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Chapter 5: The effect of clusterin on proIAPP amyloid formation and cytotoxicity


5.5 DISCUSSION

5.5.1 The effects of clusterin on proIAPP amyloid formation 

(a) Inhibition of amyloid formation

The results presented in this chapter show that clusterin was able to inhibit proIAPP amyloid formation at physiologically relevant concentrations (Section 5.3.1). Clusterin was not able to extend the lag time of amyloid formation, suggesting that it was unable to inhibit nucleation (Figure 5.2). The absence of a difference in the lag time in the presence and absence of clusterin suggested that clusterin may not interact with soluble proIAPP species during the lag phase. However ELISA measurements of clusterin binding to proIAPP species during the lag phase indicated that this was not the case.

(b) ELISA measurements of the binding of clusterin to proIAPP

Clusterin bound to freshly redissolved proIAPP by direct ELISA (Figure 5.4). An interaction between clusterin and proIAPP in solution was confirmed by competition ELISA, using solid-phase denatured proteins as a competitors. ProIAPP did not reduce the amount of clusterin bound to the denatured protein as expected but rather it enhanced the ability of clusterin to the denatured protein (Figure 5.5 and 5.7). As discussed in Section 5.3.5, proIAPP may have induced clusterin to dissociate to monomer, a conformation associated with increased activity (Hochgrebe et al., 2000). Freshly dissolved proIAPP is a natively unfolded protein with pre-molten globule-like characteristics (Section 4.4.1), which contains some exposed hydrophobic surface but less so than a molten globule. Molecular chaperones recognise exposed hydrophobic surfaces on their misfolded substrates. Clusterin may therefore be unable to form stable complexes with proIAPP, if proIAPP lacks sufficient exposed hydrophobic surface.   

However the ability of proIAPP to enhance the activity of clusterin diminished as soluble proIAPP passed down the amyloid pathway during the lag phase (Figure 5.11), suggesting that clusterin was not interacting with these later soluble proIAPP species.  ProIAPP would have to undergo conformational changes in order to become amyloid, which is characterised by a cross -sheet secondary structure, distinct from the natively unfolded structure of freshly dissolved proIAPP. Therefore, proIAPP is likely to become more structured. The inability of clusterin to interact with these later soluble proIAPP species is consistent with the hypothesis that amyloid formation escapes the chaperone quality control machinery as intermediates are sufficiently structured to escape recognition by chaperones (Horwich, 2002). 

(c) Zone electrophoresis analysis

In contrast with the ELISA data showing that clusterin bound to soluble proIAPP species, zone electrophoresis of proIAPP and clusterin mixtures showed that clusterin did not form any detectable complexes with soluble proIAPP species (Figure 5.14). In these experiments, clusterin may have bound weakly or transiently to clusterin and therefore complexes of clusterin and proIAPP may have been below the limits of detection by amido black staining or immunoblotting for clusterin.

The formation of oligomers in the presence of clusterin indicated that clusterin did not inhibit oligomerisation of proIAPP (Figure 5.14). This observation is consistent with the hypothesis that amyloidogenic intermediates may be sufficiently structured to escape detection by molecular chaperones.  

(d) CD analysis

Far-UV CD measurements showed that the presence of clusterin did not alter the random coil spectra of freshly redissolved proIAPP, indicating that clusterin did not induce a conformational change in proIAPP, as might have been expected if it formed a stable complex with clusterin (Figure 5.12). 

Far-UV CD measurements were acquired over 3 days to assess the effect of clusterin on the conformational changes of proIAPP as it passed down the amyloidogenic pathway, which in the absence of clusterin had been seen as a reduction in the intensity of the CD signal with time (Figure 4.4). As discussed in Section 4.2.2, the time-dependent reduction in CD signal of proIAPP in the absence of clusterin was likely due to the formation of oligomers or fibrils.  

The presence of clusterin in mixtures with proIAPP did not prevent this reduction in CD signal (Figure 5.12). This suggests that clusterin does not inhibit the formation of oligomers, as the ThT assays indicate that clusterin suppressed the formation of amyloid (Figure 5.2) and the zone electrophoresis that showed that oligomeric proIAPP formed in the presence of clusterin (Figure 5.14B-D). 

(e) The interaction between clusterin and soluble proIAPP species

The bis-ANS fluorescence of proIAPP remained constant during the lag phase of amyloid formation, indicating that the exposed hydrophobic surface of proIAPP remained constant (Figure 4.11). Correlation of the constant bis-ANS fluorescence of proIAPP during the lag phase and the zone electrophoresis showing that a small proportion of proIAPP is oligomeric during the lag phase (Figure 5.14B and C), suggests that the oligomeric conformations of proIAPP may not exhibit significantly greater exposed hydrophobic surface compared to natively unfolded proIAPP. Therefore clusterin may be unlikely to interact with these oligomeric conformations of proIAPP during the lag phase of amyloid formation as they may not exhibit sufficient exposed hydrophobic surface for clusterin to form stable complexes with proIAPP.

The observation that increases in the bis-ANS fluorescence of proIAPP occur concomitantly with increases in the ThT fluorescence of proIAPP indicating the start of the growth phase of amyloid formation suggest that an increase in exposed hydrophobic surface is associated with the appearance of amyloid (Section 4.11). Moreover, ThT assays showed that clusterin inhibited the growth phase of amyloid formation in a dose-dependent manner (Figure 5.2). The presence of a lag phase is due to the time required for the formation of stable nuclei, after which the growth phase occurs (Section 1.5). The concentration of nuclei is therefore likely to be highest at the initiation of the growth phase after which the nuclei would be subsequently consumed as fibrils form. As the bis-ANS fluorescence of proIAPP increases at the initiation of amyloid formation, this suggests that nuclei may have increased exposed hydrophobic surface relative to the species present during the lag phase, which suggests clusterin could be binding to nuclei, or to the short fibrils that subsequently form. Therefore suppression of the growth phase of amyloid formation by clusterin may be due to the formation of proIAPP species during the growth phase that exhibit sufficient exposed hydrophobic surface, thus enabling the binding of clusterin to these proIAPP species.

The absence of a complex detectable by zone electrophoresis would also be consistent with the idea that these nuclei are a very small minority of total oligomers and therefore likely to be below the limit of detection using amido black staining and clusterin immunoblotting. 

(f) The binding of clusterin to insoluble proIAPP species

An alternative possibility for the inability to detect the complexes between clusterin and proIAPP by zone electrophoresis may be that these complexes of clusterin and proIAPP were insoluble, therefore dot-blotting for clusterin in the insoluble fraction of amyloid formation was carried out to assess this possibility. 

Dot-blotting showed that clusterin was present in the insoluble fractions of clusterin and proIAPP co-incubations, once amyloid becomes detectable by ThT in these mixtures (Figure 5.15A and 5.16A-D). At the start of the growth phase there was very little amyloid present however there were significant amounts of clusterin present. At 12.5 µg/mL and 25 µg/mL clusterin, approximately half of the total clusterin was in the insoluble fraction at 48 h, when amyloid first became detectable (Figure 5.15A and 5.16A and B). As amyloid formation progressed, at these lower concentrations clusterin was progressively depleted from the soluble fraction. At higher clusterin concentrations less than half of the clusterin was in the insoluble fraction at 48 h and the majority of clusterin remained in solution over the time course of the experiment. Clusterin inhibited the growth phase in a dose-dependent manner and this correlated with the amount of clusterin present in the soluble phase.  

The growth phase may only proceed rapidly in the presence of clusterin once all the available clusterin has been depleted from the soluble phase. Far-UV CD spectra of proIAPP in the presence of clusterin did not stabilize the natively unfolded structure of proIAPP, indicating that clusterin was unlikely to bind to nuclei and allow their dissociation back to monomer (Figure 5.12). However clusterin may be binding to nuclei or short fibrils preventing these from elongating. The binding of clusterin to these proIAPP species may result in the complex becoming insoluble or these proIAPP species may be insoluble prior to clusterin binding to them. Clusterin is likely to be binding to proIAPP through hydrophobic interactions and therefore the proIAPP species that clusterin binds are likely to be those that exhibit sufficient exposed hydrophobic surface. Clusterin could be observed at the ends of the fibrils by immunoelectron microscopy (Figure 5.18A and B).  This may be functionally relevant as fibrils grow through elongation at fibril ends and represents one way that clusterin could inhibit the growth phase of amyloid formation. 


Figure 5.22 Model of how clusterin may inhibit proIAPP amyloid formation. N represents the natively unfolded structure of proIAPP, I represents a (mis)folded monomer than undergoes several oligomerisation events to form a stable nucleus (In) or short fibrillar species (rectangle) which elongates into a fibril. Clusterin (blue circle) binds to hydrophobic surfaces, sequestering the nuclei or short fibrils and preventing further elongation. 

Figure 5.22 illustrates a model of how clusterin may inhibit proIAPP amyloid formation. This model shows that natively unfolded proIAPP converts to a more folded intermediate that is sufficiently structured such that clusterin does not bind to it. This folded intermediate then self-associates to form a variety of oligomers. Clusterin does not interact with the majority of these oligomers as indicated by the zone electrophoresis showing proIAPP oligomers in the presence of clusterin but is likely to bind to nuclei or short fibrils inhibiting elongation to fibrils. The interaction between clusterin and natively unfolded proIAPP, leading to clusterin with enhanced chaperone activity, is not shown in Figure 5.22.   However the presence of natively unfolded proIAPP when nuclei or short fibrils are also present may serve to increase the binding of clusterin to these species.

5.5.2 The effects of clusterin on proIAPP-mediated cytotoxicity

ProIAPP in the absence of clusterin showed a pattern of toxicity that was dependent on the stage of amyloid formation. ProIAPP became progressively more cytotoxic as it passed down the amyloidogenic pathway during the lag phase and was most cytotoxic at the start of the growth phase (Figure 5.19 and 5.22). ProIAPP became progressively less cytotoxic during the growth phase and once amyloid formation had gone to completion, proIAPP was no longer cytotoxic. This pattern of cytotoxicity is consistent with amyloidogenic intermediates rather than mature fibrils being the cytotoxic species. 

The pattern of cytotoxicity exhibited by proIAPP is consistent with the pattern of cytotoxicity of Hyp-F as it passed down the amyloidogenic pathway (Bucciantini et al., 2002) and is also consistent with studies showing that the oligomeric species of amyloigenic proteins are likely to be the cytotoxic species (Sections 5.1.2 and 5.1.3).


The effect of clusterin on proIAPP-mediated cytotoxicity was examined and correlated with the effects of clusterin on proIAPP amyloid formation described above. The effect of clusterin on proIAPP cytotoxicity was measured in two types of time course experiments. In the first series of experiments, proIAPP was incubated in the absence of clusterin and then added to RIN-m5f cells in the presence and absence of clusterin. The purpose of the first set of experiments was to assess the effect of clusterin at concentrations comparable to that present in human serum. In the second series of experiments, proIAPP was co-incubated in the presence of clusterin prior to the addition to RIN-m5f cells to assess whether the suppression of amyloid formation leads to an increase in the species of proIAPP responsible for cytotoxicity.


Clusterin, at concentrations present in serum, was cytoprotective in a dose-dependent manner at every stage of amyloid formation (Figure 5.22). The inhibition of proIAPP amyloid formation by clusterin observed by biophysical techniques is likely to be due to the binding of clusterin to amyloidogenic intermediates, which are likely to also be the species responsible for the proIAPP-mediated cytotoxicity, resulting in cytoprotection in the presence of clusterin. Oligomeric forms of amyloidogenic proteins are believed to be the cytotoxic species (Section 5.1.2). 


A second series of cytotoxicity experiments were conducted to determine if the suppression of amyloid formation by clusterin results in the build-up of cytotoxic species, as has been suggested by a study in which A incubated in the presence of clusterin for 2 days was more cytotoxic than A incubated in the absence of clusterin (Oda et al., 1995). 

ProIAPP and clusterin were co-incubated to investigate whether the inhibition of proIAPP amyloid formation by clusterin resulted in the build-up of cytotoxic intermediates. The presence of clusterin in co-incubations did not increase the cytotoxicity of proIAPP as discussed in Section 5.4.5. Therefore, the oligomeric forms of proIAPP observed in the presence of clusterin by zone electrophoresis are not likely to cytotoxic (Figures 5.13 and 5.14D).

In summary, clusterin is likely to inhibit amyloid formation by sequestering nuclei and short fibrils from elongation, thus oligomers may be present in the presence of clusterin that would otherwise be rapidly incorporated into fibrils in the absence of clusterin. However, as the presence of clusterin in the co-incubations with proIAPP did not enhance the cytotoxicity of proIAPP, this suggests that the oligomers observed by zone electrophoresis are unlikely to be cytotoxic. 

5.5.3 The role of clusterin in Type 2 diabetes


The cytoprotective effect of clusterin on proIAPP-mediated cytotoxicity suggests that clusterin may attenuate IAPP-mediated destruction of pancreatic -cells in Type 2 diabetes.  Clusterin has been shown to be overexpressed by pancreatic -cells in a rat model of Type 2 diabetes (Kim et al., 2001). This is consistent with a generalised protective role for clusterin under conditions of cellular stress, which is supported by the observation that upregulation of clusterin occurs in the surviving cells of an apoptotic tissue induced by a variety of means including irradiation, in vitro aging and dexamethasone-treatment (French et al., 1994). Although islet amyloid is not a feature of the rat model of Type 2 diabetes, islet amyloid is a feature of human Type 2 diabetes and the amyloidogenic intermediates are believed to contribute to the destruction of the -cells (Clark et al., 1995). In addition, the proportion of pancreatic -cells is increased in Type 2 diabetes and this may aid in the overexpression of clusterin (Clark et al., 1995). 
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