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HSPB6: A lipid-dependent molecular
chaperone inhibits a-synuclein aggregation

Valentina Secco,1,3 Tatiana Tiago,1,3 Roxine Staats,2 Swapan Preet,2 Sean Chia,2 Michele Vendruscolo,2,*

and Serena Carra1,4,*
SUMMARY

The process of protein misfolding and aggregation is associated with various cytotoxic effects. Under-
standing how this phenomenon is regulated by the protein homeostasis system, however, is difficult, since
it takes place through a complex non-linear network of coupled microscopic steps, including primary
nucleation, fibril elongation, and secondary nucleation, which depend on environmental factors. To
address this problem, we studied how the aggregation of a-synuclein, a protein associated with Parkin-
son’s disease, is modulated by molecular chaperones and lipid membranes. We focused on small heat
shock proteins (sHSPs/HSPBs), which interact with proteins and lipids and are upregulated during aging,
a major risk factor for protein misfolding diseases. HSPBs act on different microscopic steps to prevent
a-synuclein aggregation, with HSPB6 showing a lipid-dependent chaperone activity. Our findings provide
an example of howHSPBs diversified their mechanisms of action to reach an efficient regulation of protein
misfolding and aggregation within the complex cellular environment.

INTRODUCTION

a-synuclein (a-syn) is an intrinsically disordered protein with anN-terminal domain (residues 1–60) that adopts an a-helical conformation upon

binding to phospholipid membranes, a central hydrophobic non-b-amyloid component (NAC) domain (residues 61–95) that adopts b sheet

structures upon aggregation, and a negatively charged C-terminal domain (residues 96–140) that can bind to calcium ions.1 a-syn is highly

expressed in the brain, where it is associated with synaptic vesicles and regulates synaptic transmission.2,3 a-syn preferentially binds to lipid

membranes and regulates different aspects of vesicular dynamics, from vesicle tethering to fusion and exocytosis.4

Like other intrinsically disorderedperipheralmembraneproteins, a-syn exists in a soluble andmembrane-bound form. Unbound a-syn and

monomeric a-syn adopt partially folded intermediate conformations; upon binding to lipid membranes, a-syn adopts an a-helical structure.5

However, binding to lipids represents a double-edged sword, because it can promote a-syn oligomerization and amyloid formation, which

contribute to the development of a group of neurodegenerative disorders called synucleinopathies.6–8 Synucleinopathies include Parkinson’s

disease (PD), dementia with Lewy bodies (DLB), and multiple-system atrophy (MSA). PD is characterized by intracellular deposits called Lewy

bodies (LBs),9 which are heterogenous in composition and not only contain amyloid fibrils of a-syn but also other proteins such as molecular

chaperones and large amounts of lipids and membranous organelles.10 Of note, several disease-linked mutations are found in the a-syn

N-terminal membrane-binding region and affect a-syn association with lipid droplets and vesicles, promoting its aggregation.11 Moreover,

lipid alterations have been identified in the brain and plasma of patients affected by PD, andmutations in the glucosylceramidase-beta (GBA)

gene, which affect the sphingolipid metabolism, are an important risk factor in PD and DLB.12 Additional genes involved in glycerophospho-

lipid and sphingolipid metabolism, namely the PLA2G6 and SCARB2 genes, are also considered risk factors for PD.13 Taken together, these

findings support a lipid-centric view of a-syn aggregation and suggest that identifying approaches that limit a-syn lipid-induced aggregation

may open new therapeutic avenues.14

a-syn aggregation is a multi-step process that involves several interconvertible conformational states, transient oligomeric states, and pre-

fibrillar species, which are influenced by environmental factors, such as lipids and pH.15 The main steps that can be identified for a-syn ag-

gregation: (1) primary nucleation, in which monomers assemble to form disordered oligomeric species; oligomer conversion, in which these

oligomeric species convert into ordered fibrillar seeds rich in b structures; (2) elongation, in which the seeds grow to generate protofibrils and

fibrils; and (3) secondary nucleation, a step in which monomers assemble on the surface of fibrils to generate new fibrils and new oligomeric

species.15 An additional pathway that can promote a-syn aggregation has been recently identified: liquid-liquid phase separation of a-syn

into condensates that can mature into amyloid hydrogels containing a-syn oligomers and fibrillar species.16–18 Of note, because of the
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high concentration within condensates, a-syn primary nucleation can be readily observable at physiological pH, which is followed by the rapid

growth and amplification of a-syn aggregates.19

Molecular chaperones, mainly heat shock proteins (HSPs), combat protein aggregation, delaying the growth of amyloid fibrils20 and pre-

venting the conversion of liquid-like condensates into amyloid hydrogels.21 For example, the ATP-dependent chaperone HSP70, a master

regulator of protein homeostasis (proteostasis), interacts with a-syn monomers, oligomers, and prefibrillar species, protecting against

a-syn-mediated toxicity in cellular and animalmodels of PD.22 In addition, amolecular chaperone complex containingHsc70 and the co-chap-

erone Hsp40/DnaJB1 and Apg2 can remove a-syn monomers from the fibril ends, reverting the aggregation process.23 Also the small HSPs/

HSPBs, which are ATP-independent chaperones and include 10 members in humans (HSPB1-HSPB10),24 can prevent a-syn aggregation. For

example, HSPB1 (Hsp27), HSPB2 (MKBP), HSPB3 (HSPL27), HSPB5 (aB-crystallin), andHSPB8 (Hsp22) bind to a-syn fibrils and inhibit fibril elon-

gation andmaturation.25–30 In addition, HSPBs colocalize with LBs, and their expression levels are upregulated in brain regions characterized

by neurodegeneration in protein misfolding diseases such as PD.31,32 Together these observations support the view that molecular chaper-

ones, including HSPBs, play an active role in preventing a-syn aggregation. Yet these studies have focused on a protein-centric view of a-syn

aggregation and the mode of action of molecular chaperones. However, molecular chaperones can bind to lipids,33–35 and a-syn association

with lipids enhances the rate of aggregation.7,36 We still poorly understand the mechanisms regulating the binding of molecular chaperones

to lipids and their functional roles. The association of HSPs with lipids has been suggested to stabilize membranes upon stress conditions,

including heat shock, to regulate endo-lysosomal trafficking, endocytosis, and cancer cell invasion, with important physiological and patho-

logical implications.35,37–39 A number of proteins, including the fatty acid-binding proteins (FABPs), have been proposed to act as ‘‘lipid chap-

erones’’, a term that refers to molecular chaperones that have lipids, rather than proteins, as substrates.40 In addition, the ‘‘lipid-chaperone

hypothesis’’ states that free lipid molecules can interact with proteins forming water-soluble lipid-protein complexes that promote protein

anchoring to the membranes, influencing their stability.41 Yet, whether or not the anti-aggregation activity of molecular chaperones depends

on specific types of lipid membranes remains unknown. Here, we addressed this question focusing on HSPBs and a-syn as a model protein.

HSPBs are characterized by a low molecular weight (12–43 kDa) and the presence of a highly conserved a-crystallin domain of 80–100

amino acids, flanked by less conserved N-terminal and C-terminal intrinsically disordered domains.42 All these regions are involved in regu-

lating the assembly of HSPBmonomers into polydisperse oligomers that are thought to act as a cellular chaperone reservoir.43 Human HSPBs

show a high structural diversity and can assemble into dynamic oligomers of different size and compositions. HSPB1, HSPB4, and HSPB5 co-

assemble into polydisperse oligomers, while HSPB6, HSPB7, andHSPB8mainly exist in form of dimers44,45 andHSPB3 can form tetramers with

HSPB2 at a 1:3 ratio.46 Upon stress conditions, such as changes in the temperature, pH, and ion concentrations and in presence of unfolded

and misfolded proteins, HSPB assemblies dissociate into smaller oligomers, dimers, and monomers giving rise to an HSPB ensemble with

chaperone activity that can bind to and neutralize non-native and aggregation-prone intermediates, preventing their irreversible aggrega-

tion.42 Recent studies that analyzed the accessible surface areas of small HSPs of different origins showed that upon dissociation of the larger

oligomers, the a-crystallin domain of the resultant monomers and dimers are partially unfolded and display enhanced chaperone activity.47

Thus, the dynamic release of disorderedmonomers/dimers has been proposed to represent a commonmechanismof action for small HSPs.47

Nevertheless, due to the ability of HSPBs to interact with each other to form homo- and hetero-oligomers of variable size, which influences

their affinity for different substrates, one would not expect their chaperone activity to be described with one unifying mechanism. Rather,

distinct mechanisms may exist dependent on the type of HSPB, the type of substrate and the surrounding environment, such as pH, salinity

and presence of lipids.48

Using a three-pronged kinetic approach previously developed,7,11 we tested here the ability of selected HSPBs to inhibit a-syn lipid-

induced aggregation, as well as fibril growth in absence of lipids. The chaperone activity of HSPB1, HSPB4, and HSPB5 on a-synuclein has

been characterized in detail by previous groups.25–29,49–54 Here, we focused on the less-well studied HSPB members that tend to mainly

form dimers/small oligomers. Since both HSPB1 andHSPB5 typically form large oligomers andwere both previously shown to bind to lipids,35

we selected HSPB5 for comparative analysis, while focusing on the other less characterized members of the family that mainly form dimers/

smaller oligomers. Our findings identify HSPB6 as a lipid-dependentmolecular chaperone, since it could efficiently prevent a-syn aggregation

only in presence of lipid membranes. Instead, the other HSPBs tested showed stronger chaperone activity in presence of monomeric a-syn

and preformed a-syn fibrils, and a moderate chaperone activity in presence of lipid membranes. These results highlight the diversity and

complexity of HSPBs, which diversified their mechanisms of action to reach an efficient regulation of protein aggregation within the complex

lipid-enriched cellular environment. We anticipate that the classification of poor and efficient chaperones based on protein-only assays will

warrant further investigation, and the identification of other lipid-dependent molecular chaperones similar to HSPB6 may represent the first

step toward new potential therapeutic avenues.
RESULTS

HSPBs inhibit a-syn lipid-induced aggregation

A three-pronged approach is proposed to dissect the key steps of a-syn aggregation, namely lipid-induced aggregation, elongation, and

secondary nucleation (Figure 1). The assay to monitor a-syn aggregation induced by lipids has been developed to study a-syn aggregation

at physiological concentrations, which are estimated to be lower than 30–60 mM and in presence of small unilamellar vesicles (SUVs), which

trigger a-syn amyloid fibril formation (Figure 1, left panel).7,11,55 Primary nucleation is followed by fibril growth by elongation, which can be

studied using a second assay (in absence of lipids) through addition of monomeric a-syn to the growing extremity of existing fibrils at high

concentration (Figure 1, middle panel, high seed). Finally, secondary nucleation events that occur via formation of surface-catalyzed
2 iScience 27, 110657, September 20, 2024



Figure 1. Schematics of the three-pronged approach used to characterize a-syn aggregation

Three different assays were used to probe: (left) lipid-induced aggregation, where monomeric a-syn forms growth-competent nuclei due to the interaction with

lipid surfaces; (middle) elongation, wheremonomeric a-syn interacts with existing preformed fibrils at high concentrations (high seed) and pH 6.5, forming longer

fibrils; (right) secondary nucleation, where monomeric a-syn interacts with existing preformed fibrils at low concentrations (low seed) and pH 5.5. Secondary

nucleation refers to a surface catalyzed mechanism that leads to the formation of toxic oligomeric species in the presence of amyloid fibrils. This process is

accelerated at mildly acidic pH, generating new fibrils and new oligomeric species.6,7,11
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aggregates and lead to fibril amplification are monitored under conditions of mildly acidic pH and low fibril concentration (Figure 1, right

panel, low seed).11,56 These mildly acidic environmental conditions mimic the low pH (5.5) that characterizes dopaminergic neurons, which

express highest levels of a-syn.57 Using this three-pronged approach we evaluated the impact of individual HSPBs on a-syn aggregation,

identifying the contribution of specific environmental factors that are biologically relevant such as lipid composition and pH variation.

In these assays, a-syn amyloid fibril formation is followed over time by measuring the increase of thioflavin T (ThT) fluorescence. We pre-

viously reported that the kinetics of a-syn aggregation are accelerated upon incubation of a-syn monomers with SUVs prepared from the

model membrane lipid DMPS (1,2-dimyristoyl-sn-glycero-3-phospho-L-serin)6,7,58 (Figure 1, left panel; Figure 2, black curves). Although of

limited physiological relevance, DMPS SUVs represent a well-established model to study a-syn lipid-induced aggregation and were used

as the reference system here. The diameter of DPMS lipid vesicles wasmeasured prior to their use for each experiment; a representative mea-

sure of DMPS lipid in shown in Figure S1A. No increase in the ThT fluorescence signal was detected in absence of DMPS under the exper-

imental conditions used, while a-syn amyloid fibril formation started already after 5 h of co-incubation with DMPS SUVs and reached a plateau

after circa 25 h (Figure 2A, black curve), when the molecules of monomeric a-syn, initially present in the reaction mixture, were incorporated

into the growing fibril. Thus, the lower the time required to reach the plateau and the steeper the curve slope, the higher the rate of a-syn

aggregation. We then co-incubated DMPS with a-syn and either HSPB3, HSPB5, HSPB6, HSPB7, or HSPB8 starting with an HSPB:a-syn ratio

of 1:100. HSPB6 completely inhibited a-syn lipid-induced aggregation on the timescale that wemonitored (100 h) (Figure 2A). Instead, HSPB3,

HSPB5, HSPB7, andHSPB8 delayed a-syn lipid-induced aggregation at low stoichiometries, but with different degrees of efficacy, with HSPB3

showing the poorest chaperone activity (Figures 2A and 2B). The beginning of the aggregation occurred circa 5 h after co-incubation of DMPS

with a-syn alone (Figure 2A, black curve) and was delayed to about 25–35–40 and 45 h in presence of HSPB3, HSPB7, HSPB8, and HSPB5,

respectively, while it never occurred with HSPB6 (Figure 2A, colored curves). The rate at which the a-syn fibrils grow is indicated by the slope

of the curve. By comparing the slope of the curves in absence or presence of HSPB3, HSPB5, HSPB7, and HSPB8, we deduced that the ag-

gregation process proceeded with similar kinetics to the control condition (a-syn) (Figure 2A). Thus, at the HSPB:a-syn ratio of 1:100, only

HSPB6 completely abrogated a-syn lipid-induced aggregation.

We next applied a previously proposed lipid-induced aggregationmodel7 to our data to compare the efficacy of the HSPBs studied. In this

model, the nucleation process is assumed to occur at the surface of the vesicles and then to be followed by the growth of fibrils from lipid-

bound a-syn. We calculated the half-time (t1/2) of a-syn aggregation alone or in presence of HSPBs. At the HSPB:a-syn ratio of 1:100, HSPB3

had the lowest efficacy, with an aggregation half-time of ca. 30 h (Figure 2B). HSPB6 was excluded from this analysis since it completely abro-

gated a-syn lipid-induced aggregation at the HSPB:a-syn ratio of 1:100 (Figure 2B). The same experiments were then conducted at higher

stoichiometries using, respectively, the HSPB:a-syn ratio of 1:200 (Figures 2C and 2D) and 1:400 (Figures 2E and 2F). At the lowest HSPB:a-syn

ratio of 1:50, all the HSPB tested could prevent a-syn lipid-induced aggregation (Figure 2G). HSPB efficacy was further compared by

measuring the relative aggregation constant normalized for the aggregation rate, using a previously published one-step nucleation model.7

Using this model, we confirmed that HSPB3 had the lowest efficacy, with a relative aggregation rate ratio to a-syn alone of 0.10 (Figure S1B);

instead, HSPB5, HSPB7, and HSPB8 reduced the lipid-induced aggregation with a relative aggregation rate ratio between 0.05 and 0.07 (Fig-

ure S1B). HSPB6 was excluded from this analysis since it completely inhibited a-syn lipid-induced primary-nucleation at the 1:100 HSPB:a-syn

ratio. When using higher HSPB:a-syn ratios, we confirmed the strongest inhibitory effect of HSPB6 in presence of lipids compared to the other

HSPBs tested (Figures S1C and S1D). Thus, although all HSPBs prevented a-syn lipid-induced aggregation in a dose-dependent manner,

HSPB6 showed the greatest efficacy.

Considering that previous reports showed that HSPB5 and HSPB8 interact both with a-syn and lipids,26,28,33,35,54 these results are compat-

ible with at least two possible, but not mutually exclusive, incompatible, mechanisms: HSPBs compete with a-syn for binding to lipid mem-

branes, thus reducing a-syn lipid-induced aggregation; HSPBs bind to a-syn monomers, thus preventing their binding to the lipid surface.
iScience 27, 110657, September 20, 2024 3



Figure 2. HSPBs inhibit lipid-induced a-syn aggregation

(A–G) Changes in ThT fluorescence intensity when monomeric a-syn (20 mM) is incubated with 100 mMDMPS vesicles at pH 6.5�C and 30�C (DMPS:a-syn ratio is

5:1) and in the absence (black) or presence of HSPBs (colored lines) at the following HSPB:a-syn ratios: 1:100 (0.2 mM:20 mM) (A), 1:200 (0.1 mM: 20 mM) (C), 1:400

(0.05 mM:20 mM) (E), and 1:50 (0.4 mM: 20 mM) (G). Data are presented as absolute ThT fluorescence. a.u. arbitrary units. (B, D, and F) Comparison of a-syn

aggregation half-time in absence/presence of HSPBs, as per conditions detailed in A, C, and E, respectively. (A–G) Data are shown as mean G SEM. n = 3

independent experiments. One-way ANOVA, followed by Bonferroni-Holm post-hoc test. Comparison between a-syn alone or with each HSPB is shown.
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Alternatively, HSPBs bind to a-syn embedded in the lipids, shielding it from oligomerization and aggregation. To differentiate between these

possible mechanisms, we next tested whether HSPB3, HSPB5, HSPB6, HSPB7, or HSPB8 can interact with lipid membranes.

Proteins embedding into lipid membranes affect their fluidity andmelting temperature, which can bemeasured by monitoring changes in

the polarization of the fluorescence of the probe diphenylhexatriene (DPH): the higher the anisotropy of DPH, the lower the membrane

fluidity.59Wepreviously showed that DMPS SUVs convert at 41�C from a gel phase bilayer with solid hydrocarbon chain into a liquid crystalline

bilayer with fluid hydrocarbon chain.6 In presence of a-syn, the melting temperature of DMPS SUVs bound to a-syn decreases and is centered

at 25�C.6 Since temperature fluctuations affect lipid phase transitions, which can in turn modify the binding affinity of proteins for lipids, we

measured how the microviscosity of DMPS SUVs changes in absence or presence of HSPBs by monitoring the DPH fluorescence polarization
4 iScience 27, 110657, September 20, 2024



Figure 3. Impact of HSPBs on the fluidity of DMPS lipid vesicles and on a-syn lipid-induced aggregation

(A) Changes in DMPS (100 mM) membrane fluidity due to presence of a-syn or HSPBs (20 mM) detected through fluorescence polarization of DPH at 30�C for 4 h

(DMPS:a-syn and DMPS:HSPB ratio are 5:1). Data are shown as meanG SEM. n = 3 independent experiments. One-way ANOVA, followed by Bonferroni-Holm

post-hoc test. Comparison between DPH fluorescence polarization of DMPS alone or with a-syn and/or each HSPB studied are shown.

(B) Putative mechanisms of action of HSPBs toward a-syn lipid-induced aggregation. HSPBs could transiently associate with a-syn monomers, hence preventing

their binding to lipid membranes. In addition, and not mutually exclusive, HSPBs could interact with lipid-bound a-syn, thereby shielding it from aggregation.

Furthermore, HSPBs could directly interact with lipids, thus reducing the association of a-syn with lipid membranes. The latter seems to be the preferred

mechanism of action of HSPB6.
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at increasing temperature (Figure S2A, brown dotted line). The impact of the various HSPBs on DHP fluorescence polarization was compared

to that of a-syn, employed as a positive control, in the temperature range from 25�C to 50�C6,7 (Figure S2A, compare the brown dotted line

with the black line). As expected,6 co-incubation of DPMS with a-syn decreased the DPH fluorescence polarization in the temperature range

investigated (Figure S2A). HSPB3, HSPB5, and HSPB7 increased the DHP fluorescence polarization when co-incubated at temperatures

ranging from circa 25�C–37�C, whereas at higher temperatures they decreased the DHP fluorescence polarization, except for HSPB7 (Fig-

ure S2A). HSPB8 and HSPB6 decreased the DPH fluorescence polarization from and above circa 30�C, with a stronger impact of HSPB6

compared to HSPB8 (Figure S2A). These data suggest that all HSPBs tested can influence the dynamical and structural properties of lipid

bilayers measured via DHP fluorescence polarization at different temperatures.

We next tested whether HSPBs can influence the DPH fluorescence polarization upon co-incubation with DMPS and a-syn, starting with an

HSPB:a-syn ratio of 1:1 (Figure S2B). Compared to a-syn alone (Figure S2B, black line), HSPB6 further decreased the DPH fluorescence po-

larization at the physiological temperature (37�C) and above; HSPB3, HSPB5, and HSPB7 increased the DPH fluorescence polarization in the

temperature range from circa 37�C–50�C), while HSPB8 had no effect (Figure S2B, compare gray line with black line). Since higher DPH anisot-

ropy is indicative of lower membrane fluidity, we conclude that, compared to DMPS SUVs incubated with a-syn alone, in the temperature

range from circa 35�C–50�C, HSPB3, HSPB5, and HSPB7 tend to restore membrane fluidity, whereas HSPB6 further decreased it, showing

an additive effect with a-syn, and HSPB8 had no impact. The additive effect of HSPB6, compared to DMPS and a-syn alone, was further

confirmed by lowering the concentration of HSPB6 by four times (HSPB6:a-syn ratio of 1:4; Figure S2C).

In order to further elucidate how the interaction of HSPBs influences a-syn lipid-induced aggregation, we incubatedDMPS SUVs with a-syn

monomers and/or HSPBs at the fixed temperature of 30�C for 4 h and wemeasured DPH fluorescence polarization. As previously reported,6,7

co-incubation of a-syn with DMPS SUVs decreased the DPH fluorescence polarization, which corresponds to an increase of their fluidity (Fig-

ure 3A, compare black column to brown column). When incubated alone with DMPS SUVs, HSPB7 and HSPB8 slightly increased the DPH

fluorescence polarization; a similar result was obtained upon co-incubation with a-syn (Figure 3A, purple and gray columns). By contrast,

HSPB3 and HSPB5 slightly decreased the DPH fluorescence polarization of DMPS SUVs in absence of a-syn, while increasing it in presence

of a-syn (Figure 3A, dark blue and light blue columns). Finally, HSPB6 strongly decreased the DPH fluorescence polarization of DMPS SUVs in

absence and presence of a-syn (Figure 3A, green columns).
iScience 27, 110657, September 20, 2024 5



Figure 4. S16 phosphorylation enhances the lipid chaperone activity of HSPB6

(A–D) Changes in ThT fluorescence intensity when monomeric a-syn (20 mM) is incubated with 100 mM DMPS vesicles at pH 6.5�C and 30�C and in the absence

(black) or presence of HSPB6 wild-type, non-phosphorylatable HSPB6 (S16A), pseudophosphorylated HSPB6 (S16D) and chemically phosphorylated HSPB6

(S16C-P) at the HSPB:a-syn ratios 1:200 (0.1 mM:20 mM) (A) and 1:400 (0.05 mM:20 mM) (C). (B and D) Comparison of a-syn aggregation half-time, in the

presence of HSPB6, S16A, S16D, or S16C-P as per conditions in detailed in A and C, respectively. (A–D) Data are shown as mean G SEM. n = 3 independent

experiments. One-way ANOVA, followed by Bonferroni-Holm post-hoc test. Comparison between HSPB6 wild type and either S16A, S16D, or S16C-P is shown.
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These data confirm the importance of lipids in the mechanism of action of HSPB6 and support the idea that HSPBs reduce a-syn lipid-

induced aggregation with distinct mechanisms of action. Plausible mechanisms of action that may explain our results include: (1) HSPB bind-

ing to free a-syn monomers, thereby inhibiting their embedding into the lipids; (2) HSPB binding to lipid-bound a-syn, thereby shielding it

fromoligomerization and further aggregation (Figure 3B). ConcerningHSPB6, it has been shown that transient complex betweena-synmono-

mers and free lipid molecules, which are in equilibrium with the lipid vesicles, may form. These lipid-a-syn complexes are water-soluble and

have increased hydrophobicity; this, in turn, enhances their insertion in the lipid membranes, promoting the growth of amyloid fibrils on the

lipid membrane surfaces.41 By binding to either free lipids or lipid membranes, HSPB6 may prevent the formation of these transient water-

soluble lipid-a-syn complexes, decreasing the binding affinity of a-syn for lipids and delaying the fibril growth.

Phosphorylation of serine HSPB6 enhances its inhibitory effect on a-syn lipid-induced aggregation

HSPB6 is the only member of the HSPB family that contains an RRXS consensus sequence recognized by the protein kinases PKA and PKG.60

TheHSPB6 RRXSmotif contains serine residue 16 (S16), which can be phosphorylated by cAMP-PKAand has been implicated in the regulation

of HSPB6 interactions and functions, including smooth muscle relaxation and cardioprotection.61 pS16-HSPB6 promotes its binding to the

14-3-3 protein, competing with the actin depolymerizing protein cofilin.62,63 Displacement of cofilin from 14-3-3 by pS16-HSPB6 has been

suggested to modulate actin dynamics, ultimately favoring actin depolymerization and smooth muscle relaxation.63

Interestingly, 14-3-3 also interacts with a-syn to reduce its aggregation in vitro and in cells, acting at the level of preformed fibrils and ag-

gregation intermediates.64 Recently, it has been suggested that 14-3-3 protein buffers exceeding amounts of a-syn at cholesterol rich sites,

preventing lipid-induced oligomerization.65 Whether it does so alone or acting in concert with other binding partners is currently unknown.

Based on these premises, here we investigated whether S16-HSPB6 can inhibit a-syn lipid induced aggregation as efficiently as non-phos-

phorylated HSPB6. To ascertain the impact of HSPB6 phosphorylation per se, we conducted these experiments in absence of 14-3-3. We

generated non-phosphorylatable HSPB6, by replacing serine 16 with an alanine (S16A) and pseudophosphorylated HSPB6, by replacing

serine 16 with aspartic acid (S16D). We also replaced serine 16 with a cysteine residue (S16C), followed by a chemical addition of the phos-

phate (P) group to generate a phosphorylated S16C-HSPB6 (S16C-P) (Figures S3A–S3D).We next tested their efficacy in inhibiting a-syn lipid-

induced aggregation, using the ThT fluorescence assay and a startingHSPB:a-syn ratio of 1:200.While non-phosphorylatable S16Aprevented

the a-syn lipid-induced aggregation with an efficacy similar to that of HSPB6 wild type, pseudophosphorylated S16D and chemically phos-

phorylated S16C-P showed a stronger inhibitory effect (Figures 4A and 4B). Similar results were obtained increasing the HSPB:a-syn ratio to

1:400, further confirming that, in absence of 14-3-3, HSPB6 Serine 16 phosphorylation slightly enhances its inhibitory effect toward a-syn lipid-

induced aggregation (Figures 4C and 4D). Dimers of phosphorylated HSPB6 interact with dimers of 14-3-3,66 with a micromolar affinity in the
6 iScience 27, 110657, September 20, 2024



ll
OPEN ACCESS

iScience 27, 110657, September 20, 2024 7

iScience
Article



Figure 5. HSPBs delay a-syn fibril elongation

(A and B) Changes in ThT fluorescence intensity whenmonomeric a-syn (20 mM) is incubated with 1 mMpreformed fibrils at pH 6.5�C and 37�C and in the absence

(black) or presence of HSPBs at three different HSPB:a-syn ratios: 1:1 (20 mM: 20 mM) (A), 1:2 (10 mM:20 mM) (B), and 1:4 (5 mM:20 mM).

(C) Data are reported as absolute ThT fluorescence. a.u. arbitrary units.

(D) Relative rate of a-syn fibril elongation, determined as previously described.11

(E–I) Changes in ThT fluorescence intensity as described in A, but using the following HSPB:a-syn ratios: 1:200 (0.1 mM: 20 mM), 1:100 (0.2 mM: 20 mM), 1:50 (0.4 mM:

20 mM), and 1:20 (1 mM: 20 mM). (A–I) Data are shown as mean G SEM. n = 3 independent experiments.

(J) Putative mechanism of action of HSPBs on fibril elongation.
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case of the 14-3-3 z isoform.67 Future studies should investigate whether co-incubation of S16-HSPB6with different 14-3-3 isoforms influences

its ability to prevent a-syn lipid-induced aggregation at cholesterol rich sites.
HSPB3, HSPB5, and HSPB7 delay a-syn fibril elongation

Upon assembly, a-syn fibrils grow by elongation, which can bemeasured using ThT fluorescence by incubating at neutral pH preformed fibrils

with free a-syn monomers in absence of SUVs (Figure 1, middle panel).6,7,11 With this elongation assay, we tested the efficacy of HSPBs to

prevent a-syn fibril growth, using different HSPBs:a-syn ratios. The results obtained with this assay, in absence of lipids, will be instrumental

for the interpretation of the ones obtained using the a-syn lipid-induced aggregation assay. Importantly, in this fibril elongation assay we used

1 mM of a-syn seeded fibrils, 20 mM of a-syn monomers, and progressively decreasing concentrations of HSPBs, thus enabling us to extrap-

olate the affinity of HSPBs toward the preformed fibril extremities versus the free a-synmonomers (in large excess compared to the preformed

fibrils). At the 1:1, 1:2, and 1:4 HSPBs:a-syn ratios, all HSPBs tested delayed the elongation of a-syn preformed fibrils, although with different

kinetics (Figures 5A–5C). To enable direct comparison of the efficacy of the HSPBs, themeasured elongation rates were normalized relative to

the one of a-syn alone (Figure 5D). HSPB3, HSPB5, and HSPB7 inhibited a-syn elongation with a relative fibril elongation ratio of approxi-

mately 0.1, independently of the HSPBs:a-syn ratio. HSPB8 delayed fibril elongation with a relative fibril elongation ratio of 0.2–0.6, based

on HSPB8 concentration: the lower HSPB8 concentration (1:4 ratio), the lower the efficacy (Figure 5D). Concerning HSPB6, its efficacy in in-

hibiting a-syn fibril elongation was poorer compared to the one of HSPB8 (Figure 5D); of note, when HSPB6 concentration was 4-times lower

than the one of monomeric a-syn, HSPB6 had almost no effect (Figure 5D, 1:4 ratio).

Of note, the lipid-induced aggregation assay was performed using higher HSPBs:a-syn ratios, ranging from 1:100 and 1:400 (Figure 2). We

then repeated the experiments lowering further the concentration of HSPBs and using 1:20, 1:50, 1:100, and 1:200 HSPBs:a-syn ratios

(Figures 5E–5I), enabling the comparison between the efficacy of HSPBs in preventing a-syn aggregation in absence and presence of lipids.

HSPB3, HSPB5, andHSPB7 could still efficiently delay a-syn fibril elongation even at the highest 1:200 ratio, while HSPB6 was completely inac-

tive at the higher ratios and showed only poor activity at the 1:20 ratio (Figures 5E–5H). By contrast, at the 1:200 ratio, HSPB6 was by far more

efficient in preventing monomeric a-syn lipid-induced aggregation. Concerning HSPB8, its efficacy was concentration-dependent and pro-

gressively decreased with increasing amounts of free a-syn monomers, being lost at the highest ratio (Figure 5I). Based on these data, we

conclude that HSPB3, HSPB5, and HSPB7 efficiently prevent fibril elongation, in a wide concentration. This observation suggests that they

would bind with higher affinity to the fibril surface and extremities, rather than to free a-syn monomers (Figure 5J). Of note, previous work

identified higher binding affinity of HSPB5 for the length of the fibril and lower affinity for the fibril ends.54,68 Instead, HSPB8, whose efficacy

is dose dependent and decreases with increasing concentrations of free a-syn monomers, would preferentially bind to the latter (Figure 5J).

Finally, the comparison of the results obtained at the higher ratios 1:100 and 1:200 in absence and presence of lipids supports the idea that

HSPB6 interacts weakly with monomeric a-syn (Figure 5J), and acts instead as a lipid-dependent molecular chaperone.
HSPB3 and HSPB7 inhibit the rate of a-syn fibril amplification under mildly acidic pH

We next tested the ability of HSPBs to inhibit the formation of a-syn higher order assemblies, which have been observed to occur via second-

ary nucleation upon incubation of a-syn fibrils and free monomers at mildly acidic pH11,69 (Figure 1, right panel). Since the secondary nucle-

ation assay is performed at pH 5.5, we studied the folding and stability of the various HSPBs at acidic pH using circular dichroism (CD). Pre-

vious work showed that HSPB5 is sensitive to pH changes. Lowering the pH from 7.5 to 6.5 promotes dimer to monomer dissociation and the

formation of polydisperse oligomers with increased holdase capacity.70 However, lowering the pH from 6.5 to 5.5 affected the CD spectra of

HSPB5, suggesting protein destabilization, whichmay in turn affect its chaperone function (Figure S4B). Due to the high sensitivity to lower pH

and to avoid data misinterpretation, we did not assess HSPB5 efficacy in inhibiting secondary nucleation at mildly acidic pH. Instead, the CD

spectra of HSPB3, HSPB6, HSPB7, and HSPB8 were similar regardless of the acidic pH (Figures S4A–S4E), enabling us to study their efficacy in

inhibiting a-syn secondary nucleation at pH 5.5. The secondary nucleation assay consists in the acquisition of ThT fluorescence upon co-in-

cubation at pH 5.5 of 50 nM a-syn seeded fibrils, 20 mM a-synmonomers, and progressively decreasing concentrations of HSPBs. The use of a

large excess of a-syn monomers compared to the preformed fibrils enables to gain insights into HSPB affinity on the different states of a-syn.

To quantify differences in the efficacy of the HSPBs, we performed the measures using three HSPBs:a-syn ratios: 1:1, 1:2, and 1:4. HSPB3 and

HSPB7 strongly inhibited a-syn secondary nucleation regardless of the ratio used (Figures 6A–6C). HSPB8 showed a moderate and dose-

dependent effect, while HSPB6 showed the lowest efficacy compared to the other members of the family tested (Figures 6A–6C). Similar

to what we observed using the elongation assay (Figure 5I), HSPB8 chaperone activity inversely correlated with the concentration of free

a-syn monomers (Figure 6D), suggesting that HSPB8 inhibits a-syn aggregation by preferentially binding to and neutralizing its monomeric
8 iScience 27, 110657, September 20, 2024



Figure 6. HSPBs delay a-syn secondary nucleation

(A–C) Changes in ThT fluorescence intensity when monomeric a-syn (20 mM) is incubated with 50 nM preformed fibrils at pH 5.5�C and 37�C and in the absence

(black) or presence of HSPBs at three different HSPB:a-syn ratios: 1:1 (20 mM: 20 mM) (A), 1:2 (10 mM:20 mM) (B), and 1:4 (5 mM:20 mM) (C). Data are shown as

absolute ThT fluorescence. a.u. arbitrary units. Data are shown as mean G SEM. n = 3 independent experiments. (D) Putative mechanism of action of HSPBs

on secondary nucleation.
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forms. By contrast, HSPB3 and HSPB7, whose efficacy is not influenced by the presence of exceeding monomeric free a-syn, would prefer-

entially bind to a-syn fibrils (Figure 6D), in agreement with the observations from the elongation assay.

The inhibitory effect of HSPB6 on a-syn lipid-induced aggregation correlates with its affinity for lipids

The integrated analysis of the results obtained in absence (Figures 5 and 6) and presence of DMPS SUVs (Figures 2 and 3) revealed that HSPB6

chaperone activity depends on the presence of lipid membranes. In order to better understand how different lipid types can influence the

chaperone activity of HSPB6, and considering that a-syn can interact with different types of biological membranes, we generated mem-

brane-mimetic SUVs with lipid composition that resemble either the outer leaflet of the plasma membrane (PM), the inner leaflet of the

PM, the mitochondrial, the endoplasmic reticulum (ER), or the Golgi membranes (Figure 7A; Figure S5). Of note, these membrane-mimetic

SUVs are composed of longer fatty acid chains (>18:0) compared to DMPS vesicles (14:0), conferring properties that are similar to the ones of

physiological cellular and organelle membranes. We then studied whether these different types of lipids influence HSPB6 efficacy in prevent-

ing a-syn lipid-induced aggregation. The choice of these membrane-mimetic SUVs was driven by published data indicating that a-syn, which

was initially identified as a protein enriched in the presynaptic terminal, where it associates with synaptic vesicles,71,72 can bind to a large va-

riety of lipidmembranes, including the plasmamembrane, mitochondrial membranes, lipid rafts, and caveolae, as well as ER andGolgi mem-

branes.73,74 Interaction with these lipid membranes, which occurs with different strengths based on their lipid composition, is important for

a-syn physiological functions, but it is also tightly associated with a-syn pathological effects. For example, a-syn has a strong affinity for mito-

chondrial membranes75 and excessive binding of a-syn to these lipid membranes leads to neuronal toxicity.76 In addition, excessive associ-

ation of a-syn with ER and Golgi impairs vesicular trafficking, promotes Golgi fragmentation and leads to the depletion of lysosomal enzymes

in cellular and Drosophila models of PD.77 Finding that the efficacy of HSPB6 in inhibiting a-syn lipid-induced aggregation correlated with

HSPB6 binding affinity to the lipid membranes suggests that it may protect different lipid membrane types from a-syn induced damage.

In addition, it helps dissecting its mechanism of action. Currently, two mechanisms of action could be compatible with the results observed:

competition with a-syn for binding to lipids (either as a-synmonomers or transient a-syn-lipid water-soluble complexes), and binding to a-syn

monomers embedded into the lipids, thus shielding then from further oligomerization/aggregation. Future studies will need to address the

question whether by binding to lipids HSPB6 changes their order, indirectly influencing a-syn binding to lipids.

First, we measured the affinity of a-syn for the different membrane-mimetic SUVs and we calculated the fraction of a-syn bound to

increasing concentrations of lipids. In agreement with previous findings,75 a-syn had the highest affinity for the mitochondrial membrane

compared to the other membrane-mimetic SUVs (Figure 7B). In particular, a-syn showed the lowest affinity for SUVs mimicking the outer

PM, and an intermediate affinity for SUVs mimicking the inner PM, Golgi, and ER (Figure 7B). Second, we measured the affinity of HSPB6

for the different membrane-mimetic SUVs. HSPB6 showed the highest binding affinity for SUVsmimicking the inner PM, followed by the outer
iScience 27, 110657, September 20, 2024 9
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Figure 7. The binding affinity of HSPB6 for different lipid types influences the inhibition of a-syn lipid-induced aggregation

(A) Composition of membrane-mimetic SUVs resembling mitochondria membrane, the outer PM, the inner PM, the ER, or Golgi membranes.

(B) Binding affinity of a-syn (5 mM) for each membrane-mimetic SUV, expressed as fraction bound. Dissociation constant (Kd) values are as follows: 0.069 for

mitochondria; 0.119 for outer PM; 0.082 for inner PM; 0.104 for ER; 0.104 for Golgi.

(C) Binding affinity of HSPB6 (5 mM) for each membrane-mimetic SUVs, expressed as fraction bound. Dissociation constant (Kd) values are as follows: 0.072 for

mitochondria; 0.062 for outer PM; 0.045 for inner PM; 0.095 for ER; 0.088 for Golgi.

(D–H) Changes in ThT fluorescence intensity when monomeric a-syn (20 mM) is incubated with 100 mM of membrane-mimetic SUVs at pH 6.5�C and 30�C and in

the absence (black) or presence of HSPBs (colored lines) at the following HSPB:a-syn ratios: 1:100 (0.2 mM:20 mM), 1:200 (0.1 mM:20 mM), 1:400 (0.05 mM: 20 mM),

and 1:800 (0.025 mM: 20 mM).

(I) Correlation of the binding affinity of HSPB6 for lipids (Kd, x axis) with the half-time of aggregation at the 1:200 ratio (y axis), followed by analysis of the Pearson’s

correlation coefficient (r): r = 0.85; p = 0.0375. (B–I) Data are shown as mean G SEM. n = 3 independent experiments.
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PM and mitochondria (Figure 7C); the weakest interaction was detected for SUVs mimicking the composition of ER and Golgi membranes

(Figure 7C).

We then evaluated the ability of HSPB6 to inhibit a-syn lipid-induced aggregation in presence of these differentmembrane-mimetic SUVs,

using the ThT fluorescence assay and different HSPB6:a-syn ratios (Figures 7D–7H). At a 1:100 ratio, HSPB6 abrogated a-syn lipid-induced

aggregation regardless the lipid types employed (Figures 7D–7H, compare green line with black line), while at the highest 1:800 ratio,

HSPB6 lost its inhibitory effect under all conditions tested (Figure 7D, compare red line with black line). Instead, at the 1:200 and 1:400 ratios,

HSPB6 delayed lipid-induced aggregation with efficiencies that varied based on the SUV composition (Figures 7D–7H, compare brown and

orange lines with black line). We then calculated the normalized aggregation half-time (t1/2) at the 1:200 ratio and we correlated it (y axis) with

the binding affinity for lipids (Kd, x axis), followed by analysis of the Pearson’s correlation coefficient (Figure 7I). This analysis revealed a sig-

nificant correlation (r = 0.85, p value 0.0375) between the binding affinity of HSPB6 for lipids and its efficacy in preventing a-syn lipid-induced

aggregation. The strongest inhibitory effect was exerted byHSPB6 in presence of SUVs thatmimic the inner PM, followedby the outer PMand

mitochondria. The lowest inhibitory effect of HSPB6 was observed when using SUVs that mimic the Golgi and the ER (Figure 7I), for which

HSPB6 lipid-binding affinity was the lowest (Figure 7C). These data support the idea that HSPB6 is a lipid-dependent molecular chaperone.

DISCUSSION

As a-syn aggregates are central to synucleopathies, tremendous efforts have been made to understand in detail the process of a-syn aggre-

gation in order to identify effective ways to combat it. Achieving this goal is challenging because different paths lead to the formation of a-syn

aggregates, including lipid-induced aggregation and a-syn liquid-liquid phase separation, followed by liquid-to-solid conversion.19 More-

over, environmental factors, such as pH, can accelerate specific steps of the aggregation process.6,7,69

Molecular chaperones, namely HSPs, have been for long considered as ideal candidates to prevent protein aggregation.78 Althoughmuch

progress has beenmade in understandingmolecular mechanisms of action of HSPs, and substantial evidence has been accumulated demon-

strating their efficacy in blocking a-syn aggregation, the majority of the studies carried out to date have focused on a protein-centric view, so

that several questions remain openonwhether and how lipidmembranesmay influence the chaperone activity of HSPs.23,25,50,79 Herewe have

focused on the mammalian HSPB family, providing evidence that HSPBs evolved to block with multiple points of attack the kinetic network of

microscopic processes leading to protein aggregation, with HSPB6 emerging as a lipid-dependent molecular chaperone.

In presence of lipid membranes, HSPB6 was by far more efficient than the other members of the family in preventing a-syn lipid-induced

aggregation (Figures 2 and 3). By contrast, in absence of lipid membranes, HSPB6 showed a poor chaperone activity, whereas HSPB3, HSPB5

and HSPB7 were very efficient in preventing a-syn elongation, even at low concentrations (Figure 5) or at mildly acidic pH (Figure 6). Mech-

anistically, secondary nucleation consists of the fibril-dependent generation of new aggregates.80 These aggregates, in turn, elongate by

addition of a-syn monomers and serve as a platform that amplifies a-syn aggregation.80 Previous reports showed that HSPBs can associate

with fibrils during the aggregation process, delaying the process and affecting themorphology of the fibrils. The fibrils formed in presence of

HSPBs were either similar but fewer in number (with HSPB5), shorter (with HSPB1 or HSPB2-HSPB3 complex) or no fibrils but compact struc-

tures formed (with HSPB8).28 Using a high concentration of a-syn monomers compared to that of preformed fibrils and progressively

decreasing the concentration of the HSPBs tested enabled us to identify preferential binding of HSPB8 to monomeric versus fibrillar

a-syn. This may help explain why HSPB8 changes the morphology of a-syn aggregates. Instead, HSPB3, HSPB5, and HSPB7, whose efficacy

was maintained regardless of the concentration of monomeric free a-syn, preferentially bound to pre-formed fibrils (Figures 5 and 6). Given

that also HSPB1 and HSPB5 bind to a-syn fibrils,26,30,50,54,68 binding to and coating the fibrils, yielding shorter or fewer fibrils, as previously

reported,28 would represent a general mechanism by which HSPB combat aggregation. Instead, buffering free a-synmonomers and prevent-

ing their incorporation onto the fibril surface seems to be the preferred mechanism of action for HSPB8 (Figures 5 and 6), while acting at the

a-syn protein-lipid interface appears as the action of choice for HSPB6 (Figures 2, 3, and 4). Intriguingly, HSPB8 shows the highest disorder and

the highest propensity to undergo liquid-liquid phase separation, compared to the other HSPBmembers17 and was previously shown to pre-

vent the aggregation of the RNA-binding protein FUS inside condensates by chaperoning its aggregation-prone RNA-binding domain.21

These observations suggest that HSPB8 could also co-condense with a-syn, in addition to interacting with the pre-formed fibrils as investi-

gated in our work, preventing the maturation of a-syn condensates into amyloid aggregates. Concerning HSPB6, finding that its chaperone

activity toward a-syn is lipid-dependentmay explain why previous studies failed to identify any effect of HSPB6 on fibril morphology and only a

minor effect on a-syn fibril formation,28 defining HSPB6 as a poor chaperone compared to the other members of the family.
iScience 27, 110657, September 20, 2024 11
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We note that we still do not fully understand what regulates the lipid-dependent chaperone activity of HSPB6. At the highest

HSPB:a-syn ratios, all HSPBs tested could efficiently delay a-syn-lipid induced aggregation, revealing a novel general mode of action

for HSPBs at the protein-lipid interface. The ability of HSPBs to interact with lipids and prevent a-syn lipid-induced aggregation might

be influenced by their degree of disorder. Of note, lipid binding is common among disordered proteins81 and HSPBs contain N-terminal

and C-terminal intrinsically disordered domains.42 In addition, prion domains exhibit membrane binding propensities82; thus, the predicted

prion-like domains in the HSPB protein sequence (http://plaac.wi.mit.edu/) may also enhance their binding affinity for lipids. Rather than a

specific sequence, the structural heterogeneity of multiple coexisting conformations of HSPBs may be responsible for their binding to

lipids. Binding to specific lipid types could transiently lock the HSPB molecules in an active conformation, similar to what happens

upon post-translational modifications, influencing their chaperone activity. This inherent structural heterogeneity may explain why most

HSPBs show efficient chaperone activity in absence of lipids, while HSPB6 binding to lipids would be required to unlock its chaperone

power and prevent a-syn aggregation. The findings that the fluorescence polarization of DPH decreases in presence of HSPB6 or a-syn

alone and further decreases when both proteins are co-incubated with SUVs (Figures 3 and S1) support the idea that HSPB6 directly in-

teracts with lipid membranes. We cannot exclude the possibility that HSPB6 may bind to free lipids in equilibrium with the SUVs; in doing

so, HSPB6 may decrease the formation of transient water-soluble lipid-a-syn complexes, ultimately reducing their incorporation into the

lipid membranes. Alternatively, the changes in lipid membrane viscosity induced upon HSPB6 binding to them may change the local bio-

physical properties of the lipid membranes themselves, reducing the binding affinity of a-syn monomers. Another possible mechanism is

that HSPB6 may bind to monomeric a-syn embedded into the lipid membranes, acting as a shield that would prevent aggregation. Yet,

HSPB6 was shown to weakly and transiently bind to monomeric a-syn.28 Considering that the efficacy of HSPB6 in inhibiting a-syn lipid-

induced aggregation correlates with its binding affinity for the lipids themselves (Figure 7), and in light of its poor chaperone ability in the

absence of lipids and in the presence of excess monomeric a-syn (Figures 5 and 6),83,84 we favor the hypothesis that HSPB6 acts as a lipid-

dependent molecular chaperone that interferes with a-syn embedding into the lipids. These data open the possibility that HSPB6 may

preferentially inhibit the aggregation of fibril-forming proteins that bind to lipids.

This work informs on the importance of exploitingHSPB6 lipid-binding properties for the development of future therapeutic approaches in

synucleopathies. HSPB6 is expressed throughout the brain, including the hippocampus, amygdala, cerebral cortex, and basal forebrain that

degenerate in the advanced stages of PD,85 is upregulated in hippocampal neurons subjected to oxidative and hyperosmotic stress86 and

exerts neuroprotective functions in vivo.87 Of note, HSPB1 and HSPB5 were also able to reduce a-syn lipid-induced aggregation, although

with a lower efficacy compared to HSPB6. Considering that HSPB1 and HSPB5 are upregulated in the brain of patients affected by PD

and other neurodegenerative diseases,88,89 we cannot exclude the possibility that their neuroprotective effects could be due, at least in

part, also to the inhibition of lipid-induced protein aggregation.

Although it is still unclear where exactly a-syn lipid-induced aggregation occurs inside the cells, previous reports highlighted the mito-

chondria as the preferred subcellular site.76 The association of aggregated a-syn with mitochondria increases the production of toxic reactive

oxygen species and impairs cellular respiration.76 In addition, transcellular propagation of a-syn aggregates, similar to prion protein aggre-

gates, and impairment of membrane fusion events at synaptic terminals are well-established mechanisms contributing to synucleopathies.90

Of note, the membrane binding properties of a-syn are important for its internalization and spreading.91 HSPB6 interacts both with lipid ves-

icles mimicking mitochondrial and plasma membranes (Figure 7). Thus, increasing HSPB6 expression could not only protect mitochondria

from a-syn-mediated toxicity but also prevent a-syn transcellular propagation.

In summary, our data support the view that protein aggregation takes place by a complex non-linear network of interconnected processes

that are influenced not only by protein-protein interactions, but also by protein-lipid interactions. Recently, sharp and reversible transitions

were described in the cell membranes of living neurons, further supporting their biological relevance for e.g., signal transduction and excit-

ability.92 It is tempting to speculate that the direct interaction of the HSPBs with lipid membranes, supported by DPH fluorescence anisotropy

measurements, and in agreement with previous studies,35,93–96 may contribute to stabilize the membranes upon stress conditions that influ-

encemembrane integrity and fluidity, such as heat shock and the presence of aggregation-prone proteins. Future studies will need to address

to what extent the cytoprotective functions of HSPs are related to, or perhaps even dependent on, interactions with lipids. Our results indicate

that HSPBsmay have evolved to diversify their efficacy in a context-dependentmanner, with somemembers becoming active only in presence

of lipidmembranes, and acting in different subcellular environments, both in solution and in phase-separated environments. These emerging

properties may explain why, among the numerous molecular chaperones, small HSPs are highly represented in organisms exposed to

extreme stressful conditions such as tardigrades,97 and why HSPBs are specifically upregulated in humans during aging, when the general

protein homeostasis system declines.78
Limitations of the study

While our study provides valuable insights into the interactions between HSPBs and a-syn, several limitations must be acknowledged. Inter-

action with lipid vesicles: recent studies have shown that the binding of a-syn to model cell membranes that contain negatively charged lipids

induces reversible structural changes that promote the formation of rod-like or disc-like lipid-protein particles.98 The small particles contain-

ing a-syn and lipids resulting from the fast and reversible rupture of the lipid vesicles can then be incorporated into the fibrils.98 This mech-

anism has been suggested to contribute to the formation of the pathological protein-lipid aggregates found in PD patients. In our work, we

did not test whether/how HSPBs may influence the structural re-arrangements of the lipid vesicles into small particles. Future work should

establish whether HSPBs affect the formation of specific discs or rods protein-lipid phases, thereby decreasing the frequency of unfavorable
12 iScience 27, 110657, September 20, 2024
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protein-protein interactions that facilitate amyloid fibril formation. Despite this limitation, we conclude that the interactions with lipids of

HSPBs (especially HSPB6) can influence their anti-aggregation activity toward a-syn. Specificity of lipid interactions: the interactions of

HSPBs, especially HSPB6, with a wider range of lipid membranes were not fully characterized. While we established that HSPB6 acts as a

lipid-dependentmolecular chaperone, further research is needed to determine the specific lipid compositions thatmost effectivelymodulate

this chaperone activity. Understanding these specific interactions could provide deeper insights into the mechanisms by which HSPBs stabi-

lizemembranes and prevent protein aggregation. Environment-dependent activity: our study suggests that someHSPBsmay become partic-

ularly active in the presence of lipid membranes, acting differently in various subcellular environments. However, the context-dependent ef-

ficacy of these molecular chaperones was not exhaustively investigated across all possible cellular conditions. Further studies will be needed

to confirm these findings in diverse cellular and in vivomodels to validate the proposedmechanisms. Mechanistic insights: while we propose

that HSPBs might stabilize cell membranes and reduce amyloid fibril formation by influencing lipid-protein interactions, the corresponding

molecular mechanisms remain to be fully elucidated. Detailed biophysical and structural studies will be required to characterize the precise

ways in whichHSPBs interact with lipidmembranes and a-syn aggregates at themolecular level. In vivo relevance: since our findings are based

on in vitro assays, their in vivo relevance will require further validation. Animal models and clinical studies will be necessary to confirm the

protective roles of HSPBs, particularly HSPB6, in neurodegenerative diseases, including Parkinson’s disease. Comparative analysis: The study

focused on a subset of HSPBs, finding that they have different relative efficacy in preventing a-syn aggregation. Future research should

include a broader range of HSPBs to determine if other members of this family exhibit similar, or perhaps, superior anti-aggregation prop-

erties, as well as lipid-dependent chaperone activity.
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Synuclein in synaptic function and
dysfunction. Trends Neurosci. 46, 153–166.
https://doi.org/10.1016/j.tins.2022.11.007.

4. Lautenschlager, J., Kaminski, C.F., and
Kaminski Schierle, G.S. (2017). alpha-
Synuclein - Regulator of Exocytosis,
Endocytosis, or Both? Trends Cell Biol. 27,
468–479. https://doi.org/10.1016/j.tcb.
2017.02.002.

5. Eliezer, D., Kutluay, E., Bussell, R., Jr., and
Browne, G. (2001). Conformational
properties of alpha-synuclein in its free and
lipid-associated states. J. Mol. Biol. 307,
1061–1073. https://doi.org/10.1006/jmbi.
2001.4538.

6. Galvagnion, C., Brown, J.W.P., Ouberai,
M.M., Flagmeier, P., Vendruscolo, M., Buell,
A.K., Sparr, E., and Dobson, C.M. (2016).
Chemical properties of lipids strongly affect
the kinetics of the membrane-induced
aggregation of alpha-synuclein. Proc. Natl.
Acad. Sci. USA 113, 7065–7070. https://doi.
org/10.1073/pnas.1601899113.

7. Galvagnion, C., Buell, A.K., Meisl, G.,
Michaels, T.C.T., Vendruscolo, M., Knowles,
T.P.J., and Dobson, C.M. (2015). Lipid
vesicles trigger alpha-synuclein
aggregation by stimulating primary
nucleation. Nat. Chem. Biol. 11, 229–234.
https://doi.org/10.1038/nchembio.1750.

8. Killinger, B.A., Melki, R., Brundin, P., and
Kordower, J.H. (2019). Endogenous alpha-
synuclein monomers, oligomers and
resulting pathology: let’s talk about the
lipids in the room. NPJ Parkinsons Dis. 5, 23.
https://doi.org/10.1038/s41531-019-0095-3.

9. Calabresi, P., Mechelli, A., Natale, G.,
Volpicelli-Daley, L., Di Lazzaro, G., and
Ghiglieri, V. (2023). Alpha-synuclein in
Parkinson’s disease and other
synucleinopathies: from overt
neurodegeneration back to early synaptic
dysfunction. Cell Death Dis. 14, 176. https://
doi.org/10.1038/s41419-023-05672-9.

10. Lashuel, H.A. (2021). Rethinking protein
aggregation and drug discovery in
neurodegenerative diseases: Why we need
to embrace complexity? Curr. Opin. Chem.
Biol. 64, 67–75. https://doi.org/10.1016/j.
cbpa.2021.05.006.

11. Flagmeier, P., Meisl, G., Vendruscolo, M.,
Knowles, T.P.J., Dobson, C.M., Buell, A.K.,
and Galvagnion, C. (2016). Mutations
associated with familial Parkinson’s disease
alter the initiation and amplification steps of
alpha-synuclein aggregation. Proc. Natl.
14 iScience 27, 110657, September 20, 2024
Acad. Sci. USA 113, 10328–10333. https://
doi.org/10.1073/pnas.1604645113.

12. Tsuang, D., Leverenz, J.B., Lopez, O.L.,
Hamilton, R.L., Bennett, D.A., Schneider,
J.A., Buchman, A.S., Larson, E.B., Crane,
P.K., Kaye, J.A., et al. (2012). GBA mutations
increase risk for Lewy body disease with and
without Alzheimer disease pathology.
Neurology 79, 1944–1950. https://doi.org/
10.1212/WNL.0b013e3182735e9a.

13. Alecu, I., and Bennett, S.A.L. (2019).
Dysregulated Lipid Metabolism and Its Role
in alpha-Synucleinopathy in Parkinson’s
Disease. Front. Neurosci. 13, 328. https://
doi.org/10.3389/fnins.2019.00328.

14. Fanning, S., Selkoe, D., and Dettmer, U.
(2020). Parkinson’s disease: proteinopathy
or lipidopathy? NPJ Parkinsons Dis. 6, 3.
https://doi.org/10.1038/s41531-019-0103-7.

15. Cohen, S.I.A., Vendruscolo, M., Dobson,
C.M., and Knowles, T.P.J. (2012). From
macroscopic measurements to microscopic
mechanisms of protein aggregation. J. Mol.
Biol. 421, 160–171. https://doi.org/10.1016/
j.jmb.2012.02.031.

16. Ray, S., Singh, N., Kumar, R., Patel, K.,
Pandey, S., Datta, D., Mahato, J., Panigrahi,
R., Navalkar, A., Mehra, S., et al. (2020).
alpha-Synuclein aggregation nucleates
through liquid-liquid phase separation. Nat.
Chem. 12, 705–716. https://doi.org/10.
1038/s41557-020-0465-9.

17. Hardenberg, M., Horvath, A., Ambrus, V.,
Fuxreiter, M., and Vendruscolo, M. (2020).
Widespread occurrence of the droplet state
of proteins in the human proteome. Proc.
Natl. Acad. Sci. USA 117, 33254–33262.
https://doi.org/10.1073/pnas.2007670117.

18. Hardenberg, M.C., Sinnige, T., Casford, S.,
Dada, S.T., Poudel, C., Robinson, E.A.,
Fuxreiter, M., Kaminksi, C.F., Kaminski
Schierle, G.S., Nollen, E.A.A., et al. (2021).
Observation of an alpha-synuclein liquid
droplet state and its maturation into Lewy
body-like assemblies. J. Mol. Cell Biol. 13,
282–294. https://doi.org/10.1093/jmcb/
mjaa075.

19. Dada, S.T., Hardenberg, M.C.,
Toprakcioglu, Z., Mrugalla, L.K., Cali, M.P.,
McKeon,M.O., Klimont, E., Michaels, T.C.T.,
Knowles, T.P.J., and Vendruscolo, M. (2023).
Spontaneous nucleation and fast
aggregate-dependent proliferation of
alpha-synuclein aggregates within liquid
condensates at neutral pH. Proc. Natl. Acad.
Sci. USA 120, e2208792120. https://doi.org/
10.1073/pnas.2208792120.

20. Arosio, P., Michaels, T.C.T., Linse, S.,
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Kampinga, H.H., and Carra, S. (2012). The
HSPB8-BAG3 chaperone complex is
upregulated in astrocytes in the human
brain affected by protein aggregation
diseases. Neuropathol. Appl. Neurobiol. 38,
39–53. https://doi.org/10.1111/j.1365-2990.
2011.01198.x.

33. Chowdary, T.K., Raman, B., Ramakrishna, T.,
and Rao, C.M. (2007). Interaction of
mammalian Hsp22 with lipid membranes.
Biochem. J. 401, 437–445. https://doi.org/
10.1042/BJ20061046.

34. Lopez, V., Cauvi, D.M., Arispe, N., and De
Maio, A. (2016). Bacterial Hsp70 (DnaK) and
mammalian Hsp70 interact differently with
lipid membranes. Cell Stress Chaperones
21, 609–616. https://doi.org/10.1007/
s12192-016-0685-5.

35. De Maio, A., Cauvi, D.M., Capone, R., Bello,
I., Egberts, W.V., Arispe, N., and Boelens,W.
(2019). The small heat shock proteins,
HSPB1 and HSPB5, interact differently with
lipid membranes. Cell Stress Chaperones
24, 947–956. https://doi.org/10.1007/
s12192-019-01021-y.

36. Auluck, P.K., Caraveo, G., and Lindquist, S.
(2010). alpha-Synuclein: membrane
interactions and toxicity in Parkinson’s
disease. Annu. Rev. Cell Dev. Biol. 26,
211–233. https://doi.org/10.1146/annurev.
cellbio.042308.113313.

37. Dores-Silva, P.R., Cauvi, D.M., Coto, A.L.S.,
Silva, N.S.M., Borges, J.C., and De Maio, A.
(2021). Human heat shock cognate protein
(HSC70/HSPA8) interacts with negatively
charged phospholipids by a different
mechanism than other HSP70s and brings
HSP90 into membranes. Cell Stress
Chaperones 26, 671–684. https://doi.org/
10.1007/s12192-021-01210-8.

38. Balogi, Z., Multhoff, G., Jensen, T.K., Lloyd-
Evans, E., Yamashima, T., Jäättelä, M.,
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Lambert, H., and Landry, J. (2005). HspB8, a
small heat shock protein mutated in human
neuromuscular disorders, has in vivo
chaperone activity in cultured cells. Hum.
Mol. Genet. 14, 1659–1669. https://doi.org/
10.1093/hmg/ddi174.

100. Baumann, K.N., �Sneiderien _e, G.,
Sanguanini, M., Schneider, M., Rimon,
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chol: cholesterol Avanti Polar Lipids 700100P
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Diphenylhexatriene (DPH) Sigma-Aldrich SML0202
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NaCl Sigma-Aldrich S3014

KCl Sigma-Aldrich P3911
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HSPB3 This paper N/A
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pGEX-4T-GST-HSPB8 Carra et al.99 N/A

Software and algorithms

Prism 8 (GraphPad) GraphPad Software https://www.graphpad.com/

Daniel’s XL Toolbox open-source add-in for Microsoft� Excel� https://www.xltoolbox.net/
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Lead contact

Further information and requests for reagents should be directed to and will be fulfilled by the lead contact, serena.carra@unimore.it.

Materials availability

Cell lines generated in this study will be available upon reasonable request from the lead contact.

Data and code availability

� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
� All data reported in this paper will be shared by the lead contact upon request.

� This paper does not report original code.

METHOD DETAILS

Protein production

a-syn wild-type and a-syn cysteine variant (N122C) were expressed and purified as previously described.80 Briefly, E. coli strain BL21 compe-

tent cells were transformed with pT7-7 plasmid coding wild type human a-syn. Protein expression was performed by addition of 1 mM iso-

propylb-thiogalactopyranoside (IPTG, Merck) at 30�C for 4 h. Following purification, the purity of the aliquots was evaluated by SDS–PAGE

and we used an extinction coefficient of 5600 M�1 cm�1 at 275 nm for protein concentration measurements. The protein solutions were ali-

quoted, flash frozen in liquid nitrogen and stored at�80�C, until required for use. Human small heat shock proteins were expressed in E. coli

BL21(DE3) and purified as described elsewhere.84 Before use, proteins were dissolved or diluted in a phosphate buffer and dialyzed if neces-

sary. Protein concentrations were calculated based on their absorbance values at 275 nm, with an extinction coefficient reported by the

UniProt database.

Lipid vesicle preparation

Lipid powders (Avanti lipids) were dissolved followingmanufacturer’s instruction. 1,2-diacyl-sn-glycero-3-phospho-L-serine (DMPS; 14:0) lipid

powder (840033, Avanti Lipids) was suspended in 20 mM phosphate buffer (NaH2PO4/Na2HPO4), pH 6.5, 0.01% NaN3 and stirred at 45�C
(which corresponds to DMPS melting temperature) for 4 h as previously reported.7 Briefly, the solutions were frozen and thawed five times

using dry ice and a water bath at 45�C. Lipid vesicles were prepared by sonication to avoid grains of segregated lipids (Bandelin, Sonopuls

HD 2070, 33 5min, 50% cycle, 10%maximumpower) and centrifuged at 15,000 rpm for 30min at 25�C (Medifuge Small BenchtopCentrifuge,

Thermo Scientific). The sizes of the DMPS SUVs were checked using dynamic light scattering (Zetasizer Nano ZSP, Malvern Instruments, Mal-

vern, UK) to consist of a distribution centered at 20 nm diameter. For the preparation of membrane-mimetic SUVs, lipid powders of the

following lipids were used: L-a-phosphatidylcholine (840053P), referred to as phosphatidylcholine (PC; average fatty acid distribution:

33.3% 18:1, 30.6% 16:0, 16.5% 18:0, 3.1% 20:4, 4% other, 12.8% unknown), L-a-phosphatidylethanolamine (840022P), referred to as phospha-

tidylethanolamine (PE; average fatty acid distribution: 24.1% 18:1, 18.6% 20:4, 15.9% 18:0, 11.5% 22:6, 3.7% 16:0, unknown 21.1%, 5.4% other),

L-a-phosphatidylinositol-4-phosphate (840045p), referred to as phosphatidylinositol (PI; average fatty acid distribution: 37.3% 18:0, 33.1%

20:4, 15.2% 18:1, 6.3% 16:0, 8.1% other), L-a-phosphatidylserine (840032P), referred to as phosphatidylserine (PS; average fatty acid distribu-

tion: 42% 18:0, 30% 18:1, 11% 22:6, 2% 20:4, 15% unknown), sphingomyelin (860062P), referred to as sphingomyelin (SM; average fatty acid

distribution: 50% 18:0, 21% 24:1, 7% 22:0, 5% 24:0, 5% 20:0, 2% 16:0, 10% unknown) and cholesterol (700100P) (Avanti Polar Lipids) were sus-

pended in 20mMphosphate buffer (NaH2PO4/Na2HPO4), pH 6.5, 0.01%NaN3 and stirred at 45�C for 4 h. Themembrane-mimetic SUVs were

prepared by mixing in different combinations and percentage the different lipid types (as detailed in Figure 7A), as previously described.100

SUVs were used for the experiments immediately after dispersion and verification of their homogeneous size.
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Site-directed mutagenesis

Vectors coding for phosphomimicking (S16D) and non-phosphorylatable (S16A) mutants of HSPB6 were generated using the vector coding

for HSPB6 wild-type as template and the QuickChange II Site-Directed Mutagenesis Kit (Agilent Technologies).

Generation of an HSPB6 phosphorylation mimetic

Serine 16 of HSPB6 protein was mutated into a cysteine residue (S16C), followed by chemical conversion into a dehydroalanine (Dha) residue.

200 mMof the HSPB6 S16C protein (solubilized in 20 mM phosphate buffer, pH 7.4, was incubated on a shaker (500 rpm) with 5 M equivalents

of methyl 2,5-dibromopentanoate 20 (Merck) for 48 h at 37�C, obtaining the intermediate product HSPB6-S16Dha. Excess methyl 2,5-dibro-

mopentanoate was removed from HSPB6-S16Dha with 7k MWCO Zeba (Thermo Fisher) spin desalting columns. The conversion of the

cysteine residue in position 16 to Dha of HSPB6-S16Dha was verified via LC-MS. Next, to add the phosphate group, 100 mL aliquots of

50 mM HSPB6-S16Dha in 20 nM sodium phosphate buffer, pH 7.4, were reacted batchwise (5 min intervals) with 30,000 M equivalents of so-

dium thiophosphate (pH 8.0, 690mg/mL suspension, 53 5000 equivalents), for 24 h at 37�C and shaking at 500 rpm. Excess sodium thiophos-

phate was removed via 7k MWCO Zeba (ThermoFisher) spin desalting columns and reaction was verified via LC-MS.

Far-UV circular dichroism (CD) spectroscopy

CD samples were prepared by incubating 25 mM of HSPBs in 20 mM phosphate buffer, pH 6.5 or 5.5. Far-UV CD spectra were recorded on a

JASCO J-810 spectrophotometer (JASCO UK, Ltd) equipped with a Peltier thermally controlled cuvette holder at 30�C (PIKE Technologies).

Quartz cuvettes with path lengths of 1 mmwere used and CD spectra were obtained by averaging three individual spectra recorded between

wavelengths of 250 and 200 nm, with a bandwidth of 1 nm, a data pitch of 0.2 nm, a scanning speed of 50 nm/min, and a response time of 1 s.

For each protein sample, the CD signal of the buffer used to solubilize the protein, or the signal of DMPS alone, was recorded and subtracted

from the CD signal of the protein. The CD data was normalized inmolar ellipticity per residue as per [q]res(deg cm2 dmol-1) = [q(mdeg) dmol

weight > (g/mol)]/[(10 d number of res.$ optical path(cm) d C (mg/cm3)].

Preparation of a-syn seed fibrils

a-syn seed fibrils were produced as described previously.69 500 mL samples of a-syn at concentrations from 500 to 800 mMwere incubated in

20 mM phosphate buffer, pH 6.5, for 48 h at about 40�C and stirred at 1,500 rpm with a Teflon bar on an RCT Basic Heat Plate (IKA, Staufen,

Germany). Fibrils were diluted to amonomer equivalent concentration of 200 mM, divided into aliquots, flash frozen in liquid N2 and stored at

�80�C. For experiments at pH 6.5 the 200 mM fibril stock was sonicated for 30–60 s using a probe sonicator (Bandelin, Sonopuls HD 2070,

Berlin, Germany) set at 10% maximum power and 50% cycle. For experiments at low pH with low seed, the 200 mM stock was diluted to

10 mM in water, sonicated 3 times for 5 s using 10% maximum power and 50% cycles.

Measurements of aggregation kinetics (ThT assay)

20 mM a-syn was incubated in the presence or absence of HSPBs andwith 50 mM thioflavin T (ThT,Merck) and either preformed fibrils or DMPS

vesicles at 37�Cor 30�C, respectively.11 The change in the ThT fluorescence signal wasmonitored using a FluostarOptima or PolarstarOmega

fluorescence plate reader (BMG Labtech, Aylesbury, UK) in bottom reading mode under quiescent conditions. The concentrations of mono-

meric and fibrillar states of the protein were determined at the end of each aggregation experiment as previously described.11

Labeling a-syn and HSPB6

The N122C cysteine variant of a-syn80 and wild-type HSPB6 were buffer exchanged into phosphate buffer, pH 7.4, by use of P10 desalting

columns packed with Sephadex G25 matrix (GE Healthcare). The protein was incubated overnight at 4�C on a rolling system with an excess

of Alexa 488 with maleimide moieties (Thermofisher Scientific) at a molar ratio protein-to-dye of 1:1.5. To separate the labeled protein from

the free dye, the labeling mixture was loaded onto a Superdex 200 16/600 (GE Healthcare) and eluted in 10 mM phosphate buffer, pH 7.4, at

20�C. The concentration of the labeled protein was estimated by the absorbance of the fluorophores, assuming a 1:1 labeling stoichiometry

(Alexa 488: 72000 M�1 cm�1 at 495 nm).

Binding affinity assay

To determine the binding of a-syn or HSPB6 to lipid vesicles, wemeasured the change in the effective hydrodynamic radius (Rh) of the protein

with increasing SUVs concentration. Measurements were done using 1 mM a-syn-S9C-AL488 and 4 mM a-syn or 1 mMHSPB6-AL488 and 4 mM

HSPB6 at 25�C in 20 mM phosphate buffer pH 7.4. Progressive dilutions of SUV stock solution were prepared in 20 mM phosphate buffer pH

7.4. Samples were prepared with 3.5 mL of labeled protein, together with a varying concentration of the SUV of interest, and 3.5 mL of 20 mM

phosphate buffer pH 7.4 in a 24-sample chip-plate. All the measurements were performed on a Fluidity One-W instrument (Fluidic Analytics,

Cambridge, UK). Next, the change in the fraction of protein bound to lipid vesicles was fitted using:

Fraction bound =
X � Xmin

Xmax � Xmin
;

where X = data point at specific lipid concentration (Rh); Xmin = Rh of free protein; Xmax = Rh of fully bound protein.
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Analysis of the aggregation kinetics: Determination of the lipid-induced aggregation rate

The change in mass concentration of fibrils, M(t), was fitted using the single-step nucleation model described previously11:

MðtÞ =
KMk+mð0Þn+1knbt2

2ðKM+mð0ÞÞ
where k+ is the elongation rate constant of fibrils from lipid vesicles, kn is the heterogeneous primary nucleation rate constant, n is the reaction

order of the heterogeneous primary nucleation reaction relative to the free monomer, m, b is the total mass concentration of the protein

bound to the lipid at 100% coverage (b = ½DMPS�
L , with L the stoichiometry) and KM is the Michaelis constant (fixed at 125 mM, as determined

previously.7 This global analysis yields knk+ and n, for each variant.We then estimated the rate of aggregation of each variant on lipid vesicles,

using AmyloFit101 to fit the kinetics to the model described above.
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analysis were performed using one-way analysis of variance (ANOVA), followed by Bonferroni–Holm post hoc test using Daniel’s

XL Toolbox or GraphPad Prism8 software. The data are shown as mean values of 3 independent experiments and error bars represent

mean G sem. Statistical significance was set at p < 0.05.
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