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Chapter 4: ProIAPP amyloid formation


4.3 DISCUSSION

4.3.1 Structure of native proIAPP

Secondary structure analyses of the far UV CD spectra of proIAPP (Figure 4.1) that we obtained indicated that proIAPP contained approximately 5% -helix, 15% -sheet, 10% -turns and 70% random coil (Table 4.1). This was similar to secondary structure analysis of IAPP, suggesting that, like IAPP, proIAPP is also a natively unfolded protein. Comparison of the far UV CD spectra of proIAPP (Figure 4.1) with the coil-like and pre-molten globule-like subclasses of natively unfolded proteins showed that proIAPP fell into the pre-molten globule class (Figure 4.3). Pre-molten globules contain residual secondary structure and are more compact than the coil-like class (Uversky, 2002a).  Pre-molten globules are known to have exposed hydrophobic surfaces, though less than a molten globule. ProIAPP moderately enhanced the fluorescence of bis-ANS, a hydrophobic probe, consistent with its classification as a pre-molten globule (Figure 4.11A, 0 h). 

4.3.2 Formation of amyloid from proIAPP

ProIAPP formed amyloid fibrils that were approximately 10 nm and hundreds of nm long (Figure 4.10) and bound ThT (Figure 4.5, 4.6, 4.7) and Congo Red (Figure 4.9), all classical characteristics of amyloid. ProIAPP amyloid is also at least partly SDS-resistant (Figure 4.8) and this property has also been observed for A amyloid (Atwood et al., 2004, Klug et al., 2003, Matsubara et al., 1995).
ThT assays showed that amyloid formed in PBSaz within 350 h (Figure 4.5). This slow rate of amyloid formation is consistent with the findings of Krampert et al., who showed that under the same experimental conditions proIAPP forms amyloid more slowly that IAPP, suggesting that the pro-regions of proIAPP confer conformational stability on the protein (Krampert et al., 2000). Neither the lag phase nor growth rate of amyloid formation was dependent on the proIAPP concentration (Table 4.2). In comparison, the lag phase of IAPP amyloid has been shown to be insensitive to IAPP concentration but the rate of amyloid formation during the growth phase increased with IAPP concentration (Padrick and Miranker, 2002). The enhanced conformational stability and slow rate of amyloid formation of proIAPP compared to IAPP suggests experimental variables will contribute more to the rate of proIAPP amyloid formation. The hydrophobic nature of the air-liquid interface is believed to be important for the formation of a partially folded intermediate and small variations in amount of shaking when samples were removed for ThT assays may have contributed significantly to the variability in the rate of amyloid formation (Section 4.2.3). 


ProIAPP amyloid formation was insensitive to the effects of the macromolecular crowding agent, Ficoll (Figure 4.6). The presence of macromolecular crowding agents results in an excluded volume effect, a reduction in the volume available to the amyloidogenic peptide. The insensitivity of amyloid formation to macromolecular crowding agents, which would produce an increase in the effective proIAPP concentration, is consistent with the insensitivity of proIAPP amyloid formation to the concentration of proIAPP (Figure 4.5). 


The lag phase of proIAPP amyloid formation was insensitive to the NaCl concentration of the buffer however the growth rate increased with NaCl concentration up to approximately 150 mM (Figure 4.7, Table 4.3). The increased growth rate at high NaCl concentrations suggests that hydrophobic interactions may be important in the growth phase of proIAPP amyloid formation. Moreover, bis-ANS fluorescence increased during the growth rate of amyloid formation indicating the formation of proIAPP species with exposed hydrophobic surfaces (Figure 4.11). 

4.3.3 Structural changes of proIAPP during amyloid formation 

A partially folded intermediate is believed to be critical for amyloid formation (Uversky and Fink, 2004)(Sections 1.5 and 4.1). This is because conditions under which globular proteins form amyloid formation in vitro are also conditions that favour a partially unfolded state.  This has been proposed because the native structure of a protein is different to the cross -sheet structure when it is incorporated into amyloid and such conformational changes are unlikely to occur in a tightly packed globular protein. In contrast, natively unfolded proteins are likely to fold in order to form a partially folded intermediate. 

These partially folded intermediates have been proposed to share structural similarities with pre-molten globules (Uversky and Fink, 2004). ProIAPP fits the criteria of a pre-molten globule however it remained stable for at least 120 h (Figure 4.4), suggesting that at least in the case of proIAPP the pre-molten globule state may be the precursor to the partially folded intermediate. ProIAPP would have to acquire more secondary structure to become a partially folded relative to the native state of proIAPP. 

CD spectra taken of proIAPP at various times during a 312 h incubation showed no evidence of intermediates that were more folded relative to natively unfolded proIAPP. However, fibrils were visible by TEM indicating that proIAPP had passed down the amyloidogenic pathway (Figure 4.11A and B). The CD spectra had remained the same for 120 h after which the intensity of the CD signal diminished until by 312 h there was a completely absence of CD signal (Figure 4.4). There was no change measured by CD to a -sheet rich conformation commonly associated with IAPP amyloid formation (Goldsbury et al., 2000, Kayed et al., 1999, Krampert et al., 2000, Padrick and Miranker, 2002, Higham et al., 2000). However IAPP in 10 mM sodium phosphate, pH 7.4, the same buffer our proIAPP CD studies were carried out in, does not convert to a -sheet conformation but shows a decrease in signal intensity over 24 h and this is associated with amyloid formation observed by TEM (Higham et al., 2000). The proIAPP CD time course is consistent with the behaviour of IAPP, although for proIAPP conformational changes are less rapid than for IAPP. 

Bis-ANS fluorescence remained constant during the lag phase of proIAPP amyloid formation, and increased during the growth phase and remained high even when amyloid formation had gone to completion (Figure 4.11C). As discussed in Section 4.2.9, bis-ANS may be binding to a -sheet conformation of proIAPP. Moreover natively unfolded IAPP does not increase ANS fluorescence but as it shifts to a -sheet-rich structure this is associated with an increase in ANS fluorescence (Kayed et al., 1999). The decrease in CD signal over time observed for proIAPP, rather than a shift to a CD signal of a -sheet conformation, may indicate that -sheet formation and insolubilisation occurs concurrently. 

In summary, proIAPP is a natively unfolded protein that forms amyloid, characteristics it shares with IAPP. However the reduced amyloidogenicity of proIAPP, compared to IAPP, suggests that the pro-regions of proIAPP are important in enhancing the conformational stability of the central IAPP-containing region. 

