
Lysophospholipids induce Fibrillation of the Repeat domain of 
Pmel17 through intermediate core-shell structures

Jannik Nedergaard Pedersen1, Zhiping Jiang2, Gunna Christiansen3, Jennifer C. Lee2, Jan 
Skov Pedersen1,*, Daniel E. Otzen*,4

1Interdisciplinary Nanoscience Center (iNANO) and Department of Chemistry, Aarhus University, 
Gustav Wieds Vej 14, 8000 Aarhus C, Denmark

2Laboratory of Protein Conformation and Dynamics, Biochemistry and Biophysics Center, 
National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD 
20892-8013, USA

3Department of Biomedicine, Aarhus University, Wilhelm Meyers Allé 4, DK-8000 Aarhus, 
Denmark

4Interdisciplinary Nanoscience Center (iNANO), Department of Molecular Biology and Genetics, 
Aarhus University, Gustav Wieds Vej 14, DK – 8000 Aarhus C, Denmark

Abstract

Lipids often play an important role in the initial steps of fibrillation. The melanosomal protein 

Pmel17 forms amyloid in vivo and contains a highly amyloidogenic Repeat domain (RPT), 

important for melanin biosynthesis. RPT fibrillation is influenced by two lysolipids, the anionic 

lysophosphatidylglycerol (LPG) and zwitterionic lysophosphatidylcholine (LPC), both present in 
vivo at elevated concentrations in melanosomes, organelles in which Pmel17 aggregate. Here we 

investigate the interaction of RPT with both LPG and LPC using small-angle X-ray scattering 

(SAXS), isothermal titration calorimetry (ITC), electron microscopy, fluorescence and circular 

dichroism (CD) spectroscopy. Under non-shaking conditions, both lipids promote fibrillation but 

this is driven by different interactions with RPT. Each RPT binds > 40 LPG molecules but only 

weak interactions are seen with LPC. Above LPG’s criticial micelle concentration (cmc), LPG and 

RPT form connected micelles where RPT binds to the surface as beads on a string with core-shell 

structures. Binding to LPG only induces α-helical structure well above the cmc, while LPC has no 

measurable effect on the protein structure. While low (but still super-cmc) concentrations of LPG 

strongly promote aggregation, at higher LPG concentrations (10 mM), only ~ one RPT binds per 

micelle, inhibiting amyloid formation. ITC and SAXS reveal some interactions between the 

zwitterionic lipid LPC and RPT below the cmc but little above the cmc. Nevertheless, LPC only 

promotes aggregation above the cmc and this process is not inhibited by high LPC concentrations, 

suggesting that monomers and micelles cooperate to influence amyloid formation.
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1. INTRODUCTION

Many proteins can aggregate to form characteristic β-sheet-rich structures called amyloids. 

The phenomenon is so widespread that the amyloid structure is suggested to be a generic 

protein fold [1]. Amyloid is associated with diseases such as Alzheimer’s, Parkinson’s and 

various amyloidosis. However, the amyloid fold has also been shown to serve useful 

biological purposes in a wide range of organisms. In humans, amyloids are involved in 

melanosome formation, sperm selection, hormone storage and release and necrosome 

formation [2–5], while bacteria produce amyloid to strengthen biofilm and promote uptake 

into eukaryotes [6, 7] and fungi form transmissible prions with useful traits [8]. Although 

many proteins can aggregate spontaneously, cofactors can play a significant role in the 

aggregation process. While in vivo amyloid deposits typically have one major protein 

component, they also contain significant populations of other proteins (e.g. serum amyloid P 

and apolipoprotein E4), glycosaminoglycans, and metal ions [9]. Lipids also play a major 

role in amyloid formation. Anionic lipids can trigger aggregation of otherwise stable 

globular proteins [10] and conversely, the process of amyloidogenesis can trigger major 

changes in the membrane with deleterious consequences such as uncontrolled leakage of 

vesicle contents [11, 12]. Protein-lipid interactions and their mechanistic ramifications are 

therefore crucial to understand. This is particularly the case for intrinsically disordered 

proteins such as α-synuclein involved in Parkinson’s Disease, where binding to membranes 

often induces formation of isolated α-helices [13]. Such semi-structured forms may be 

important for aggregation [14].

Fibrillation of the human protein Pmel17 [3] is critical for melanin deposition in vivo [15]. 

Pmel17 is a transmembrane protein which is cleaved by a furin protease in the melanosome 

to release a peptide consisting of residues 25–467 that serves as a structural scaffold for 

melanin [16]. The synthesis of melanin is suggested to occur on fibrils formed of this 

peptide and the fibril provides a detoxifying environment for the otherwise toxic melanin 

[16]. Within this peptide, the intrinsically disordered repeat domain (RPT), consisting of 

residues 315–444 [17], turns out to be critical for amyloid formation [18]. The melanosomes 

are slightly acidic (pH 5). RPT fibrillation is highly pH-sensitive in vitro, with rapid 

fibrillation at pH 4–5 while fibrils dissolve at pH 6 and above [19, 20]. Residue E422 is 
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critical in controlling the pH sensitivity with mutants (E422Q and E422A) of this residue 

being able to form as high as pH 6.5 [21]. Both Pmel17 trafficking and its proteolytic 

fragmentation are important for amyloid formation [22]. In addition, the presence of lipids is 

important and formation of fibrils is thought to be initiated on intraluminal membrane 

vesicles [23]. Lysophospholipids constitute up to 10% of the total lipid composition at the 

melanosomal membrane [24] (in contrast to the plasma membrane where they generally 

make up < 2% of the lipid population) and strongly influence fibrillation of RPT in vitro 
[25]. Thus, the negatively charged lysolipid, lysophosphatidylglycerol (LPG, here with a 

C16 palmitoyl chain as the hydrophobic moiety) greatly accelerates fibrillation by 

decreasing nucleation times at low concentrations but inhibits fibrillation at high 

concentrations [25]. In contrast the zwitterionic lysophosphatidylcholine (LPC, here with a 

C12 lauroyl chain) accelerates fibrillation at all concentrations [25]. Unlike diacylated 

phospholipids, lysolipids do not form vesicles by themselves. Rather, they behave as 

surfactants that associate into micelles; the loss of one of the two acyl chains makes it 

unfavourable to pack lysolipids into bilayer structures. Micelles are much smaller than 

vesicles, making them more amenable to structural analysis by spectroscopy and small-angle 

X-ray scattering (SAXS).

Here, we extend the initial study of the interaction between RPT and the two lysolipids LPG 

(with a C16 palmitoyl chain) and LPC (with a C12 lauroyl chain) [25] (Fig. 1) by a 

combination of pyrene fluorescence, isothermal titration calorimetry (ITC), and SAXS to 

obtain more detailed information about the structure of the complexes formed between RPT 

and lysolipids. In the absence of lysolipids and without shaking, RPT does not fibrillate after 

10 days, highlighting the importance of surface interactions provided by these lysolipids for 

RPT amyloid formation. RPT binds to the LPG micelle surface according to our SAXS 

studies. Consequently, RPT concentrations in the micelle phase increase at low LPG 

concentrations. In contrast, as the number of micelles increases at high LPG concentrations, 

the RPT population redistributes amongst them, leaving one RPT or less bound per micelle. 

By visual inspection we determine LPG to have a cmc of 9 ± 3 µM which is much smaller 

than the 0.6 mM reported in an earlier study where the salt concentration was not taken into 

account [25]. Furthermore, RPT does not alter the apparent cmc of LPG. Altogether this 

suggests that previous assumptions that LPG micelles inhibit RPT amyloid formation should 

be re-evaluated [25]. LPC only shows weak interactions with RPT, but still promotes 

amyloid formation, probably through a combination of monomeric and micellar LPC.

2. MATERIALS AND METHODS

2.1 Materials:

1-palmitoyl-2-hydroxy-sn-glycero-3-phospho-(1´-rac-glyceerol) (sodium salt) (LPG) and 1-

lauroyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC) were from Avanti Polar lipids, Inc. 

(Alabaster, AL). Guanidinium hydrochloride was from MP Biomedicals (Solon, OH). All 

other chemicals were from Sigma Aldrich (St. Louis, MO).
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2.2 Protein expression and purification:

RPT was expressed and purified as previously described [25]. Before measurements, the 

buffer was exchanged (20 mM NaOAc, pH 5.0 and 100 mM NaCl) by filtering RPT with a 

PD-10 column (GE Healthcare). An Amicon Ultra 100K centrifugal filter from MERCK 

KGaM (Germany) was used to remove any preformed aggregates.

2.3 Aggregation kinetics:

Sealed 96-well flat-bottom plates were loaded with 200 µl sample per well and fibril 

formation followed by excitation of ThT at 415 nm and emission at 480 nm. For 

experiments with shaking, 2-mm sterile glass beads were added to the solution and 

measurements performed at 37 °C with 1 mm orbital shaking on a microplate reader (Tecan 

Infinite M200 Pro). All samples were in quartets. Non-shaking fibrillation measurements 

were performed in 96-well flat bottom plates from Corning (Kennebunk, ME) at 25 °C on 

either a Varioskan Flash Multimode Reader from Thermo Scientific (Waltham, MA) or a 

CLARIOstar from BMG labtech (Germany) and were done in triplets.

2.4 Pyrene binding:

The critical micelle concentration (cmc) of LPG and LPC was estimated by excitation of 

pyrene at 335 nm and emission at 383 nm (I3) and 372 nm (I1) on a LS-55 Luminescence 

spectrometer from Perkin Elmer (UK). As pyrene partitions into the hydrophobic 

environment of a micelle interior, the ratio of emission at 383 and 372 nm changes [26]. 

Pyrene was added to a final concentration of 0.2 µM (0.5 % EtOH) in 20 mM NaOAc, pH 

5.0 and 100 mM NaCl. A sample containing pyrene and 30 µM RPT was used to investigate 

if RPT changed the cmc of LPG or LPC. Intensities and concentrations have been corrected 

for dilution. The cmc values from pyrene were compared to those determined with ITC and 

an average as well as standard deviation was determined from the two values.

2.5 Circular dichroism (CD):

72 µM RPT was incubated with 0–10 mM LPG in 20 mM NaOAc, pH 5.0 and 100 mM 

NaCl for 0 or 10 days and CD was recorded on a Chirascan Plus (Applied Photophysics Ltd, 

Surrey, UK) at ambient temperature. 0.1 mm quartz crystal cuvettes were used to measure in 

the range of 190 to 250 nm with a bandwidth of 1 nm. The buffer was subtracted from the 

data and the average of three measurements is shown.

2.6 SDS-PAGE:

Samples from the aggregation kinetics experiments that had incubated >10 days without 

shaking were spun at 12,100 g for 8 min. The supernatant was mixed with a reducing 

loading buffer and heated to 95 °C for 5 min before being loaded on a 15% BisTris SDS-

PAGE gel. The gel was stained with Coomassie Brilliant Blue.

2.7 Transmission electron microscopy:

Five µl of endpoint samples from the non-shaking ThT assay (72 µM or 30 µM RPT with 0, 

0.1, 0.5 or 10 mM LPG) were mounted on carbon coated, glow discharged 400 mesh Ni 

grids (Gilder, Grantham, UK) for 1 min, stained with one drop of 1% phosphotungstic acid 
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(PTA) pH 7.0 for 30 sec. and blotted dry on filter paper. Electron microscopy was done on a 

JEOL 1010 transmission electron microscope (JEM 1010, Tokyo,Japan) operated at 60 keV. 

Electron micrographs were recorded using an electron-sensitive CCD camera (KeenView, 

Olympus, Tokyo, Japan). For size determination, a grid-size replica (2,160 lines/mm) was 

used.

2.8 Small-angle X-ray scattering:

RPT was measured at a concentration of 1 mg/ml (72 µM) with 0–10 mM LPG presence in 

20 mM NaOAc, pH 5.0 and 100 mM NaCl. Measurements were done at 25 °C with an 

acquisition time of 10 min. Measurements were done on an optimized NanoSTAR SAXS 

instrument [27] from Bruker AXS installed at Aarhus University equipped with scatterless 

pinholes [28] and a liquid Ga metal jet X-ray source (Excillum) [29]. The data is shown as a 

function of the scattering vector q that is dependent on the scattering angle 2θ with q = 4π/λ 
sinθ, where λ = 1.34 Å. The SUPERSAXS program package (Oliveira, C.L.P. and Pedersen 

J.S, unpublished) was used to make background subtraction and convert data to absolute 

scale with water as a calibration standard. RPT on its own has little structure and we fitted 

the data with the random coil model obeying Gaussian statistics of Debye [30]. The LPG 

micelles were modelled as a core-shell oblate ellipsoid. The volume of the tail of LPG was 

calculated from [31] and electron densities of ρtail = 0.281 e Å−3 and ρhead = 0.470 e Å−3 

were used [32]. For the complex of RPT and LPG we use a model of beads-on-a-string chain 

similar to that used for SDS-α-synuclein complexes [33]. Here, we use a core-shell model 

with the core consisting of the LPG tail and the shell consisting of the LPG headgroups, 

RPT and water. Fitting was done on absolute scale using absolute protein and lipid 

concentrations. The core radius rcore, shell thickness DHead, the eccentricity of the micelle ε 
and the number of micelles Nmicelles in a beads-on-a-string cluster, were all fitting 

parameters. The distance between core-shell structures in a cluster was set to twice the 

radius of the core-shell structure. For high and low LPG concentrations, a term describing 

the scattering from free LPG micelles or free proteins had to be added, respectively, to fit the 

data. This contribution was added as a background contribution from the pure LPG and RPT 

samples.

2.9 Isothermal titration calorimetry (ITC):

Binding of LPG or LPC to RPT was monitored with a VP isothermal titration calorimeter 

from MicroCal (MA, USA). A solution of 21 mM lysolipid in 20 mM NaOAc, pH 5.0 and 

100 mM NaCl was titrated into 0–50 µM RPT in 20 mM NaOAc, pH 5.0 and 100 mM NaCl 

at 25 °C. One initial injection of 2 µl was followed by 10 µl injections. For determination of 

cmc of lysolipid, a solution of 3 mM lysolipid in 20 mM NaOAc, pH 5.0 and 100 mM NaCl 

was titrated into 20 mM NaOAc, pH 5.0 and 100 mM NaCl at 25 °C. All solutions were 

degassed before use. The Origin software from MicroCal was used to integrate the raw heat 

signals. The three transition points of LPG titration in RPT were determined by (1) locally 

fitting the data to a polynomial, (2) determining the point at which the signal (enthalpy of 

injection) was half way back to 0 kcal/mol and (3) intersect between straight line going 

through (2) and straight line going through 0 kcal/mol. Bound and free LPG in the transition 

points was determined by the relationship [LPG]tot = [LPG]free + [LPG]bound [RPT].

Pedersen et al. Page 5

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. RESULTS

3.1 C16-LPG has a much lower cmc than C12-LPC

The single most important parameter defining surfactants such as LPG and LPC is their 

critical micelle concentration (cmc), i.e. the concentration at which they start to form 

micelles. Monomers and micelles usually differ greatly in their interaction with proteins 

[34], so measurements above and below the cmc provide insight into the nature of protein-

LPG interactions. LPG’s cmc in water is 0.6 mM [35]. However, cmc is sensitive to buffer 

conditions, and we therefore tested how the cmc of LPG is affected by our buffer. The buffer 

consists of20 mM NaOAc and 100 mM NaCl pH 5.0, mimicking the low pH of 

melanosomes with a salt concentration close to that of physiological conditions. We titrated 

LPG into buffer and monitored the process by ITC. The cmc was estimated from the 

intercept between baseline and the transition zone, giving a value of ~ 7 µM, i.e. a ca. 100-

fold decrease in value compared to that in water (Fig. 1A). The decrease in cmc is to be 

expected; since LPG is negatively charged, the addition of salt will screen the lipid head 

group repulsion and thus favour micelle formation. However, the magnitude of the effect is 

remarkable; the anionic surfactant SDS only undergoes a 10-fold decrease in cmc when 

going from water to PBS buffer containing 150 mM NaCl [36]. Nevertheless, the low cmc 

value is supported by an alternative approach, namely pyrene fluorescence that leads to a 

cmc of 11 µM (Fig. 1B). The cmc did not change in the presence of 30 µM RPT. This 

indicates that RPT does not promote micelle formation of LPG through binding of LPG 

monomers, but only interacts with the micelle.

Based on ITC and pyrene fluorescence we estimate the cmc of LPC to be 0.37 ± 8 mM (Fig. 

1A), in good agreement with previously reported values of 0.43 mM [37] and 0.6 mM [38]. 

The higher cmc of LPC compared to LPG may be rationalized by the longer alkyl chain 

length of LPG (C16 versus C12 for LPC) combined with the reduction in LPG’s head group 

repulsion by salt. Pyrene fluorescence show that RPT does not affect the cmc of LPC, 

indicating that LPC, like LPG, does not form micellar clusters on RPT below the cmc (Fig. 

1B).

3.2 RPT aggregation kinetics saturate above 2 µM in the absence of lysolipids

To investigate the aggregation mechanism of RPT in the absence of LPG and LPC, we 

incubated RPT at different concentrations and monitored the process with the amyloid-

binding dye thioflavin T (ThT) (Fig. 2A). This was done under shaking conditions to ensure 

RPT fibrillation occurred and to be able to compare to earlier fibrillation studies done at 

similar conditions [25]. An increase in ThT signal over time was seen for RPT 

concentrations of 1 µM and above. The end level of ThT scaled nonlinearly with RPT 

concentration (Fig. 2A insert). When we normalize the ThT time profiles by setting end and 

start values to 100 and 0%, respectively, it is clear that the lag phase is essentially constant 

between 5 and 80 µM RPT (consistent with previous reports [20]) and only increases around 

1–2 µM. Furthermore, the elongation rate (i.e. the slope of the transition zone between the 

start and end base lines) did not change with RPT concentrations above 5 µM, suggesting 

that it could involve concentration-independent steps (or was already saturated at 5 µM 

RPT). In addition, there was a small increase in signal within the first 10 hours at higher 

Pedersen et al. Page 6

Biochim Biophys Acta Proteins Proteom. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentrations, which accounted for < 20% of the total increase in signal. The lack of 

concentration dependence in lag and elongation phases prevents a kinetic analysis of the 

mechanism of aggregation using e.g. the formalism of the Amylofit programme [39] and 

suggests that the rate-limiting steps in fibrillation could involves concentration-independent 

conformational changes above a certain critical aggregation concentration, cf. [20].

3.3 Aggregation depends on the LPG:RPT ratio rather than the absolute LPG 
concentration

LPG is known to accelerate RPT fibril formation at low concentrations and block fibril 

formation at high concentrations [25]. We tested whether this effect depended on absolute 

LPG concentrations or LPG:RPT ratios by following fibrillation at two RPT concentrations 

(32 and 72 µM) and 0.1–10 mM LPG (Fig. 2B and C). In both cases, low concentrations of 

LPG (up to 1–3 mM) strongly reduced the lag phase of fibrillation while higher 

concentrations reduce the end-point level of ThT fluorescence (i.e. the amount of fibrillated 

protein) and also increase the lag time. Increasing the RPT concentration from 32 µM to 72 

µM increased the LPG concentration needed to reduce fibrillation to 50% of the maximal 

value from ca. 0.5 mM (32 µM RPT) to ca. 1.5 mM (72 µM RPT))(Fig. 2D). The effect of 

LPG on RPT is thus dependent on the ratio between RPT and LPG rather than the total LPG 

concentration.

3.4 LPG promotes fibrillation within a narrow concentration range while LPC promotes 
fibrillation above its cmc

To obtain insight into the structural changes accompanying fibrillation of RPT in the 

presence of LPG, we first investigated the effect of LPG on RPT fibrillation in the absence 

of shaking (Fig. 3A–B and E). Shaking is known to induce fibrillation and decrease the lag 

phase [40, 41]. Conversely, removal of shaking should strongly slow down fibrillation and 

this is also observed for RPT. Experiments of 2 mg/ml RPT in absence of shaking has shown 

fibrillation times of weeks to months [18]. Under our experimental conditions, fibrillation is 

completely prevented in absence of LPG over a period of 10 days, highlighting the 

importance of shaking for this process. No fibrillation was seen at 10 mM LPG (Fig. 3A–B 

and E), consistent with the strong decrease in ThT signal under shaking conditions. 

Intermediate LPG concentrations induced fibrillation (although much more slowly than 

when shaking), suggesting that an interface is needed for RPT fibrillation that can be 

provided by the water-air interface during shaking or by the LPG micellar surface. We also 

investigated the effect of LPC under non-shaking conditions (Fig. 3C–E) and found, 

consistent with earlier findings [25], that LPC has no effect on fibrillation of RPT below the 

cmc (cmc = 0.43 mM [37]) but only has an effect above the cmc. For the low RPT 

concentration of 30 µM similar aggregation behavior is seen in presence of 0.75–20 mM 

LPC while 0–0.5 mM LPC has no effect in the measured time. For 72 µM RPT, there is a 

progressively decreasing lag time as we go from 0.75 to 20 mM LPC. This may be related to 

the limited amount of monomeric LPC present to bind to RPT to “prime” it for aggregation 

similar to what is seen for LPG (see below).

After 10 days of incubation, samples were investigated by circular dichroism (CD), SDS-

PAGE and electron microscopy (EM). Far-UV CD monitors the changes in secondary 
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structures caused by the presence of LPG both before and after fibril formation. Monomeric 

RPT is largely disordered, as seen by the CD profile with a minimum around 200 nm (Fig. 

3F). With increasing concentrations of LPG, the spectrum transitions to an α-helix-

dominated profile with two new minima at 222 and 208 nm at 10 mM LPG (Fig. 3F). After 

incubation at ambient temperature for 10 days, samples containing 0.1–3 mM LPG have all 

undergone a large decrease in spectral intensity, probably due to precipitation of the protein 

as fibrils (Fig. 3G).

However, the spectra are very broad and show minima around 218 nm, consistent with β-

sheet structure. At 0 and 10 mM LPG, no changes are seen, in good agreement with the lack 

of ThT signal in the fibrillation assay. LPC did not have any effect on the CD signal of RPT 

at any concentration tested (data not shown). To confirm that fibrils are mainly formed at 

intermediate LPG concentrations, we measured the amount of soluble material, i.e. 
supernatant after centrifugation, by SDS-PAGE (Fig. 3H). Relative to a monomeric control, 

samples with 0 and 10 mM LPG (which did not produce a ThT signal) had 108% and 92% 

protein in the supernatant, respectively. With 0.1 and 0.5 mM LPG, only 54% and 16% of 

RPT was left in the supernatant, respectively, suggesting formation of insoluble aggregates 

such as fibrils at these concentrations. Transmission electron microscopy (TEM) confirmed 

the presence of fibrils at 0.1–0.5 mM LPG as large networks of thin fibers (Fig. 4). At 0 mM 

LPG, mostly monomers was present but also smaller RPT aggregates could be observed. At 

10 mM LPG, a large amount of monomers and large round structures was seen but only very 

few fibrils.

3.5 RPT binds more than 40 LPG per RPT, but little specific binding of LPC to RPT is 
detected

To detect individual LPG-RPT binding steps and LPG:RPT binding stoichiometry we turned 

to ITC. Titrating LPG into different concentrations of RPT provided enthalpograms, which 

allows us to estimate binding numbers and the ratios with the highest enthalpy changes (Fig. 

5A–C). Higher concentrations of RPT shifted these titration curves to higher concentrations 

of LPG, indicating that more LPG was needed to reach a certain level of binding at higher 

RPT concentrations. We selected three characteristic points from the titration curves (Fig. 

5B) and used the previously established mass balance equation ([LPG]tot = [LPG]free + 

[LPG]bound [RPT]) [42] to determine the amount of bound and free LPG at these points 

(Table 1). The largest enthalpy change (transition point 1) was seen when 21±3 LPG bound 

per RPT molecule. At Point 2 (halfway between Point 1 and baseline at 0 kcal mol-1) and 

Point 3 (intercept of the two last linear regions in Fig. 5B), we determined LPG:RPT binding 

ratios of 36±6 and 41±7, respectively. LPG’s low cmc (~7 µM) means that all titrations were 

above the cmc and only a small amount (0.2–0.4 mM) of free LPG was seen at Points 1–3 

(Table 1). In contrast to the distinct binding profile of LPG, titrating LPC into different 

concentrations of RPT (Fig. 5D) showed little difference between having RPT absent or 

present in solution, and the little change that was seen took place below LPC’s cmc, 

indicating weak interactions between RPT and monomeric LPC.
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3.6 LPG-RPT forms core-shell structures while no distinct complexes are formed 
between LPC and RPT

We finally turned to small-angle X-ray scattering (SAXS) to monitor the changes in 

structure of the LPG-RPT complexes in connection with fibrillation. We first studied LPG-

free RPT and found that the protein showed a typical unfolded polymer scattering pattern 

(Fig. 6A). It was possible to fit the data on absolute scale to a random coil model (χ2 = 1.0) 

with a radius of gyration Rg of 4.00 ± 0.04 nm and a molecular weight of 13.9 ± 0.4 kDa, in 

good agreement with monomeric RPT’s known molecular weight of 13.9 kDa. Free LPG 

showed a characteristic micellar “bump” with a sharp minimum around 0.09 Å−1 and 

maximum at 0.14 Å-1. The data could be fitted by a micelle in the shape of an oblate 

ellipsoid (Fig. 6A) with an eccentricity of 0.65 and an aggregation number of 95 (Table 2).

Mixtures of 72 µM RPT and 0–10 mM LPG were also investigated (Fig. 6B) and with 

increasing concentrations showed a “bump” at 0.14 Å−1 similar to that of the free micelle. 

All samples were fitted with the same model on absolute scale, in which a core consisting of 

the LPG micelle is decorated with RPT. According to Table 1, the three characteristic points 

in the binding curve of Fig. 5 take place at 1.64–3.26 mM LPG in the presence of 72 µm 

RPT. Thus, the SAXS data are recorded under conditions where we either have a large 

excess of free RPT at low [LPG] (0.1–1 mM, before Point 1) or a large excess of free LPG at 

high LPG concentrations (mainly 10 mM, beyond Point 3). Therefore we included the 

scattering from, respectively, free monomeric RPT and free micellar LPG in our fitting. 

These contributions were represented by actual measured experimental data sets. In our 

model, micelle-bound RPT is partially unstructured as seen by a shell thickness of 

approximately 2 nm and can potentially interact with several micelles to form a beads-on-a-

string cluster as also seen for sodium dodecyl sulfate [33] and oleic acid [43] micelles. This 

model fitted the data on an absolute scale for all the mixtures with χ2 < 1.5. For the 

solutions with 10 mM LPG, a contribution of free micelles was added while this was 

negligible for the rest of the solutions. At 0.1–1.0 mM LPG a contribution from free protein 

was added. At 10 mM LPG ~1 PRT on average was bound per complex, typically spread out 

on 1–2 micelles. As the concentration of LPG decreased, both the number of bound RPT per 

complex and the number of micelles per complex increased.

The fibrillation of RPT at different LPG concentrations was also followed with SAXS over 

time. However, upon aggregation, the signal rapidly increased at low q and the formed 

structures were larger than what would have been expected for regular fibrils in solution 

(Data not shown). We attribute this to the networking structure of the fibrils seen with TEM. 

These data are also consistent with the decrease of ThT signal over time (Fig. 2B–C) which 

could be indicative of rearrangements of the fibrils into larger clusters that reduce binding of 

ThT. We were not able to determine if LPG or LPC was integrated in the final fibrils.

Finally, we investigated mixtures of RPT with increasing LPC concentrations (Fig. 6C). At 

the lowest investigated concentration of 0.5 mM LPC, the signal was very similar to that of 

free unfolded protein except for a large upturn in intensity at low q, consistent with a certain 

degree of aggregation in solution. As the LPC concentration was increased, a clear bump 

around 0.14Å−1 and a broad peak around 0.05Å−1 were observed, both of which stem from 

the LPG curve. The scattering curves for RPT with 1–10 mM LPC could all be fitted by a 
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linear combination of the the curves for RPT in the presence of 0.5 mM LPC and free LPC 

micelles, suggesting that the LPC micelles do not interact significantly with RPT which 

rather has a low degree of association with monomeric LPC, leading to a certain degree of 

clustering.

4. DISCUSSION

In the following two sections we discuss the picture that emerges from our data in terms of 

how LPG and LPC drive fibrillation of RPT. This picture is summarized in Fig. 7.

4.1 LPG micelles both drive and inhibit RPT fibrillation

Negatively charged LPG is able to both accelerate and halt fibrillation of the human 

functional amyloid RPT [25]. Since RPT does not change the apparent cmc of LPG, we 

conclude that RPT interacts with micellar but not monomeric LPG. Because of LPG’s low 

cmc (~0.01 mM), only a very small amount of LPG is accessible in its monomeric form, 

corresponding to 1 LPG:7RPT at 1 mg/ml RPT. Fibrillation at two different RPT 

concentrations and several different LPG concentrations show that more LPG is needed to 

inhibit fibrillation at high RPT concentrations compared to low concentrations. This 

suggests that the interaction between LPG and RPT is likely to occur between micelles and 

protein, and the rate limiting parameter is the ratio between LPG and RPT.

Inhibition of fibrillation for 30 µM RPT occurs at 1–3 mM LPG while it happens at 3–10 

mM LPG for 72 µM RPT (Fig. 2B–C). From ITC it is seen that saturation of the RPT-LPG 

interaction (point 3) occurs at 1.6 mM and 3.3 mM LPG for 30 and 72 µM RPT, 

respectively. This saturation is also seen for SAXS at 72 µM RPT where only 4.2±0.5 – 

4.9±0.5 mM LPG is bound at the highest LPG concentrations (Table 2) and fibril inhibition 

therefore seems to be closely related to saturation of LPG-RPT binding. SAXS show that 

several RPT monomers at low and intermediate LPG concentrations bind a single micelle 

(Table 2), thereby increasing the local RPT concentration and increasing the likelihood of 

nucleation events. Furthermore, the micelles also seems to induce helical structure in RPT 

(Fig. 2E) which could also be important for the aggregation since structured forms of 

intrinsically disordered proteins are known to contribute to aggregation [14]. On the other 

hand, removal of α-helical structure in the islet amyloid polypeptide has been shown to 

enhance fibrillation [44] suggesting that the α-helical structure might also contribute in 

stabilizing the monomer structure of intrinsically disordered proteins. At high LPG 

concentrations, all RPT is bound to micelles with approximately one RPT per complex 

(Table 2). The depletion of free RPT likely stalls fibrillation, since electrostatic repulsion 

between anionic micelles will prevent association of LPG-bound RPT (the essentially 

neutral state of RPT, whose pI is 4.5–5.5 depending on the aggregation state 15, will not 

neutralize the negative charge of the LPG micelles).

Fibrillation kinetics of lipid-free RPT converges above 2 µM (Fig. 2A) and suggests that the 

kinetics are limited by either concentration-independent changes (such as nucleated 

conformational conversion [45, 46] of a cluster of molecules that are formed rapidly in a 

phase-separation step) and/or access to an interface where nucleation can occur or the cluster 

can mature to fibrils. This is also seen for other systems such as α-synuclein interaction with 
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lipid surfaces [47] or the air-water interface [48, 49]. RPT clusters are not detected in 

lysolipid-free RPT SAXS data but may be present at levels insufficient for detection. The 

lack of RPT fibril formation in the absence of lipids and shaking (Fig. 3A and B) further 

suggests that lipids may promote RPT fibrillation by destabilizing such clusters and 

presenting alternative binding places for the RPT molecules, effectively hijacking the 

aggregation pathway. The presence of large amounts of soluble RPT (54 %) after fibrillation 

in the presence of 0.1 mM LPG suggests that fibrillation is not stopped simply by depleting 

soluble monomer. It may be instructive to consider the behaviour of α-synuclein, which also 

shows incomplete fibrillation in the presence of lipids. In this case, fibrillation of the 

remaining α-synuclein monomer was shown to be initiated by sonication or addition of 

more lipid [47], suggesting that fragmentation and/or the presence of accessible interfaces 

were limiting factors. By analogy, the termination of fibrillation of the remaining monomeric 

RPT in the LPG solution could be caused by depletion of nucleation sites on LPG micelles 

and inactivation of growing fibrils. At 0.5 mM LPG only 16% RPT remained in solution 

after fibrillation and the increased amount of LPG has likely increased the possible 

nucleation sites for RPT fibrillation.

In a study of the interaction of α-synuclein with SDS it was shown that the formed complex 

consists of a core of SDS surrounded by α-synuclein with several of these structures 

clustering together [33]. The structure of the RPT-LPG complex is very similar to this and 

the aggregation kinetics of the SDS-α-synuclein complex also only show fibril formation at 

an optimum concentration of SDS. The mechanism is likely to be similar to that of RPT 

since SDS and LPG both are negatively charged and both proteins form α-helical structures 

on the surface of the lipids.

The C-terminus of RPT contains a small stretch predicted to have α-helical structure 

propensity [25] and at the same time this region has amino acids that are part of the amyloid 

core [21]. Inhibition of fibril formation could therefore also be influenced by burial of amino 

acids upon interaction with LPG and α-helical formation. However, α-helical structure does 

not seem to inhibit fibril formation as long as some RPT is free in solution. The C-terminal 

contains a glutamic acid, E422, that has been shown to greatly accelerate fibrillation when 

the charge is neutralized [21] and incorporation of E422 into a lipid environment could 

potentially favour the protonated state and thereby effect fibrillation. This highlights the 

importance of the negative charge of LPG in driving RPT’s structural change and inhibiting 

fibrillation.

4.2 LPC-driven fibrillation: cooperation between monomers and micelles?

The zwitterionic lysolipid, lysophosphatidylcholine (LPC) also increases the fibrillation rate 

but has a higher cmc than LPG (0.4 mM compared to 0.01 mM for LPG) [25]. LPC does not 

seem to promote α-helical structure in RPT nor does it inhibit fibrillation at high 

concentrations [25]. Interestingly, neither SAXS nor ITC measurements detect interactions 

between LPC and RPT above the cmc, even though effects on fibrillation are only observed 

above the cmc according to our ThT assay. This suggests that promotion of fibrillation 

requires both monomers and micelles of LPC to be present in solution. In the case of α-

lactalbumin, unfolding with nonionic and zwitterionic surfactants, monomers and micelles 
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have also been suggested to cooperate in the unfolding process [50]; unfolding rates 

saturated slightly above the cmc and the rates decreased with chain length, indicating that 

the greater the cmc (and thus the greater the concentration of monomeric species), the faster 

the protein could unfold once micelles were present. The monomers were suggested to 

“soften” α-lactalbumin by altering its conformation in a way that promoted interactions with 

micelles. A similar mechanism might be at play with RPT, although the effect will likely be 

more subtle since no gross change in secondary structure was detected by CD. Further 

elucidation of this phenomenon will require comparison of fibrillation kinetics in the 

presence of LPC lysolipids of different chain lengths and consequently different cmc values, 

though this is outside the scope of the present investigation.

5. SUMMARY

We have studied the amyloid formation of the functional amyloid RPT in the presence of 

lysophospholipids. Micelles of the ionic lipid LPG interacts strongly with RPT and forms a 

core-shell structure with a beads-on-a-string-like arrangement that enhances fibrillation at 

low concentrations and a core-shell structure that inhibits fibrillation at high concentrations. 

Micelles of the zwitterionic lipid LPC show no interaction when studied with SAXS and 

ITC while some interaction might occur below the cmc. Since LPC only enhances 

fibrillation above the cmc it could suggest that some weak interactions between LPC and 

RPT might still be present. These results can give insight into how lysophospholipids might 

influence RPT aggregation and can give some understanding of general protein-lipid 

interactions of amyloidogenic proteins.
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Abbreviations

CD circular dichroism

cmc critical micelle concentration

ITC Isothermal titration calorimetry

LPC lysophosphatidylcholine

LPG lysophosphatidylglycerol

OA oleic acid

Rg radius of gyration

RPT repeat domain

SAXS small-angle X-ray scattering
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SDS sodium dodecyl sulfate

TEM transmission electron microscopy

ThT thioflavin T
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HIGHLIGHTS

• We use SAXS and ITC to investigate Pmel17 aggregation in lysolipids LPG 

and LPC

• LPG promotes fibrillation in a narrow concentration range, LPC only above 

its cmc

• Aggregation is not dependent on the cmc of LPG but on the LPG:RPT ratio

• Each RPT binds > 40 LPG, but little specific binding of LPC to RPT is 

detected

• LPG-RPT forms core-shell structures; no distinct LPC-RPT complexes are 

formed
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Figure 1: 
(A) Enthalpogram from isothermal titration calorimetry for titration of LPG and LPC in 

buffer. (B) Change in fluorescence of the probe pyrene by addition of LPG/LPC in absence 

or presence of RPT. The structures of LPG and LPC are shown on top of the graphs.
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Figure 2: 
ThT fluorescence profiles for RPT fibrillation with shaking at (A) 1–80 µM RPT, (B) 72 µM 

RPT with 0–10 mM LPG, (C) 32 µM RPT with 0–10 mM LPG and (D) ThT value at 40 

hours and time for half of maximum ThT value (t1/2) for fibrillation data from (B) and (C).
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Figure 3: 
ThT fluorescence profiles for RPT fibrillation without shaking at (A) 72 µM RPT with 0–10 

mM LPG, (B) 30 µM RPT with 0–10 mM LPG, (C) 72 µM RPT with 0–10 mM LPC and 

(D) 30 µM RPT with 0–10 mM LPG. Arrows indicate data going from low to high lipid 

concentration. (E) t1/2 for fibrillation of RPT as a function of lysolipid concentration as 

determined from (A)-(D). t1/2 is set to 250 hours in cases where no fibrillation was seen in 

the time frame. Circular dichroism of RPT in 0–10 mM LPG (F) before and (G) after 10 

days of fibrillation without shaking. (H) Amount of RPT in solution after 10 days of 

incubation and spin down of fibrils as determined by SDS-PAGE. Inset shows RPT bands.
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Figure 4: 
Electron microscopy images of RPT samples containing 0–10 mM LPG after 10 days of 

incubation without shaking.
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Figure 5: 
(A) Titration curves from isothermal titration calorimetry. (B) Enthalpogram for titration of 

LPG into RPT as a function of LPG concentration. (C) LPG concentration at points 1 (The 

largest enthalpy change), 2 (halfway between Point 1 and baseline at 0 kcal mol−1) and 3 

(intercept of the two linear regions) plotted as a function of RPT concentration. A linear fit 

to [LPG]tot = [LPG]free + nOA,bound x [RPT] provides binding numbers. (D) 

Enthalpogram for titration of LPC into RPT as a function of LPC concentration.
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Figure 6: 
(A) SAXS data of RPT and LPG. (B) SAXS data of 1 mg/ml RPT with 0.1–10 mM LPG 

together with model fits as described in the text. (C) SAXS data of 1 mg/ml RPT with 0.5–

10 mM LPC. Samples containing 1–10 mM LPC are fitted with a linear combination of 

scattering for free micelles and for the sample containing 1 mg/ml + 0.5 mM LPC.
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Figure 7. 
Model for how the lysolipids LPG and LPC drive fibrillation of PRT in different 

concentration regimes. See text for details.
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Table 1.

LPG-RPT binding parameters obtained from ITC experiments
a
. All data performed in 20 mM NaOAc, pH 5.0 

and 100 mM NaCl at 25°C.

Characteristic point # LPG bound per RPT
b

[LPG]free (mM)
b

[LPG]total (mM)
c

Point 1 21 ± 3 0.17 ± 0.09 1.64

Point 2 36 ± 6 0.28 ± 0.21 2.80

Point 3 41 ± 7 0.39 ± 0.22 3.26

Notes:

a
All data performed in 20 mM NaOAc, pH 5.0 and 100 mM NaCl at 25°C.

b
Obtained from the mass balance equation [LPG]tot = [LPG]free + [LPG]bound [RPT].

c
Calculated from a 70 µM RPT solution
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