acetate buffer (pH 4.5), or
193sodium phosphate buffer (pH 7.0). To measure the changes in the CD spectra following
194polymerization of the synthetic peptides, the CD spectra of N- and C-terminal peptides
195(c16p + 48/65) were first recorded within 5 min after mixing these peptides in the solution
196(immediate phase). Then, peptide solutions were subsequently incubated for
197approximately 12 h at 37°C, and their CD spectra were recorded (overnight phase). Five
198consecutive readings at a bandwidth of 1 nm, a response time of 1 sec, and a resolution of
1990.2 nm were taken from each sample and averaged, baseline-subtracted, and noise-
200reduced. The CD signals were recorded in a 1 mm path length quartz cell. Results were

201expressed in terms of mean residue ellipticity (MRE).

29 10
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2023. Results

2033.1. Polymerization of synthetic partial peptides into amyloid fibrils

204 We examined fibril formation of synthetic partial peptides of mouse apoA-II in vitro
205(Fig. 1). ThT-fluorescence intensities of the reaction mixtures containing 50 pM of N-
206and C-terminal peptides (c16p + 48/65) were stable up to 1 h of incubation at pH 2.5, and
207then increased until they reached a plateau phase after 6 h (Fig. 2A). Abundant amyloid
208fibrils with characteristic structures were observed in these reaction mixtures after 21 h
209and 3 days incubation at pH 2.5 using TEM, and apple-green birefringence was observed
210in the mixture stained with Congo-red under polarizing LM (Fig. 2B and Supplementary
211Fig. S1A). HPLC and LC/MS/MS analysis revealed that amyloid fibrils formed in the
212reaction mixture containing cl6p and 48/65 had both peptides in a 1:1 ratio (Fig. 2C).
213When cl6p + 48/65 mixtures were incubated at pH 4.5 or 7.0, ThT-fluorescence
214intensities increased less than the intensities at pH 2.5 (Fig. 2A, 2B and Supplementary
215Fig. S2). The fluorescence intensities of the reaction mixtures containing solely c16p or
21648/65 were relatively unchanged even after 24 h incubation at a higher concentration of
217300 uM at pH 2.5 (Fig. 2A). None of the synthetic peptides shown in Fig. 1 polymerized
218into amyloid fibrils when used as a single species mixture (data not shown).

219 To further study the amyloid fibril formation in acidic conditions, we measured the
220far-UV CD spectra of c16p and 48/65 peptides within 5 min (immediate phase) after
22 1mixing them at pH 2.5 (Fig. 3). The CD spectrum of c16p alone (c16p) exhibited one
222negative peak at 200 nm, and that of 48/65 alone (48/65) exhibited one negative peak at
223216-222 nm following a typical pattern of B-structure and B-turn. The CD spectrum of the

224mixture of these peptides (c16p + 48/65) showed almost the same shape as that of the

32 11
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225c16p alone rather than the merged spectrum of each c16p and 48/65 peptides. The CD
226spectrum of cl6p + 48/65 after incubation at pH 2.5 for 12 h at 37°C (overnight phase)
227changed greatly and exhibited one broad and negative peak at 216 nm (Fig. 3A). The CD
228spectra of c16p + 48/65 in immediate phase and overnight phase at pH 4.5 and 7.0 showed
229different confirmations from those at pH 2.5 (Fig. 3B).

230 Higuchi and co-workers suggested the important contribution of the N-terminus of
231apoA-II to amyloid fibril formation from the greater amyloidogenicity of pro-apoA-II with
2325-extra-amino acids at N-terminus and type C apoA-II protein with Gln at position 5 from
233N-terminus [22,40]. We compared the polymerization characteristics of a propeptide c16p
234with several N-terminal c16p deletions (Fig. 4). First, we examined the polymerization of
235N-terminal deletions. ThT-fluorescence intensities of the reaction mixtures of c1/16
236without a propeptide and 48/65 (c1/16 + 48/65) increased as did the intensities of the
237reaction mixture of c16p with propeptide (c16p + 48/65) (Fig. 4A). Reaction mixtures of
238N-terminal deletions (c2/16 or 6/16) showed increased intensities almost the same as those
2390f c1/16. We detected the characteristic structure of amyloid fibrils using TEM in the
240reaction mixtures of N-terminal deletions, but the fluorescence intensities of 9/16 without
241amino acids at position 1-8 of N-terminal peptide increased only slightly, and the
242characteristic structure of amyloid fibrils was not detected (Fig. 4A and 4E). Secondly,
243we examined polymerization of N-terminal deletions with a C-terminal deletion. In
244general, it has been believed that Gln is an amyloidogenic amino acid, and that Pro is a 3-
245sheet breaker [41-45]. We found that ThT-fluorescence intensities of reaction mixtures of
246short N-terminal peptides whose C-terminal was Gln at position 8 or 13 (c8p or c13p,

247respectively) increased much less compared with the intensities of the reaction mixture of

35 12
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248cl6p with Gln at position 16 (Fig. 4B). The fluorescence intensities of the reaction
249mixture of cl5p without Gln at position 16 did not increase, and the characteristic
250structure of amyloid fibrils could not be detected (Fig. 4C and 4E). The fluorescence
251intensities of the reaction mixture of c¢1/16(Q16H) having histidine (His) substituted for
252GlIn at position 16 were sharply reduced from the intensities of the reaction mixture of
253c1/16. Only a small number of amyloid fibril-like structures were detected in the reaction
254mixture.

255 Furthermore, the fluorescence intensities of the reaction mixture of 16/6 + 65/48
256combination, which were synthesized as peptides with inverse sequences in comparison
257with 6/16 or 48/65 peptides, increased much less compared with that of 6/16 + 48/65
258combination, and the characteristic structure of amyloid fibrils could not be detected (Fig.
2594D and 4E). The fluorescence intensities of the reaction mixtures of those peptides with
260inverse sequences (16/6 or 65/48) were also unchanged even though they coexisted with
261peptides with native sequences (48/65 or 6/16, respectively).

262 In previous in vivo studies, we suggested that differences in amino acids, in particular
263GIn at position 5 of type C apoA-II protein, have considerable influence on
264amyloidogenesity of apoA-II protein [19,24,25]. In light of these observations, we
265examined polymerization of the N-terminal peptide (b16p) of type B apoA-II with Pro at
266position 5 (Fig. 5). ThT-fluorescence intensities of the reaction mixture containing b16p
267and 48/65 were stable up to 1 h of incubation at pH 2.5, and then increased until they
268reached a plateau phase after 6 h (Fig. 5A and Supplementary Fig. S1B). There was no
269difference in the kinetics of amyloid fibril formation between c16p (Fig. 2A) and b16p.

270ThT-fluorescence intensities increased only slightly after incubation at pH 4.5 and 7.0.

38 13
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271Abundant amyloid fibrils with characteristic structures were observed in the reaction
272mixtures of bl6p at pH 2.5 using TEM, and apple-green birefringence was observed in the
273mixture stained with Congo-red under polarizing LM (Fig. 5B and Supplementary Fig.
274S1B).

275 Next, we examined the polymerization of three C-terminal deletions containing
276partial sequences of 48/65 and another C-terminal peptide 64/78. ThT-fluorescence
277intensities of the reaction mixtures of c16p and each C-terminal peptide(s) (48/57, 52/61,
27856/65, 48/57 + 56/65) demonstrated a limited increase compared with the intensities of
279c16p + 48/65 mixture (Fig. 6A).

280 Finally, we also examined peptides with an amino acid substitution at position 38
281found between type B and C apoA-II. The fluorescence intensities of the reaction
282mixtures of the middle part peptide (c32/43) and either c16p or 48/65 (c16p + ¢32/43 or
28348/65 + ¢32/43) did not increase compared with the intensities of the mixture containing
284both c16p and 48/65 (c16p +48/65) (Fig. 6B). The fluorescence intensities of the reaction
285mixtures of N-terminal peptides (c16p or b16p), 48/65, and mid-section peptides (c32/43
2860r b32/43) increased greatly, similar to the intensities of N-terminal peptides and 48/65
287without mid-section peptides (Fig. 6B and 6C).

2883.2. Extension of amyloid fibrils by synthetic partial peptides

289 We investigated the extension of amyloid fibrils with synthetic peptides when pre-
290made amyloid fibrils were added in the reaction mixture as seeds. Amyloid fibrils were
291collected as pellets following centrifugation of the reaction mixtures containing amyloid
292fibrils made from N- and C-terminal peptides. With the pre-made amyloid fibrils derived

293from type C peptides (c16p + 48/65) in the reaction mixtures, the fluorescence intensities

41 14
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294o0f the reaction mixtures of N-terminal peptides (c16p or c1/16) increased rapidly from the
295beginning of incubation and reached a plateau phase after approximately 2 h (Fig. 7A).
296The lag-time phase shown in Fig. 2A disappeared with the pre-made amyloid fibrils in the
297reaction mixtures (Fig. 7A right panel). The fluorescence intensities of the reaction
298mixture of type B N-terminal peptide (b16p) increased in almost the same pattern as the
299intensities of type C N-terminal peptides (c16p). The fluorescence intensities of type C N-
300terminal peptides without a Gln at position 16 (c8p or c13p) did not increase. With the
301addition of the pre-made amyloid fibrils derived from type B peptides (b16p + 48/65), the
302fluorescence intensities of the reaction mixtures of either type B (b16p) or type C (c16p)
303peptide increased rapidly without a lag-time phase (Fig. 7B). The patterns of fluorescence
304intensities were similar to the patterns obtained with type C pre-made amyloid fibrils
305shown in Fig. 7A.

306 The fluorescence intensities of the reaction mixture containing the c16p peptide alone
307gradually increased when pre-made amyloid fibrils were added, whilst the intensities of
308the 48/65 peptide alone did not increase (Fig. 7C). Using TEM, we examined the
309structure of amyloid fibrils in the reaction mixtures of c16p and 48/65 peptides over a 3
310days period with pre-made amyloid fibrils using TEM (Fig. 7D). We observed
311characteristic amyloid fibrils with structures similar to amyloid fibrils obtained without
312seeds. In the reaction mixtures of cl6p peptide without 48/65 peptide, we observed
313narrower and curving amyloid fibril structures after 3 days of incubation with pre-made
314amyloid fibrils. The reaction mixtures of only the 48/65 peptide incubated for 3 days with

315pre-made amyloid fibrils had no amyloid fibrils.
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3164. Discussion

317 In order to investigate the mechanism of amyloid fibril formation from apoA-II in
318mouse senile amyloidosis, we examined the fibril formation in vitro using various
319synthetic peptides. We also designed peptides to investigate the role of amino acid
320substitutions found between type C apoA-II of amyloidosis-susceptible mice and type B
321apoA-II of amyloidosis-resistant mice.

322 When used alone, none of the individual synthetic peptides shown in Fig. 1
323polymerized into amyloid fibrils in the reaction conditions we tried. However, a
324combined mixture of c16p and 48/65 peptides polymerized into amyloid fibrils constituted
3250f both peptides. The increase in ThT-fluorescence intensities followed a typical
326sigmoidal pattern. The fluorescence intensities were stable for up to 1 h of incubation (the
327nucleation phase), then increased linearly, and reached a plateau phase after 6 h (the
328extension phase). Adding pre-made amyloid fibrils eliminated the nucleation phase, and
329led to an earlier plateau phase. From these results, we conclude that the N- and C-terminal
330peptides of apoA-II polymerize according to the “nucleation-dependent polymerization
331Imodel” described for various amyloid proteins [8,9,46] and type C natural apoA-II [47].
332This novel finding that two peptides with different properties cooperate to polymerize into
333amyloid fibrils, may shed new light on the molecular mechanisms of amyloid fibril
334formation.

335 In the presence of pre-made amyloid fibrils of c16p + 48/65, the ThT-fluorescence
336intensities of the reaction mixtures containing the N-terminal c16p peptide increased even
337without the C-terminal 48/65 peptide. However, the amyloid fibrils were narrower and

338more bent compared to c16p + 48/65 amyloid fibrils. The fluorescence intensities of the

47 16
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339reaction mixtures of c16p and 48/65 in a 5:1 ratio showed an extended lag-time phase up
340to 3 h, and then increased until 3 days (Supplementary Fig. S3A). LC/MS/MS analysis
341revealed that the ratios of c16p and 48/65 peptides in amyloid fibrils were 2:1 and 5:1
342after 21 h and 3 days of incubation, respectively (Supplementary Fig. S3B).
343Furthermore, TEM analysis of the products from these reactions revealed the same narrow
344and bent amyloid fibrils (Supplementary Fig. S3C). Cl16p might polymerize to nuclei
345and fibrils in cooperation with 48/65 initially, then, extend fibrils after the 48/65 peptide
346was exhausted. These results suggest that different mechanisms might exist between the
347nucleation and extension phases of amyloid fibril formation of apoA-II, and that the C-
348terminal peptide may be indispensable for the nucleation, but not for the extension phase.
349 We previously reported that pro-apoA-II with a 5-residue-long propeptide had greater
350amyloidogenicity than mature apoA-II [22,40]; therefore we examined polymerization of
351peptides with N-terminal deletions. ThT-fluorescence intensities of reaction mixtures
352containing the c¢1/16 without the propeptide sequence and 48/65 peptides increased
353similarly to those containing propeptide c16p and 48/65 peptides. This result suggests that
354the propeptide sequence at least in vitro might not play an important role in the
355polymerization of apoA-II protein.

356We examined the effects of pH on polymerization of synthetic partial peptides of apoA-II.
357Under weak-acidic (pH 4.5) or neutral (pH 7.0) conditions, ThT-fluorescence intensities
3580f cl6p and 48/65 peptides increased less than the intensities in an acidic (pH 2.5)
359condition, although a smaller number of similarly shaped amyloid fibrils was observed.
360We measured the far-UV CD spectra of c16p and 48/65 peptides under immediate and

361overnight phase at pH 2.5, and found the conformational change of c16p + 48/65 mixture.
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362Previous studies conclude that amyloid-associated proteins such as immunoglobulin light
363chain (AL amyloidosis), serum AA (AA amyloidosis), and apoA-I (AApoAl amyloidosis)
364need to change into unstable and [-sheet rich structure in order to form into amyloid
365fibrils [48,49]. Under acidic conditions, we believe that it is necessary for the unfolded
366intermediate structure of 48/65 peptide to cooperate with the c16p peptide before the final
367conformational change of c16p and 48/65 peptides to amyloid fibrils. It is possible that
368these acidic in vitro experiments recapitulate the in vivo setting where the low pH of the
369lysosome dramatically affects amyloid fibril formation. One possibility is that denaturing
3700f apoA-II in lysosome precedes amyloid fibril formation, although we have not found
371that AApoAIl amyloid fibrils deposit in lysosome [20,24,40,47]. Our colleagues found
372that [32-microglobulin, like apoA-II peptides, not only forms amyloid fibrils under low pH
373(pH 2.5), but easily forms amyloid fibrils at neutral pH in the presence of heparin or
374several phospholipids [39,50]. In our preliminary experiments, the polymerization of
375cl6p and 48/65 peptides of apoA-II could be enhanced at pH 7.0 in the presence of
376heparin, heparane sulfate, or proteoglycans (data not shown). Thus, undetermined
377extracellular components might enhance the amyloid fibril formation of natural apoA-II at
378neutral pH in vivo. In order to test this hypothesis, we must find the molecular
379mechanisms of the interaction of apoA-II and the extracellular components.

380 Gln is well known as an amyloidogenic amino acid [43-45,51], and cl6p peptide
381contains Glns at 5 positions (1, 5, 8, 13 and 16; Fig. 1). We studied the contribution of
382these Glns to polymerization using shorter peptides with N- and C-terminal cl6p
383deletions. These results indicate that Glns at positions 8 and 13 play an indispensable role

384in amyloid fibril formation. Furthermore the substitution of GIn to His in the
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385c1/16(Q16H) peptide inhibited polymerization. This indicates that the 11-residue peptide
386corresponding to amino acids 6-16 of apoA-II is a “core” peptide. Interestingly, ThT-
387fluorescence intensities of reaction mixtures containing c16p with C-terminal deletion
388peptide(s) of 48/65 (48/57, 52/61, 56/65, and 48/57 + 56/65) and the C-terminal peptide
38964/78 did not increase polymerization. This result suggests that the 18-residue-long
390peptide of 48/65 is necessary for polymerization. Furthermore, peptides with reverse-
391sequences (16/6 or 65/48) could not polymerize to amyloid fibrils even with forward
392(native) peptides (48/65 or 6/16, respectively) at pH 2.5. Equally, a combination of 16/6
393and 65/48 could not polymerize to amyloid fibrils. These results suggest that sequences of
394N- and C-terminal regions are essential for the polymerization to amyloid fibrils, not
395components of them.

396 We previously reported that Gln at position 5 might be a key amino acid for
397polymerization of type C apoA-II [19,23,24,52]. However, here we found that the type B
398peptide (b16p) with Pro at position 5 had the same properties as c16p in the nucleation and
399extension phases and formed amyloid fibrils with a similar seeding ability and structure as
400amyloid fibrils made from cl6p under acidic (pH 2.5) conditions. We did not find a
401difference between c16p and bl16p even when they were incubated with the 48/65 at pH
4024.5 or 7.0. These results suggest that Gln at position 5 might not be an important amino
403acid for polymerization under the conditions described here. Our previous report found
404that type B apoA-II acted as an active inhibitor of amyloid fibril extension of type C
405apoA-II in vivo [53]. Genetic analyses suggested that the ability of type B apoA-II to
406increase cholesterol levels was due to an Ala to Val substitution at position 38 [54]. Thus,

407we examined the contribution of interior peptides with a substitution at position 38
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408(c32/43 and b32/43) to the polymerization of apoA-II. Addition of c32/43 or b32/43
409peptides in the reaction mixture of N-terminal (c16p or bl6p) and C-terminal (48/65)
410peptides did not alter the polymerization at pH 2.5. LC/MS/MS analysis of amyloid fibrils
411made in reaction mixtures of cl16p, 48/65 and c32/43 after 3 days of incubation at pH 2.5
412did not contain c32/43 (data not shown). These data imply that the substitution at position
41338 between type B and C apoA-II may not contribute to the different amyloidogenicity
4140bserved between type B and C apoA-II. It is remarkable that an amyloidogenic
415property of type B apoA-II is identical with that of type C apoA-II in vitro, but it remains
416unclear why mice with type B apoA-II are amyloidosis-resistant. We cannot explain the
417different in the in vitro and in vivo mechanisms of type B apoA-II. Mouse apoA-II
418proteins probably generate surface patches that associate with acyl side chains of lipids in
419serum HDL similar to human apoA-II [55]. We have found that amount and particle size
4200f plasma HDL on SAMRI1 mice with type B apoA-II were greater and larger compared
421with those of R1.P1-4poa2 congenic mice with type C apoA-II [26]. This R1.P1-4Apoa2‘
422congenic mouse strain was developed in our laboratory, and had the identical genetic
423background with SAMR1 mice except for type C apoA-II. We expect that Type B apoA-
42411 may differ from type C apoA-II in binding affinity with lipids of HDL and its role in
425metabolic processes. We have also found that intravenous injection of AApoAll amyloid
426fibrils of type C apoA-II into SAMRI mice with type B apoA-II can induce senile
427amyloidosis, and new AApoAll amyloid fibrils obtained from the amyloidosis-induced
428SAMRI1 mouse can cause earlier and more severe amyloidosis in SAMR1 mice than
429A ApoAll of type C apoA-II [25]. So we believe that senile amyloidosis is easily induced

430in mice with type B apoA-II by simply changing the microenvironment into an unknown
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43 1pathogenic state.

432 We hypothesize a unique model for the AApoAIl amyloid fibril formation obtained in
433our studies using synthetic partial peptides (Fig. 8). The model contains elements from
434%“the nucleation-dependent polymerization model,” which consists of nucleation and
435extension phases, as well as the amyloid fibril formation model for prion protein [9],
436amyloid B-protein [7,46], and [B2-microglobulin [8]. The combination of N- and C-
437terminal regions of apoA-II is essential for their association into nuclei of amyloid fibrils,
438and once the nucleus has been formed, further addition of N- and C-terminal peptides is
439accelerated. Interestingly, in the presence of “nuclei or seeds,” the N-terminal peptide
440polymerized into amyloid fibrils even without the C-terminal peptide, but these fibrils
441were narrower and more bent than those formed from both the N- and C-terminal
442peptides.

443 Based on these findings in vitro, we hypothesize an in vivo mechanism of
444polymerization into amyloid fibrils shown in Fig. 8B. Some apoA-II proteins separate
445from the lipid surface, form the unfolded intermediate structure and associate to nucleus
446(nucleation phase). The unfolded apoA-II binds to nucleus and extends amyloid fibrils
447(AApoAll; the extension phase). When exogenous AApoAll amyloid fibrils are ingested,
448they act as seeds to induce and stabilize conversion of apoA-II protein. This mechanism
449provides a plausible explanation for the transmission of AApoAIl amyloidosis [56]. It is
450not clear whether the extension phase progresses through the combination of N- and C-
451sequences of apoA-II or N-terminal sequence alone, but narrow and bending forms of
452amyloid fibrils were not observed in the tissues of mice with type C apoA-II [25,36].

453 The molecular mechanism underlying the different amyloidogenesis processes in type
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454B and C apoA-II mice with amino acid mutations Pro5GIn and Ala38Val, could not be
455elucidated in our in vitro studies. Yanagisawa and other researchers have suggested that
456each AP-protein with different mutations in hereditary Alzheimer’s disease, selects
457specific sialoglycolipids on the cell membrane surface to interact and extend amyloid
458fibrils [57-61]. Other researchers have suggested that phospholipids contribute to
459stabilization of apoA-I [49] and aO-synuclein [62].  We hypothesize that amino acid
460substitutions between type C and B apoA-II may alter the ability to interact with target
461molecules such as cholesterols, phospholipids, glycolipids, and proteins in some
462microenvironments and lead to different amyloidogenesity.

463 Our in vitro study using synthetic partial peptides of mouse apoA-II revealed a unique
464mechanism for mouse AApoAll amyloid fibril formation. This polymerization requires a
465combination of N- and C-terminal sequences of mouse apoA-II and acidity (pH 2.5). The
466strategy using synthetic partial peptides is useful and simple for understanding various
467issues in amyloidosis, including the mechanism of amyloid fibril formation, cell toxicity,
468and transmission. But we need to demonstrate the mechanism for polymerization using a
469full-length peptide of apoA-II. Further investigations using partial and full-length

470peptides may elucidate the mechanisms of AApoAll and other general amyloidoses.
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664Figure Legends

665Figure 1: Amino acid sequences of mouse apoA-II and synthetic partial peptides. Mature
666apoA-II consists of 78 amino acid residues, and pro-apoA-II has a 5-residue-long
667propeptide extending from the N-terminus of mature apoA-II. The encircled words are
668amino acids of the propeptide sequence, the bold words at position 5 and 38 are the two
669variant amino acids between type B and C apoA-Il.  Synthesis of partial peptides was
670performed from NH;-terminal side toward COOH-terminal side as the arrowhead. The
671following arrows show synthetic partial peptides: solid lines, N-terminal peptides; dotted
672lines, middle part peptides; dashed lines, C-terminal peptides. Bold words and lines
673indicate synthetic peptides capable of amyloid fibril formation.

674Figure 2: The unique combination of N- and C-terminal peptides of apoA-II is essential
675for amyloid fibril formation at pH 2.5. A. The left panel shows ThT-fluorescence
676intensities of the reaction mixtures of N- and C-terminal peptides (c16p + 48/65, 50 uM x
6772) at pH 2.5, 4.5, or 7.0. Each symbol and bar represents the mean and S.D. (n = 3). a. u.,
678arbitrary units. The fluorescence intensities of either c16p or 48/65 (300 uM, n = 2)
679showed minimal increase after 24 h incubation at pH 2.5. The right panel shows the ThT-
680fluorescence plot of amyloid fibril formation of the c16p + 48/65 peptides following up to
6818 h of incubation at pH 2.5, and demonstrates the presence of a lag-time phase. B. The
682reaction mixtures at pH 2.5 had the most abundant amyloid fibrils. Characteristic forms of
683amyloid fibril were observed in the reaction mixtures after 21 h or 3 days incubation by a
684negative-staining method using TEM (left-hand panel). The products were stained with
685Congo-red, and we observed the apple-green color birefringence under polarized light

686using LM (right-hand panel). Each scale bar in the TEM images indicates 100 nm in
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687width. C. LC/MS/MS analysis shows a representative profile of c16p + 48/65 mixture
688after 21 h incubation at pH 2.5. Amyloid fibrils formed from peptides have both N- and
689C-terminal peptides in a 1:1 ratio.

690Figure 3: Far-UV CD spectra revealed that the combination of c16p and 48/65 peptides
691changed structure greatly and resulted in the abundant formation of amyloid fibrils under
692the acidic conditions. A. The far-UV CD spectrum of cl6p + 48/65 during immediate
693phase shows a similar profile to that of the c16p peptide rather than the merged curve of
694each spectrum of c16p and 48/65 (dashed line). The spectrum of these peptides incubated
695for 12 h at 37°C at pH 2.5 (overnight phase) changed greatly and exhibited one broad and
696negative peak at 216 nm. Results are expressed in terms of means residue ellipticity
697(MRE). B. The CD spectra of the c16p + 48/65 peptides during immediate phase (left
698panel) and incubated for 12 h at 37°C (overnight phase) at pH 4.5 and 7.0 were shaped
699differently to the curves at pH 2.5.

700Figure 4: The Gln at position 16 of apoA-II plays an indispensable role in amyloid fibril
701formation. Abbreviations and amino acid sequences of N-terminal peptides used are
702shown in Fig. 1. Each symbol and bar represents the mean and S.D. (n = 3). a. u,,
703arbitrary units. A. ThT-fluorescence intensities of each reaction mixture of N-terminal
704peptides (c1/16, c2/16, or 6/16) and 48/65 increased as well as those of c16p + 48/65. The
705fluorescence intensities of 9/16 without amino acids at positions 1-8 and 48/65 increased
7060nly slightly. B. The fluorescence intensities of each reaction mixture of N-terminal
707peptides without amino acids at positions of 9—16 or 14-16 (c8p or c13p) and 48/65 did
708not increase. C. The fluorescence intensities of each reaction mixture of N-terminal

709peptides without an amino acid at position 16 (c15p) and 48/65 increased less than c16p +
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71048/65. The fluorescence intensities of the reaction mixture of the N-terminal peptides
711with His substituted for Gln at position 16 (c1/16(Q16H)) and 48/65 decreased compared
712to c1/16 + 48/65. D. The fluorescence intensities of each reaction mixture of reverse
713synthetic peptides (16/6 or 65/48) did not change. E. The reaction mixtures of N-terminal
714peptides (cl1/16, c2/16, or 6/16) and 48/65 after 20 or 21 h incubation had the most
715abundant amyloid fibrils, and the mixtures of c1/16(Q16H) and 48/65 after 21 h
716incubation had fewer amyloid fibrils. Characteristic forms of amyloid fibril were not
717detected in either reaction mixture of other N-terminal peptides (9/16 or c¢15p) with 48/65
718and reverse-reverse combination (6/16 and 65/48) after 20 or 21 h incubation using TEM.
719Each scale bar indicates 100 nm in width.

720Figure 5: N-terminal peptides of type B and 48/65 polymerize into amyloid fibrils in a
721similar fashion as type C. A. This panel shows ThT-fluorescence intensities of bl16p +
72248/65 mixture (50 uM X 2)at pH 2.5, 4.5, or 7.0. Those fluorescence intensities increased
723like the intensities of type C (c16p) and 48/65 shown in Fig. 2A. Each symbol and bar
724represents the mean and S.D. (n = 3). a. u., arbitrary units. B. The reaction mixtures of
725type B peptides at pH 2.5 had the most abundant amyloid fibrils. Characteristic forms of
726amyloid fibril observed in the reaction mixtures after 21 h or 3 days incubation using
727TEM are shown in the left panel. After 3 days the products were stained with Congo-red,
728and the apple-green color birefringence under the polarized light using LM is shown in the
729right panel. Each scale bar in the TEM image indicates 100 nm in width.

730Figure 6: The C-terminal peptide (48/65) is indispensable but middle part peptides
731(32/43) have no effect in amyloid fibril formation. Abbreviations and amino acid

732sequences of C-terminal and middle part peptides used are shown in Fig. 1. Each symbol
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733and bar represents the mean and S.D. (n = 3). a. u., arbitrary units. A. ThT-fluorescence
734intensities of the reaction mixtures of ¢c16p and each shorter peptides of 48/65 (48/57 +
73556/65, 48/57, 52/61, or 56/65), or another C-terminal peptide (64/78) increased less than
736¢c16p +48/65 at pH 2.5. B. The fluorescence intensities of the reaction mixtures of middle
737part peptide (c32/43) and either c16p or 48/65 (c16p + c32/43 or 48/65 + ¢32/43) did not
738increase compared with those of c16p + 48/65 at pH 2.5. The fluorescence intensities of
739the reaction mixtures of cl6p, 48/65, and ¢32/43 (cl6p + 48/65 + ¢32/43) increased
740similar to cl6p + 48/65. C. The fluorescence intensities of bl6p and 48/65 with or
741without b32/43 (bl6p + 48/65 + b32/43 or bl6p + 48/65) increased similar to those of
742type C peptides shown in panel B.

743Figure 7: Seed-dependent amyloid fibril extension of type B and C peptides. N-terminal
744peptides can polymerize into amyloid fibrils in the presence of seeds even without the C-
745terminal peptide. Each symbol and bar in panels A-C represents the mean and S.D. (n =
7463). a. u., arbitrary units. A. In the presence of pre-made amyloid fibrils of type C
747peptides, the ThT-fluorescence intensities of type C N-terminal peptides (c16p and c1/16)
748and 48/65 increased from the beginning of incubation, and reached a plateau phase after
749approximately 2 h. The fluorescence intensities of type B N-terminal peptide (b16p) and
75048/65 increased similarly without a lag-time phase. However, the fluorescence intensities
7510f shorter N-terminal peptides (c8p and c13p) and 48/65 showed little increase. The right
752panel demonstrates the ThT-fluorescence plot of c16p + 48/65 without a lag-time (seeds
753(+)). B. In the presence of type B pre-made amyloid fibrils, the fluorescence intensities of
754type B or C peptides also increased without a lag-time phase. C. In the presence of type C

755seeds, the fluorescence intensities of the reaction mixture of cl6p even without 48/65
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756gradually increased, but those of 48/65 alone (48/65) did not. D. TEM images of the type
757C mixtures after 3 days incubation. The reaction mixtures of type C seeds without
758peptides had no amyloid fibrils (Seed alone), but the reaction mixtures of ¢c16p and 48/65
759in the presence of seeds had abundant amyloid fibrils (c16p + 48/65). Narrow and bent
760fibrils were detected as well as characteristic forms of amyloid fibril in the reaction
76 1mixtures of cl6p without 48/65 (c16p). The reaction mixtures of 48/65 alone had no
762amyloid fibrils (48/65). Each scale bar in TEM image indicates 100 nm in width.
763Figure 8: A hypothetical mechanism of AApoAll amyloid fibril formation in vitro and in
764vivo. A. A presentation of structural states and amyloid fibril formation of apoA-II
765peptides in vitro. Neither N- nor C-terminal peptides polymerize into amyloid fibrils
766independently (1). Combination of N- and C-terminal peptides under acidic conditions
767(pH 2.5) makes intermediates with increased unordered structures (amyloidogenic
768conformation), which are favored in amyloid nucleus formation (2). Once a nucleus is
769formed, or preformed nuclei (seeds) are added, further extension of N- and C-terminal
770peptides occurs (3). In the presence of ‘nuclei or seeds’, the N-terminal peptide
771polymerizes into amyloid fibrils even without the C-terminal peptide (4), but the C-
772terminal peptide alone does not (5). B. A hypothesis of apoA-II amyloid fibril formation
773in vivo. ApoA-II generates surface patches that associate with lipids in HDL particle.
774ApoA-II is detached from the lipid surface by unknown environmental factors, takes
775unfolded structure and polymerizes into amyloid fibrils by the combination of N- and C-
776amino acid sequences. Invasion of exogenous AApoAll amyloid fibrils induces extension
777step and accelerates amyloidosis.

778Figure S1: Characteristic forms of amyloid fibril were increased until they reached a
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779plateau phase after 6 h incubation at pH 2.5. Each scale bar in the images indicates 100
780nm in width.

781Methods: Reaction mixtures in ice-cold Eppendorf tubes contained 50 uM synthetic
782peptides (c16p + 48/65 (A) or bl6p + 48/65 (B)), 50 mM citrate buffer (pH 2.5), 100 mM
783NaCl, and 5% DMSO as a final concentration. After brief blending, the reaction mixtures
784were incubated with agitation at 300 rpm in a shaker at 37°C. Aliquots of the reaction
785mixtures were spread on carbon-coated grids, and were negatively stained with 1%
786phosphotungstic acid—-NaOH (pH 7.0). These samples were examined under an electron
787microscope (1200 EX, JEOL, Tokyo, Japan) with an acceleration voltage of 80 kV.
788Figure S2: ThT-fluorescence intensities of the reaction mixtures of type C N- and C-
789terminal peptides were increased under strong-acidic conditions. Each symbol represents
790the mean = S.E. (n = 6). a. u., arbitrary units.

791Methods: Reaction mixtures in an ice-cold tubes contained 50 pM synthetic peptides
792(c1/16 and 48/65), 50 mM reaction buffer, 100 mM NaCl, and 5% DMSO as final
793concentration. Reaction buffers used were sodium citrate buffer (pH 2.5-6.0, closed
794circle) or sodium phosphate buffer (pH 6.0-7.4, open circle). After brief blending, the
795reaction mixtures were incubated with agitation at 300 rpm in a shaker at 37°C for 20 h,
796and were used for ThT binding assay. ThT binding assay was performed as described in
797the Materials and methods.

798Figure S3: The characteristic forms of amyloid fibril were detected in the reaction
799mixture of c16p and 48/65 in a 5:1 ratio, but somewhat different shapes were revealed. A.
800The left panel shows ThT-fluorescence intensities of the reaction mixtures of clé6p +

80148/65 (1:1, closed circle; 5:1, open square) at pH 2.5. Each symbol and bar represents the
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802mean and S.D. (n = 3). a. u., arbitrary units. The right panel shows the ThT-fluorescence
803plot of amyloid fibril formation of the cl6p + 48/65 peptides following up to 8 h of
804incubation at pH 2.5, and demonstrates the presence of a lag-time phase. B. LC/MS/MS
805analysis shows a representative profile of c16p + 48/65 mixture after 21 h and 3 days of
806incubation at pH 2.5. C. Characteristic forms of amyloid fibril were observed in the
807reaction mixtures after 3 days of incubation by a negative-staining method using TEM.
808Somewhat narrow and curving amyloid fibrils were observed (arrow head). The scale bar
809indicates 100 nm in width.

810Methods: Reaction mixtures contained c16p + 48/65 in the ratio of either 50 uM x 2 (1:1)
811or 250 uM + 50 uM (5:1), 50 mM citrate buffer (pH 2.5), 100 mM NacCl, and 5% DMSO
812as a final concentration. After brief blending, the reaction mixtures were incubated with
813agitation at 300 rpm in a shaker at 37°C. Aliquots were used for ThT binding assay, LC/
814MS/MS and TEM at arbitrary intervals. Those assays were performed as described in the

&15Materials and methods.
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