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Physical Chemistry Chemical Physics,
Editorial Board Chair
Professor Anouk Rijs

Dear Professor Anouk Rijs,

I am sending a manuscript entitled, “Sub-nanosecond dynamics of phospholipid membranes 
interacting with polymorphic amyloid fibrils observed by elastic incoherent neutron 
scattering” by Tatsuhito Matsuo, Agathe Bélime, Francesca Natali, Alessio De Francesco, and 
Judith Peters. I would like to submit this manuscript for publication as a research article in 
Physical Chemistry Chemical Physics.

Amyloid fibrils, which are closely associated with amyloidosis such as Alzheimer’s disease, 
show polymorphism and polymorphic fibrils show different levels of cytotoxicity. 
Interactions between fibrils and cell membranes are thought to underlie cytotoxicity, which is 
related to the timing of the onset and the severity of amyloidosis. However, the molecular 
mechanism of interactions between amyloid polymorphic fibrils and membranes and hence of 
the amyloid cytotoxicity is poorly understood. This paper deals with the molecular dynamics 
of phospholipid molecules during the interaction with polymorphic amyloid fibrils showing 
different levels of cytotoxicity.

Here, using two kinds of amyloid polymorphic fibrils of hen egg white lysozyme, which have 
been shown to express higher and lower cytotoxicity, and model phospholipid membranes of 
DMPC and DMPG, we investigated the changes in molecular dynamics of the phospholipid 
molecules caused by the fibrils at sub-nano length and time scales, using elastic incoherent 
neutron scattering (EINS). It was found that the molecular flexibility of DMPC was decreased 
by less cytotoxic fibrils, but was increased by more cytotoxic fibrils whereas that of DMPG 
was decreased by binding of both types of fibrils. Moreover, at temperatures close to the body 
temperature, both phospholipid molecules undergo enhanced atomic fluctuations when the 
more cytotoxic fibrils bind to the membrane compared with less cytotoxic ones. These results 
suggest that enhanced dynamics of phospholipids is associated with the stronger cytotoxicity, 
and hence the present finding would deepen our understanding of the molecular mechanism 
of cytotoxicity caused by amyloid fibrils, which underlies the pathogenesis of various 
amyloidoses. Therefore, this paper should be of particular interest to the readers of Physical 
Chemistry Chemical Physics.

I would be grateful if you could consider this manuscript for publication in Physical 
Chemistry Chemical Physics.

Yours sincerely,

Tatsuhito Matsuo, Ph.D.
Faculty of Health and Medical Sciences
Hiroshima International University
555-36 Kurose-Gakuendai, Hiroshima, 739-2695, Japan
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Data availability

Data for this article are available at  http://doi.ill.fr/10.5291/ILL-DATA.CRG-3013 and 

http://doi.ill.fr/10.5291/ILL-DATA.8-04-962
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25 Abstract

26 Amyloidosis such as Alzheimer’s or Parkinson’s disease is characterized by deposition of 

27 amyloid fibrils in the brain or various internal organs. The onset of amyloidosis is related to the 

28 strength of cytotoxicity caused by toxic amyloid species. In addition, amyloid fibrils show a 

29 polymorphism, i.e., some types of fibrils are more cytotoxic than others. It is thus important to 

30 elucidate the molecular mechanism of cytotoxicity, which is ultimately caused by interactions 

31 between amyloid fibrils and cell membranes. In this study, modulation of molecular dynamics 

32 of phospholipid membranes formed by DMPC or DMPG induced by the binding of amyloid 

33 polymorphic fibrils with different levels of cytotoxicity was studied by elastic incoherent 

34 neutron scattering. The amyloid fibrils were formed by a model system of hen egg white 

35 lysozyme at pH 2.7 or 6.0 and investigated in a temperature range between 280 K and 310 K. 

36 The elastic incoherent neutron scattering curves were analyzed in terms of the mean square 

37 positional fluctuations (MSPF) of atomic motions, including its distribution, as a function of 

38 temperature, which is related to molecular flexibility. The major findings are: 1) The molecular 

39 flexibility of DMPG was decreased by binding of both more and less cytotoxic fibrils whereas 

40 that of DMPC was decreased by less cytotoxic fibrils, but was increased by more cytotoxic fibrils. 

41 2) Close to the physiological body temperature, more cytotoxic fibrils caused larger MSPFs of 

42 both phospholipids with an enhanced motional heterogeneity. These results imply that 

43 enhanced dynamics of phospholipids is associated with the stronger cytotoxicity.
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44 Introduction

45 In diseases classified as amyloidosis such as Alzheimer or Parkinson, the deposition of amyloid 

46 fibrils in the brain or various internal organs is observed as a hallmark. Monomers of a causative 

47 protein of amyloidosis form oligomers through a nucleation process, eventually resulting in 

48 amyloid fibrils, which have a specific intermolecular β-sheet structure coined “cross-β” 1,2. It has 

49 been reported that in the case of Alzheimer’s disease, where the protein amyloid-β is the 

50 causative agent, the pathogenesis is closely linked with the level of cytotoxicity of amyloid-β 

51 3,4. This suggests that the elucidation of the molecular mechanism of amyloidosis requires 

52 profound understanding of the molecular mechanism of cytotoxicity caused by amyloidogenic 

53 proteins. Eventually, such knowledge will make it possible to develop new medical 

54 interventions such as drugs with less side effects and for a wider range of patients than drugs 

55 clinically used today5, by focusing on various molecular processes that underlie amyloid 

56 cytotoxicity. 

57

58 It is known that amyloid fibrils show polymorphism depending on fibrillation conditions6 ; 

59 Polymorphic fibrils differ not only in the morphology, in the structural fluctuation at the atomic 

60 level7, but also in the strength of cytotoxicity8,9,18–21,10–17. Since polymorphic amyloid fibrils have 

61 been identified in the brains of Alzheimer’s disease patients with mild or severe cortical atrophy 

62 22, polymorphism of amyloid fibrils appears to be crucial in vivo. Together with the finding that 
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63 amyloid-β forms polymorphic amyloid fibrils with distinct levels of cytotoxicity in vitro8, it is 

64 implied that stronger cytotoxicity of amyloid fibrils leads to more severe symptoms of 

65 Alzheimer’s disease, which highlights the critical need to deeply understand how amyloid 

66 polymorphic fibrils exert different levels of cytotoxicity.

67

68 It is now accepted that binding of amyloid fibrils to cell membranes can cause membrane 

69 permeabilization, leading to cytotoxicity 16. Polymorphic amyloid fibrils of amyloid-β with 

70 different levels of cytotoxicity have been shown to modulate intracellular biochemical reactions 

71 differently23. So far, interactions between amyloidogenic proteins (monomers, oligomers, and 

72 fibrils) and lipid membranes have widely been studied24–32, and the possible relationship 

73 between cytotoxicity and the structural features of oligomers or fibrils has been 

74 investigated20,21,33–36. However, much less studies have focused on the interactions between 

75 lipid membranes and polymorphic amyloid fibrils with different levels of cytotoxicity17.

76

77 As a representative amyloid model protein, hen egg white lysozyme (HEWL), has widely been 

78 used. HEWL amyloid fibrils formed at pH 6.0 (hereafter LP60) show stronger cytotoxicity than 

79 those formed at pH 2.7 (hereafter LP27) 18. In our previous studies 37,38, we have shown that 

80 more cytotoxic LP60 shows enhanced molecular dynamics than less cytotoxic LP27, and upon 

81 binding of such a flexible LP60 to phospholipid membranes, LP60 causes more structural 
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82 disorder in the membranes than LP27. Simultaneously, LP60 was found to increase the fraction 

83 of the anti-parallel β-sheet, which is more stable than the parallel β-sheet38. This implies that 

84 the reduction in entropy of LP60 is compensated by the increase in entropy of phospholipid 

85 membranes, what might be relevant for membrane disruption underlying the amyloid 

86 cytotoxicity. However, atomic and molecular details of the physical changes of phospholipid 

87 membranes remain unclear, although the dynamic nature of phospholipid molecules in the 

88 membrane plays a crucial role in various lipid functions39.

89

90 Elastic incoherent neutron scattering (EINS) is a powerful technique to characterize molecular 

91 dynamics at the sub-nano second timescale and at the Ångstrom length scale, i.e., at the atomic 

92 level 40. The incoherent scattering cross-section of hydrogen atoms is more than 40 times larger 

93 than that of any other atom found in bio-macromolecules and of the stable isotope of 

94 hydrogen atom, deuterium41. Since hydrogen atoms are quasi-uniformly distributed 

95 throughout a bio-macromolecule, EINS provides information on the averaged atomic motions 

96 of the molecule, in particular, their amplitudes.

97

98 In this study, we used LP27 and LP60 described above as amyloid polymorphic fibrils 

99 possessing different levels of cytotoxicity, together with the model lipid vesicles of DMPC (1,2-

100 dimyristoyl-sn-glycero-3-phosphocholine) or DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-
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101 (1’-rac-glycerol)). Both are phospholipids with 14 carbons in their chains, but they differ by 

102 their head groups (Fig. 1). Whereas DMPC is zwitterionic, DMPG has negative charges in its 

103 head group. The use of DMPC and DMPG thus permits to investigate the impact of negative 

104 charges on the interaction between phospholipid membranes and amyloid fibrils. Here, we 

105 employed EINS to investigate possible dynamical changes in DMPC or DMPG molecules at the 

106 atomic level caused by binding of LP27 and LP60 in order to gain insights into the possible 

107 relationship between molecular dynamics and the degree of amyloid cytotoxicity.

108

109 Materials and methods

110 Sample preparation

111 Lysozyme amyloid polymorphic fibrils were formed as previously reported18,37,38: Lyophilized 

112 powder of HEWL (129-06723, FUJIFIUM Wako, Japan) was dissolved at ~25 mg/ml in a buffer 

113 containing 70 mM glycine (pH 2.7) and 80 mM NaCl, or a buffer containing 20 mM Na2HPO4 

114 (pH 6.0) and 80 mM NaCl, and then incubated for 2.5 h with constant stirring at the speed of 

115 1,200 rpm using the Thermoshaker Model Pro (TS pro) (CellMedia GmbH, Germany). The 

116 temperature of the thermoshaker was set to 70 °C. The resultant lysozyme amyloid 

117 polymorphic fibrils formed at pH 6.0 and pH 2.7 (LP60 and LP27, respectively) increased the 

118 thioflavin T fluorescence significantly compared with before incubation38. The solutions of LP60 

119 and LP27 were subsequently dialyzed against PBS buffer in D2O (8.1 mM Na2HPO4, 1.47 mM 
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120 KH2PO4, 137 mM NaCl, 2.68 mM KCl, pH 7.4) for 24 hours.

121

122 Phospholipid vesicles were formed following a method used previously for another neutron 

123 scattering study42 using DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) (850345P-

124 200MG, Avanti Polar Lipids, USA) or DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-

125 glycerol) (sodium salt)) (P6412-100MG, Sigma Aldrich, USA), which were purchased and used 

126 without further purification. Lyophilized powder of DMPC or DMPG was dissolved at a 

127 concentration of 150 mg/ml in the PBS buffer in D2O at ~40 °C, which is above the phase 

128 transition temperatures of DMPC and DMPG43.

129

130 For samples of phospholipid vesicles in mixture with LP27 and LP60 (hereafter, they are called 

131 DMPG/DMPC+LP27 and DMPG/DMPC+LP60, respectively), an appropriate amount of each 

132 fibril solution was added to the vesicle solutions such that the weight ratio of 

133 lysozyme:phospholipid was 1:4, which corresponds to a molar ratio of 1:86. In this 

134 stoichiometry, the neutron scattering contribution of phospholipid molecules is 89% to the 

135 total scattering, and thus phospholipid molecules dominate the scattering signal. For neutron 

136 scattering measurements, each sample solution was put into an aluminum flat cell (3 cm × 4 

137 cm × 0.05 cm), and then sealed with indium wire. To check a possible loss of material during 

138 the measurements, the weight of the cells was monitored before and after the neutron 
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139 measurements. No change in weight was detected after the measurements.

140

141 Elastic Incoherent Neutron scattering (EINS) experiments

142 EINS measurements were carried out at the Collaborative Research Group (CRG) thermal 

143 neutron back-scattering spectrometer IN1344 at the Institut Laue-Langevin (Grenoble, France) 

144 upgraded in 2023. Data are available at http://doi.ill.fr/10.5291/ILL-DATA.CRG-3013 and 

145 http://doi.ill.fr/10.5291/ILL-DATA.8-04-962. EINS scattering curves were measured on the 

146 solution samples described above in the temperature range between 280–310 K. The 

147 wavelength of the incident neutron was 2.23 Å (16 meV) and the energy resolution 8 μeV 

148 (FWHM), corresponding to a time window of ~160 ps. A wide range of momentum transfers, 

149 i.e., 0.2 Å-1 < Q < 4.9 Å-1 is covered by this spectrometer, corresponding to motional amplitudes 

150 of 1.28 Å < d < 31.4 Å, (Q = 2π/d = 4πsinθ/λ, where 2θ is the scattering angle and λ is the 

151 wavelength of the neutron). The heating rates were set to be between 0.021 K/min and 0.055 

152 K/min according to the time schedule. The transmission measurements showed that the 

153 transmission of all the samples was > 93%, and thus multiple scattering effect was negligible. 

154 The LAMP package45 was used for data reduction. IGOR Pro software (WaveMetrics, Lake 

155 Oswego, OR, USA) was used for fitting analysis of the EINS curves. The scattering curve of the 

156 empty cell was subtracted from those of the samples with an appropriate coefficient calculated 

157 from the transmission measurement46. The correction of the detector efficiency was performed 
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158 using the scattering of a vanadium slab with 2 mm thickness. To obtain net scattering curves 

159 of phospholipids, the EINS curve of the buffer was subtracted from those of the samples using 

160 a partial specific volume of DMPG or DMPC, which is 0.975 cm3/g47.

161

162 Analysis of EINS data

163 First, the measured EINS curves were analyzed using the Gaussian approximation to extract 

164 mean square displacements (MSD) of atomic motions48. Within this approximation, one 

165 assumes harmonic motions around the equilibrium positions and the elastic scattering 

166 intensity 𝑺(𝑸, ± 𝜟𝑬) can then be written as:

167 𝑺(𝑸, ± 𝜟𝑬) = 𝑺(𝟎)𝒆𝒙𝒑 ― 𝟏
𝟑

𝑸𝟐〈𝒖𝟐〉 , (1)

168 where 𝜟𝑬 is the energy resolution of the instrument, 𝑺(𝟎) denotes the scattering intensity at 

169 the origin Q = 0 Å-1, and 〈𝒖𝟐〉 is the MSD of atomic motions. Although Gaussian approximation 

170 is in principle valid under the condition of 𝑸𝟐〈𝒖𝟐〉 < 𝟏.𝟑, even 𝑸𝟐〈𝒖𝟐〉 ~ 𝟒 still holds for 

171 macromolecular dynamics such as that of a protein49. Moreover, in order to obtain more 

172 reliable and consistent results, it is recommended to include data points at higher Q values as 

173 far as the data points follow the Gaussian behavior 50. Consequently, in this study, the MSD 

174 values were evaluated in the range of 𝑸𝟐〈𝒖𝟐〉 < 𝟓.𝟔.

175

176 Since the Gaussian approximation described above uses only a much smaller Q range than the 
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177 experimentally accessible one, contribution from atoms moving with smaller amplitudes is 

178 limited in the extracted MSD values. More detailed dynamical information including smaller 

179 amplitudes can be extracted by the mean-square atomic position fluctuation (MSPF) analysis 

180 51, which takes all the available data points into account. In this analysis, a motional 

181 heterogeneity of the amplitudes of the atomic motions, i.e., non-Gaussian behavior, is 

182 considered through a Gamma distribution. In the MSPF analysis, the elastic scattering intensity 

183 is expressed by 51,

184 𝑺(𝑸, ± 𝜟𝑬) = 𝑺(𝟎) 𝟏 + 𝑸𝟐〈𝒓𝟐〉
𝜷

―𝜷
, (2)

185 where 〈𝒓𝟐〉 denotes the MSPF of the atomic motions and 𝜷 is the measure of the motional 

186 heterogeneity. A Gamma distribution is used to represent the distribution of the atomic 

187 position fluctuations (motional amplitude) as follows:

188 𝒑(𝝀,𝜷) = 𝜷𝒆𝒙𝒑( 𝜷𝝀)(𝜷𝝀)𝜷―𝟏

𝚪(𝜷)     (𝟎 < 𝜷 <  ∞), (3)

189 where 𝝀 = 𝒓𝟐/〈𝒓𝟐〉 denotes the squared atomic position fluctuation normalized by the MSPF. 

190 For a constant MSPF value, the increase in 𝜷 means that the amplitude distribution becomes 

191 closer to a Gaussian approximation, which is eventually retrieved in the limit of 𝜷→ ∞.

192

193 In the statistical comparison of the parameters obtained by the analysis of the experimental 

194 data, the two-paired Student’s t-test was employed. Since multiple comparison increases the 

195 level of confidence and thus undermines the reliability of statistical tests, Bonferroni correction 
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196 was employed 52, where the value of the level of confidence was divided by the total number 

197 of pair comparisons to compensate for this effect.

198

199 Results and Discussion

200 Integrated intensity

201 Dynamical information without assuming any analytical model is obtained from the 

202 temperature dependence of the EINS intensity summed over the whole accessible Q-range, 

203 which is shown in Fig. 2. The integrated intensity was normalized to one at the lowest 

204 temperature, i.e., 284 K. For DMPG, it decreases almost linearly until 294 K, followed by a 

205 sudden drop at 299 K, and again by a linear decrease with temperature (Fig. 2(A)). The sudden 

206 decrease in the integrated intensity is a signature that additional motions faster than the 

207 observation time determined by the energy resolution of the spectrometer are activated. The 

208 decrease in the intensity of DMPG between 294 K and 299 K would be due to the phase 

209 transition from the gel phase to the liquid-crystalline phase occurring at around Tm = 297 K53. 

210 On the other hand, the integrated intensity of both DMPG+LP27 and DMPG+LP60 does not 

211 show an abrupt decrease within the temperature range employed, suggesting that binding of 

212 amyloid fibrils modulates the phase behavior of DMPG. A slightly larger drop than at other 

213 temperatures is observed between 289 K and 295 K for DMPG+LP60. This suggests that the 

214 phase transition of DMPG membranes may be shifted to a lower temperature between 289 K 
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215 and 295 K, or disappear by binding of amyloid fibrils. Shifts in the phase transition temperature 

216 or disappearance of the phase transition have been observed, for example, for DPPC in 

217 complex with cholesterol54. Regarding the DMPC-containing samples, as shown in Fig. 2(B), the 

218 integrated intensity of DMPC shows the same drop between 294 K and 299 K most likely due 

219 to the phase transition occurring at around 296K53,55. The magnitude of this decrease is larger 

220 than the corresponding value of DMPG, indicating that DMPC molecules undergo faster 

221 motions than DMPG molecules upon the phase transition. This is consistent with the results 

222 obtained by the fluorescent probe, Laurdan, that the generalized polarization is smaller for 

223 DMPC than for DMPG at around 300 K56,57, suggesting that water molecules are more 

224 accessible to DMPC than to DMPG. Whereas DMPC+LP27 does not show a clear phase 

225 transition as seen for DMPG+LP27, DMPC+LP60 still retains the phase transition though the 

226 magnitude of the decrease in the intensity at 299 K is smaller than for DMPC. These results 

227 suggest that 1) upon binding of LP27, the atomic motions of phospholipid molecules may be 

228 restrained. 2) LP60 also restrains the atomic motions of DMPG molecules whereas DMPC 

229 molecules may move relatively freely even when LP60 binds to the membrane.

230

231 MSD analysis

232 MSDs were determined by the Gaussian approximation of the EINS curves. Since the Gaussian 

233 approximation is valid in the low Q-range, the MSD values report the atomic motions with 

Page 14 of 35Physical Chemistry Chemical Physics



13

234 relatively large amplitudes. The fitting results are summarized in Fig. S1, and Fig. 3 shows the 

235 temperature dependences of the obtained MSDs of all the samples. In the case of DMPG (Fig. 

236 3 (A)), it is seen that between 294 K and 299 K, the MSD shows an abrupt increase, which would 

237 be due to the phase transition from the gel phase to the liquid-crystalline phase. On the other 

238 hand, this transition is not clearly seen for DMPG+LP27 and DMPG+LP60. These characteristics 

239 are similar to those observed for the integrated intensity in the previous section. Regarding 

240 the MSD values, binding of LP27 drastically decreases the MSD over the temperature range 

241 examined, suggesting that LP27 interacts with DMPG molecules firmly and restrains their 

242 mobility. Binding of LP60, however, does not modulate significantly the MSD values of DMPG 

243 molecules though a slight decrease in MSD after Tm is observed. This indicates that in spite of 

244 the binding of LP60, DMPG molecules are still able to fluctuate more freely than when LP27 

245 binds to the membrane. 

246

247 As for DMPC (Fig. 3 (B)), the abrupt increase in MSD is observed for both DMPC and 

248 DMPC+LP60. Furthermore, the MSD values are almost similar for both samples. These results 

249 suggest that the DMPC molecules undergo the phase transition even when LP60 binds to the 

250 membrane, and that atomic motions of DMPC molecules are not restrained as much as 

251 observed for DMPG+LP60. On the other hand, the MSD of DMPC+LP27 shows a peculiar 

252 behavior: it is much larger than the MSDs of the other two samples below Tm, and slowly 
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253 increases with temperature. DMPC molecules appear to fluctuate more by binding of LP27 

254 whereas the atomic motions of DMPC are more resistant to the temperature increase than the 

255 other samples. This point will be further discussed later.

256

257 MSPF analysis

258 Next, to extract the dynamical information in more detail, MSPF analysis was carried out, which 

259 uses the EINS intensity at all the Q values, i.e., including atomic motions with both large and 

260 small amplitudes accessible by the instrument. Examples of the fitting of the EINS curves are 

261 shown in Fig. 4. It is seen that the EINS curves are fitted quite well by Eq. 2. The resultant MSPF 

262 and β values are shown as a function of temperature in Fig. 5. Regarding the DMPG-containing 

263 samples, the characteristic features of the temperature dependence of the MSPF (Fig. 5 (A)) are 

264 essentially the same as those obtained for the MSD as described above, but the differences 

265 between the samples are more prominent. As for the β value (Fig. 5 (B)), which is a measure of 

266 the motional heterogeneity, it remains almost constant or decreases slightly with temperature 

267 for DMPG while the β values of DMPG+LP27 and DMPG+LP60 are smaller than that of DMPG, 

268 suggesting that the motional heterogeneity of DMPG molecules increases upon binding 

269 amyloid polymorphic fibrils though its difference becomes smaller at higher temperatures.

270

271 For the DMPC-containing samples (Fig. 5 (C) and (D)), the temperature dependences of the 
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272 MSPFs are basically similar to those of the MSD. However, the MSPF of DMPC+LP60 is larger 

273 than DMPC above 298 K while the MSD of DMPC+LP60 is almost the same as that of DMPC 

274 (Fig. 3 (B)), suggesting that in the liquid-crystalline phase, dynamical differences between 

275 DMPC and DMPC+LP60 lie in the atomic motions with smaller amplitudes. This also indicates 

276 that the combination of the MSD and MSPF analyses is useful to extract the detailed dynamical 

277 information, which cannot be obtained by only one of both. The β value of DMPC is found to 

278 increase with temperature whereas for DMPC+LP60, it remains constant with a lower value 

279 than that of DMPC. DMPC+LP27 also shows the increase in the β value with temperature, but 

280 it shows an asymptotic behavior above 300 K, resulting in lower β values than for DMPC (Fig. 

281 5 (D)). These results suggest that the atomic motions of DMPC molecules tend to be more 

282 heterogeneous by interaction with amyloid polymorphic fibrils, which is also observed for 

283 DMPG. Changes in the amplitudes of atomic motions of DMPC molecules are dependent on 

284 the type of amyloid fibrils bound to them. Other than the MSPF values at each temperature, 

285 the response of the MSPF values to temperature is clearly different among the three samples. 

286 This property, which is related to molecular flexibility, is investigated in the next step.

287

288 Molecular flexibility (or resilience) has extensively been interpreted through the force constant 

289 introduced by Zaccai 58 because of its simplicity utilizing a linear relationship between the mean 

290 square displacements of atomic motions and temperature. However, in the current case, as 
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291 seen from Fig. 5 (A) and (C), the temperature dependences of the MSPF are not linear with the 

292 increase in temperature. Therefore, in this study, molecular flexibility will be described by the 

293 following dimensionless parameter 𝜉:

294 𝜉 =
1

𝑛𝑇
∑𝑖 ∑𝑗>𝑖

𝑀𝑆𝑃𝐹𝑇𝑗
𝑀𝑆𝑃𝐹𝑇𝑖

𝑇𝑗
𝑇𝑖

, (4)

295 where 𝑀𝑆𝑃𝐹𝑇𝑖 denotes the MSPF value at the temperature of 𝑇𝑖. The summation is taken for 

296 all the temperature points employed in the EINS measurements, and 𝑛𝑇 is the total number 

297 of the combinations of 𝑖 and 𝑗. The parameter 𝜉 thus represents the sensitivity of the 

298 amplitude of atomic motions to the variation of temperature.

299

300 Fig. 6 shows the comparison of 𝜉 parameters for all the samples employed. It is seen that in 

301 the case of DMPG, binding of both LP27 and LP60 rigidifies DMPG molecules to a similar extent. 

302 However, binding of LP60 was found to increase the flexibility of DMPC molecules. This analysis 

303 suggests that whereas LP27 interacts with phospholipid membranes such that the membranes 

304 become rigidified, LP60 has an ability to enhance the membrane flexibility compared with LP27. 

305 Our previous studies have shown that the atoms of LP60 fluctuate more than LP2737, but upon 

306 binding to phospholipid membranes, LP60 is more stabilized than LP27 by increasing the 

307 antiparallel β-sheet content38, implying that the larger decrease in conformational entropy of 

308 LP60 might be compensated by the increase in the membrane flexibility.

309
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310 Dynamical changes of phospholipid molecules in terms of the strength of cytotoxicity

311 From the present EINS measurements, it was found that dynamical responses of phospholipids 

312 caused by amyloid fibrils differ between DMPG and DMPC, suggesting that effects of binding 

313 of amyloid fibrils on phospholipid dynamics depend on the different physicochemical 

314 properties of the head groups of phospholipids. This is consistent with the fact that the 

315 interaction between phospholipids with a negative charge (DMPG) and HEWL amyloid fibrils 

316 (theoretical pI is 9.32) is stronger than that between zwitterionic phospholipids (DMPC) and 

317 fibrils24. This is also corroborated by the observation that compared with pure phospholipid 

318 samples, the MSPFs of DMPG are similar or smaller upon binding of polymorphic fibrils 

319 whereas those of DMPC are similar or larger, indicating that the atomic fluctuations of 

320 negatively charged DMPG molecules are more restrained than those of neutral DMPC 

321 molecules in the presence of amyloid fibrils, most likely due to stronger interactions between 

322 fibrils and DMPG molecules (Fig. 5 (A) and (C)).

323

324 Effects of binding of LP27 and LP60 on the membrane structure have been studied using 

325 Laurdan fluorescence at 294 K38. It was found that although not statistically significant, binding 

326 of LP27 to the DMPG membrane tends to increase the generalized polarization (GP) (p ≃ 0.06 

327 by t-test) while binding of LP27 to the DMPC membrane tends to decrease the GP value (p ≃ 

328 0.08 by t-test), implying that the DMPG membrane becomes more rigid while the DMPC 
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329 membrane becomes more flexible, which are in line with the decrease and the increase in MSPF 

330 caused by the LP27 binding at around 294 K. As for LP60, binding of LP60 to both DMPG and 

331 DMPC causes more disorder in the membrane structure than LP2738, whereas the MSPFs of 

332 DMPG and of DMPC are not affected by the binding of LP60 at around 294 K (Fig. 5 (A) and 

333 (C)). On the other hand, β values of DMPG and of DMPC show a decrease by binding of LP60 

334 (Fig. 5 (B) and (D)), suggesting that the distribution of the amplitudes of atomic motions of 

335 phospholipids is more heterogeneous than that of the pure phospholipids. Thus, at around the 

336 temperature employed for Laurdan measurements, binding of LP27 mainly affects the 

337 amplitudes of atomic motions of phospholipids while binding of LP60 affects the distribution 

338 of the amplitudes. This implies that EINS provides complementary dynamical information at 

339 the atomic level underlying the change in the Laurdan fluorescent signal.

340

341 Apparently, at temperatures below 295 K, the atomic motion of DMPC appears to be enhanced 

342 by the LP27 binding as seen in MSPF (Fig. 5 (C)). However, the molecular flexibility of DMPC is 

343 lower than that in the presence of LP60 (Fig. 6). These results imply that in the presence of 

344 LP27, whereas the dynamics of part of the DMPC molecules is enhanced, the other parts would 

345 strongly interact with neighboring DMPC molecules and/or LP27 fibrils to be rigid enough to 

346 achieve the lower temperature response of the MSPF. The dynamical changes of phospholipid 

347 molecules caused by amyloid polymorphic fibrils are thus not so simple. Such complex 
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348 dynamical changes would be relevant for the differences in membrane permeability observed 

349 at ambient temperature for amyloid polymorphic fibrils of α-synuclein, the causative protein 

350 of Parkinson’s disease, with different levels of cytotoxicity17.

351

352 Stronger cytotoxicity of LP60 than LP27 has been observed at 310 K18. At temperatures close 

353 to the body temperature, i.e., 310 K, the MSPFs of phospholipids are larger in the presence of 

354 LP60 than in the presence of LP27 (Fig. 5 (A) and (C)) with similar or smaller β values (Fig. 5 (B) 

355 and (D)). This indicates that when more cytotoxic LP60 binds to the phospholipid membranes, 

356 the atomic motions of lipid molecules are enhanced with concomitant increase in the motional 

357 heterogeneity compared with the situation where less cytotoxic LP27 binds to the membranes. 

358 It thus appears that more cytotoxic HEWL amyloid fibrils cause phospholipid molecules to 

359 fluctuate more at the atomic level than less cytotoxic fibrils in spite of the difference in the 

360 physicochemical properties of the head group of the lipids, and this dynamical modulation 

361 might be related to the difference in the levels of cytotoxicity. It is worthy to note that cell 

362 membranes consist of various types of lipids and other molecules such as cholesterol and 

363 sphingolipids with a lipid domain called raft43. This warrants further investigation to understand 

364 the relationship between molecular dynamics of lipids and the level of cytotoxicity caused by 

365 amyloid polymorphic fibrils. The present EINS study has investigated the changes in amplitude 

366 of atomic motions in DMPG and DMPC molecules and its distribution caused by binding of 
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367 LP27 or LP60. Another important aspect in terms of molecular dynamics is the frequency of 

368 these atomic motions. This aspect can be investigated by quasi-elastic neutron scattering 

369 (QENS) in combination with the analysis using our latest theoretical model called Matryoshka-

370 model 59–61, which is currently under progress.
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386

387

388 Figure and Figure Legends

389

390 Fig. 1. Molecular structures of DMPC (upper) and DMPG (lower) used in this study. The structure 

391 is reproduced from avantiresearch.com.

392

393

394 Fig. 2. Temperature dependences of the elastic intensity integrated over all the measured Q 

395 values. (A): Grey, cyan and magenta squares denote DMPG, DMPG in the presence of LP27 

396 (DMPG+LP27), and DMPG in the presence of LP60 (DMPG+LP60). (B): Grey, cyan and magenta 

397 squares denote DMPC, DMPC in the presence of LP27 (DMPC+LP27), and DMPC in the 

398 presence of LP60 (DMPC+LP60). All the data are normalized by the integrated intensity at the 
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399 lowest temperature, i.e., 284 K. Error bars are within symbols.

400

401

402 Fig. 3. Comparison of mean square displacements (MSD) of atomic motions. (A): MSDs of 

403 DMPG, of DMPG in the presence of LP27 (DMPG+LP27), and of DMPG in the presence of LP60 

404 (DMPG+LP60) are shown. The blue arrows indicate the possible shift in Tm. (B): MSDs of DMPC 

405 in the presence or absence of LP27 or LP60. The color scheme is the same as in Fig. 2, and error 

406 bars are within symbols if not shown.

407

408

409

410

411

412
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413

414 Fig. 4. Fitting examples of the EINS curves by the MSPF analysis. For clarity, the EINS curves 

415 only at 284 K (pale blue) and 309 K (pale pink) are shown in all the graphs. The measured and 

416 fitted curves are shown by open squares and solid lines, respectively. (A–C): EINS curves of 

417 DMPG (A), DMPG in the presence of LP27 (DMPG+LP27) (B), and DMPG in the presence of 

418 LP60 (DMPG+LP60) (C). (D–F): EINS curves of DMPC (D), DMPC in the presence of LP27 

419 (DMPC+LP27) (E), and DMPC in the presence of LP60 (DMPC+LP60) (F). Error bars are within 

420 symbols if not shown. Note that in (D), the intensity at the lowest Q was omitted from the 

421 fitting because of the unphysically low intensity.

422

423

424

425

426
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427

428 Fig. 5. Summary of the dynamical parameters obtained from the MSPF analysis. (A) and (B) 

429 show temperature dependences of the MSPF (mean square positional fluctuations) and β 

430 values of DMPG-containing samples, respectively. (C) and (D) show those of DMPG-

431 containing samples. The color scheme is the same as that in Fig. 2. Error bars are within 

432 symbols if not shown.

433
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434

435 Fig. 6. Comparison of molecular flexibility of phospholipids through the parameter ξ. Grey, cyan, 

436 and magenta bars represent the ξ values (see the main text) of phospholipids only, of 

437 phospholipids in the presence of LP27, and of phospholipids in the presence of LP60, 

438 respectively. Asterisks denote the corresponding value is significantly different (p < 0.05) from 

439 that of pure DMPG or DMPC.
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Fig. S1. Gallery of the fitting of the measured EINS curves using the Gaussian approximation. 

Measured data points and the fit results are shown by filled squares and solid lines, respectively. 

The color scheme is shown in (B). (A), (B), and (C) correspond to DMPG, DMPG in the presence of 

LP27 (DMPG+LP27), and DMPG in the presence of LP60 (DMPG+LP60). (D), (E), and (F) correspond 

to DMPC, DMPC in the presence of LP27 (DMPC+LP27), and DMPC in the presence of LP60 

(DMPC+LP60). Error bars are within symbols if not shown.
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