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inside cells. We have tested the effects of five chaperones on the toxicity of misfolded oligomers 
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found to decrease oligomer toxicity significantly, even at very low chaperone/protein molar ratios, 
provided that they were added extracellularly rather than being overexpressed in the cytosol. Infrared 
spectroscopy and site-directed labeling experiments using pyrene ruled out structural reorganizations 
within the discrete oligomers. Rather, confocal microscopy, SDS-PAGE, and intrinsic fluorescence 
measurements indicated tight binding between oligomers and chaperones. Moreover, atomic force 
microscopy imaging indicated that larger assemblies of oligomers are formed in the presence of the 
chaperones. This suggests that the chaperones bind to the oligomers and promote their assembly into 
larger species, with consequent shielding of the reactive surfaces and a decrease in their diffusional 
mobility. Overall, the data indicate a generic ability of chaperones to neutralize extracellular misfolded 
oligomers efficiently and reveal that further assembly of protein oligomers into larger species can be an 
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Abstract 

Chaperones are the primary regulators of the proteostasis network and are known to facilitate 

protein folding, inhibit protein aggregation and promote disaggregation and clearance of misfolded 

aggregates inside cells. We have tested the effects of five chaperones on the toxicity of misfolded 

oligomers preformed from three different proteins added extracellularly to cultured cells. All the 

chaperones were found to decrease significantly oligomer toxicity even at very low 

chaperone/protein molar ratios, provided that they were added extracellularly rather than being 

overexpressed in the cytosol. Infrared spectroscopy and site-directed labelling experiments using 

pyrene ruled out structural reorganizations within the discrete oligomers. Rather, confocal 

microscopy, SDS-PAGE and intrinsic fluorescence measurements indicated tight binding between 

oligomers and chaperones. Moreover, AFM imaging indicated that larger assemblies of oligomers 

are formed in the presence of the chaperones. This suggests that the chaperones bind to the 

oligomers and promote their assembly into larger species, with consequent shielding of the reactive 

surfaces and a decrease in their diffusional mobility. Overall, the data indicate a generic ability of 

chaperones to neutralize efficiently extracellular misfolded oligomers and reveal that further 

assembly of protein oligomers into larger species can be an effective strategy to neutralize such 

extracellular species. 
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Introduction 

\body The ability of living systems to maintain their peptides and proteins in soluble and functional 

states is the result of evolutionary selection of the physicochemical and conformational 

characteristics of these macromolecules (1) and owing to an array of biological mechanisms that 

together act to ensure proteostasis (2). Failures of the protective and regulatory mechanisms can 

result in a wide variety of pathological conditions, including those associated with the accumulation 

of protein aggregates, both in the cytosol and in the extracellular space (3,4). Molecular chaperones 

are proteins that play a central role in the avoidance of protein misfolding and aggregation (5-8). 

Most known chaperones are intracellular (7,8), but some of them are secreted and are collectively 

referred to as extracellular chaperones (9). Chaperones are known to have a range of different 

functions, such as assisting in protein folding (7), inhibiting protein aggregation (10), causing the 

disaggregation of aberrant protein oligomers (6), and facilitating the degradation of misfolded 

proteins (11).  

In this study we have examined the effects of two intracellular and three extracellular 

chaperones on the toxicity of extracellularly added oligomers formed by three different 

peptides/proteins, namely the 42-residue amyloid β peptide (Aβ42), the islet amyloid polypeptide 

(IAPP) and the N-terminal domain of the HypF protein from E. coli (HypF-N). We focused our 

attention on small oligomers as such species are generally highly toxic to cultured cells and are 

thought to be the major deleterious species in a range of protein aggregation diseases (4). We show 

that the chaperones markedly decrease the toxicity of preformed oligomers, with significant effects 

being observed even at molar ratios of protein:chaperone as high as 500:1. We show in addition that 

chaperones bind to the oligomers and promote their clustering into larger aggregates, in the absence 

of any disaggregation or major structural reorganisation. Overall, these results provide suggestions 

on novel mechanisms by which molecular chaperones are cytoprotective extracellularly and also 
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reveal new determinants of protein oligomer toxicity and strategies to convert protein aggregates 

that are toxic to cultured cells into innocuous species. 

 

RESULTS 

 

Chaperones reduce oligomer toxicity. 

We generated toxic oligomers from Aβ42, IAPP and HypF-N, as described previously (12-14). After 

1 h incubation in the cell culture medium, they were added to human SH-SY5Y neuroblastoma 

cultured cells, at a corresponding monomer concentration of 12 µM. Under these conditions, all 

oligomers were found to decrease the MTT reduction of the cells by 30-40%, demonstrating their 

toxic nature (Fig. 1A). The oligomers were then subjected to the same procedure but incubated for 1 

h in the cell culture medium containing either αB-crystallin (αBcr), Hsp70, clusterin (Clu), 

haptoglobin (Hp) or α2-macroglobulin (α2M) before their addition to SH-SY5Y cells. For these five 

chaperones and for all our experiments, the protein:chaperone molar ratios were 5:1, 5:1, 10:1, 15.1 

and 100:1, respectively, unless otherwise stated. In each case the cells were found to reduce MTT to 

levels similar to untreated cells and to cells treated with the native proteins (Fig 1A). Hsp70 was 

found to be equally effective with or without ATP (SI Appendix. Fig. S1).  

When the oligomers were incubated in the cell culture medium with proteins that do not act as 

chaperones, either hen lysozyme (HEWL) or bovine serum albumin (BSA), they maintained their 

toxicity (Fig. 1A). Moreover, chaperones were not found to be protective against other forms of 

stress, such as H2O2-mediated oxidation (SI Appendix. Fig. S2). These results therefore indicate 

that all five chaperones markedly decrease the toxicity of oligomers formed by three different 

proteins, with these effects being specific to the chaperones (relative to other proteins) and to 

protein oligomer toxicity (relative to other forms of stress). 

The experiments with HypF-N oligomers and chaperones were repeated by varying the 

concentrations of each of the five chaperones (from 2.4 µM to 6 nm), while maintaining constant 
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that of HypF-N (12 µM). All chaperones had significant effects even at HypF-N:chaperone molar 

ratios of 500:1, becoming ineffective only at molar ratios of 2000:1 (Fig. 1B). Thus, chaperones 

appear to markedly decrease oligomer toxicity at greatly sub-stoichiometric concentrations. The 

experiments were repeated with HypF-N, Aβ42 and IAPP oligomers (12 µM) using varying 

concentrations of antibodies sequence-specific to the proteins (from 2.4 µM to 6 nm). Compared to 

the chaperones, higher concentrations of antibodies were required to reduce the toxicity of the 

respective oligomers (SI Appendix. Fig. S3). 

 

Chaperones prevent the interaction of oligomers with cellular membranes. 

For the following experiments we chose to focus on the oligomers from a single protein, HypF-N. 

Indeed, under different experimental conditions, HypF-N can aggregate into toxic (type A, the same 

used in the present work) or nontoxic (type B) oligomers; the two species are morphologically 

similar as determined by atomic force microscopy (AFM) and bind Thioflavin T (ThT) to similar 

levels, making it possible to carry out valuable control experiments (14). In addition, differences in 

the structure of toxic and nontoxic oligomers have been detected using the fluorescent probe N-(1-

pyrene)maleimide (PM) (14), providing a valuable method to probe structural changes experienced 

by the oligomers following their exposure to chaperones (see below). 

HypF-N oligomers have been shown to be toxic via aberrant interactions with the cell 

membrane, causing a rapid influx of Ca2+ ions from the cell culture medium to the cytosol (15). 

This triggers a slower and complex cellular cascade manifested by increases in intracellular ROS 

and in caspase-3 activity, and as a release of intracellular calcein from cells, eventually leading to 

apoptosis (15). Pre-incubation of HypF-N oligomers (12 µM monomer) with each of the five 

chaperones in the cell culture medium for 1 h, prior to addition to the cells, was found to inhibit the 

increase of intracellular Ca2+ levels caused by the oligomers (Fig. 2), with the degree of inhibition 

increasing with pre-incubation time (SI Appendix. Fig. S4). All other events were also reduced 

markedly, with the extent of reduction again being dependent on the time of pre-incubation (SI 












