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4.2 RESULTS

4.2.1 Secondary structure of proIAPP

[image: image2..pict]After optimising the purification of proIAPP, its secondary structure was determined by far-UV CD. ProIAPP was redissolved in ice-cold water from a lyophilised stock, filtered through a 0.22 µm filter to remove any insoluble material and then diluted into 10 mM sodium phosphate, pH 7.4. The spectra of proIAPP in 10 mM sodium phosphate, pH 7.4 showed a strong minimum at 200 nm indicating that proIAPP had a predominantly unordered structure (Figure 4.1A). The spectra were obtained at three different concentrations of proIAPP and, although there were minor changes in the spectra at different concentrations, these were not dose-dependent and are therefore unlikely to reflect concentration-dependent changes.  The spectrum of proIAPP in 10 mM phosphate, 150 mM NaF, pH 7.4 (Figure 4.1B) was similar to that of proIAPP in 10 mM sodium phosphate, pH 7.4 (Figure 4.1A) indicating that the increase in ionic strength did not alter its overall secondary structure.

Figure 4.1 Far-UV CD spectra of proIAPP in 10 mM phosphate, pH 7.4 and 10 mM phosphate, 150 mM NaF, pH 7.4.  Spectra taken of proIAPP in 10 mM phosphate, pH 7.4 (A) at 50 µg/mL (green), 75 µg/mL (red) and 100 µg/mL (blue) and in 10 mM phosphate buffer, 150 mM sodium fluoride, pH 7.4 (B) at 67 µg/mL (purple) and 135 µg/mL (pink) as described in Section 2.2.15.

The spectra of proIAPP were distinct from the spectrum of the cleaved trx-tag (Figure 4.2), which had minima at 208 and 222 nm indicative of ordered secondary structure and is consistent with the X-ray crystal structure of thioredoxin that shows it contains -helical and -sheet elements (Holmgren et al., 1975). 
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Figure 4.2 Far-UV CD spectrum of trx-tag cleaved from proIAPP in 10 mM phosphate, pH 7.4. The CD spectrum was taken as described in Section 2.2.15.
Table 4.1 Secondary structure analysis of proIAPP CD spectra (Figure 4.1). The secondary structure (% values) is the average ± standard deviation of the results given by the CD analysis programs CONTINLL, SELCON3 and CDSSTR (Sreerama and Woody, 2000)
	
	-helix
	-sheet
	Turns
	Random coil

	10 mM sodium phosphate, pH 7.4
	6.1 ± 1.3
	16.5 ± 5.1
	12.1 ± 3.2
	65.1 ± 8.0

	10 mM sodium phosphate, 150 mM NaF, pH 7.4
	0.5 ± 4.0
	18.5 ± 5.7
	9.2 ± 7.5
	70.0 ± 17.2


The secondary structural content of proIAPP was estimated using the CDPro suite of analysis programs, containing CONTINLL, SELCON3 and CDSSTR (Sreerama and Woody, 2000). According to these analyses, proIAPP contained approximately 5% -helix, 15% -sheet, 10% turns and 70% unordered structure (Table 4.1). The CD spectra of proIAPP shown in Figure 4.1 is very similar those reported for IAPP (Higham et al., 2000, Kayed et al., 1999, Goldsbury et al., 2000). Analyses of these spectra showed that IAPP contains approximately 5-10% -helix, 30% -sheet and -turns and 60% random coil (Goldsbury et al., 2000). The CD spectrum of proIAPP that we obtained suggests that proIAPP is a natively unfolded protein, like IAPP. 
The spectra shown in Figure 4.1 are different to the proIAPP spectrum reported by Krampert et al., which had a strong minimum at 208 nm.  From this spectrum, proIAPP was estimated to contain approximately 50% -sheet and -turns and 50% random coil (Krampert et al., 2000). Krampert et al. kept proIAPP as a stock in 8 M urea and their spectrum was taken after a 100-fold dilution of the stock into 10 mM sodium phosphate buffer, pH 7.4, resulting in a final concentration of 80 mM urea. Our proIAPP was stored as a lyophilisate and dissolved in ice-cold MilliQ water, filtered through an 0.22 µm filter before being added to buffer as described in Section 2.2.14. The increased -sheet conformation of proIAPP seen by Krampert et al. may indicate that the stock proIAPP in urea may have contained nucleation seeds. 

The addition of preformed amyloid, “nucleation seeds”, to random coil IAPP induces a rapid shift to a -sheet-rich structure and IAPP, which does not have all potential seeding material removed, is also -sheet-rich (Higham et al., 2000, Kayed et al., 1999, Goldsbury et al., 2000). Moreover Krampert et al. also prepared IAPP under the same conditions as proIAPP and observed that it had increased -sheet content compared to stock IAPP made up in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). HFIP is frequently used to make stock IAPP solutions as it keeps IAPP in non-aggregated conformations (Kayed et al., 1999), but Krampert et al. found that proIAPP was insoluble in HFIP (Krampert et al., 2000). As our proIAPP spectrum more closely resembled that of IAPP with all potential “nucleation seeds” removed, this suggested that our methods of storing and preparing proIAPP removed nucleation seeds. 

Natively unfolded proteins have been further categorised into two structurally different groups: coil-like proteins and pre-molten globules (Uversky, 2002a). The coil-like group are characterised by very large hydrodynamic dimensions, typical of random coils, and an absence of any significant ordered secondary structure. Pre-molten globules are more compact than the coil-like group but less compact than molten globules and exhibit some secondary structure. One characteristic of natively unfolded proteins is a large net charge at neutral pH (Uversky, 2002b). The theoretical pI of proIAPP is 9.51, estimated by ProtParam (Table 3.1), indicating that it has a large net charge at neutral pH. The coil-like group and intrinsic pre-molten globules can be further distinguished by their far-UV-CD spectra and by hydrodynamic methods. Studying CD spectra of more than 100 natively unfolded proteins, of which 23 had also been characterised by hydrodynamic methods, Uversky showed that a “double wavelength plot” could be used to separate the coil-like group and the intrinsic pre-molten globule group (Uversky, 2002a)(Figure 4.3). The CD spectra of the coil-like group possessed a []200 = -(18,900 ± 2800) deg.cm2.dmol-1 and []222 = -(1700 ± 700) deg.cm2.dmol-1. The CD spectra of pre-molten globules contained more ordered secondary structure, possessing a []200 = -(10,700 ± 1300) deg.cm2.dmol-1 and []222 = -(3900 ± 1100) deg.cm2.dmol-1. The CD spectra of proIAPP (Figure 4.1), exhibits a []200 of approximately –11,500 deg.cm2.dmol-1 and a []222 of approximately –3000 deg.cm2.dmol-1, clearly falling into the class of pre-molten globules, rather than the coil-like group of natively unfolded proteins (Figure 4.3). 
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Figure 4.3 ProIAPP has pre-molten globule-like characteristics. Uversky showed that analysis of far-UV CD spectra of 51 natively unfolded proteins in terms of double wavelength plot, []222 versus []200, allowed the division of coil-like (gray circles) and premolten globule-like (PMG-like) subclasses (black circles). Intrinsic premolten globules and intrinsic coils for which the hydrodynamic parameters were measured also are marked by white-dotted and black-dotted symbols, respectively. ProIAPP is marked by the red dot. Diagram modified from Uversky, 2002.
4.2.2 Ageing of proIAPP followed by far-UV-CD  


ProIAPP was freshly dissolved in 10 mM phosphate, pH 7.4 as described in Section 4.2.1 and incubated at 37 oC and the CD spectra were taken at various intervals. At 0 h, proIAPP was predominantly random coil (Figure 4.4) as previously observed (Figure 4.1) and the spectrum was essentially the same after 120 h (Figure 4.4, blue line). At 288 h, the intensity of the CD signal at 200 nm had decreased (Figure 4.4, green).  At 312 h the CD signal had disappeared completely (Figure 4.4, black) with no evidence of turbidity to indicate that proIAPP had precipitated.
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Figure 4.4 Aging of proIAPPP followed by far-UV CD spectroscopy. 75 µg/mL proIAPP was incubated at 37 oC in 10 mM phosphate, pH 7.4 and spectra taken at time zero (red), after 120 h (blue), after 288 h (green) and after 312 h (black) as described in Section 2.2.15.
From these data there was no evidence of proIAPP developing distinct CD spectral maxima at around 195 nm and minima at around 218 nm, indicative of a -sheet rich conformation that is commonly observed with IAPP amyloid formation (Higham et al., 2000, Kayed et al., 1999, Krampert et al., 2000, Padrick and Miranker, 2002, Goldsbury et al., 2000). However CD measurements are effectively the sum of all the spectra from the molecules in different conformations, and the minima at around 218 nm, indicative of -sheet, can be difficult to see if other conformations are present. At 0 h and until 288 h, the spectra of proIAPP contained a shoulder at 218 nm, which indicates some -sheet conformation was present and is consistent with the CD analyses of freshly dissolved proIAPP (Table 4.1).

After IAPP had shifted to a -sheet rich conformation, Kayed et al. observed turbidity associated with protein insolubilisation (Kayed et al., 1999), however this was not reported in the other studies (Higham et al., 2000, Goldsbury et al., 2000). Higham et al. saw that IAPP in phosphate buffer exhibited a decrease in the intensity of the CD signal over 24 h with no evidence of conversion to -sheet (Higham et al., 2000). EM analysis of the IAPP, which had been incubated in phosphate buffer for 24 h, indicated the presence of fibrils, suggesting amyloid formation may not always be accompanied by a -sheet rich secondary structure observable by far-UV CD (Higham et al., 2000).

Krampert and co-workers also observed a decrease in the intensity of the signal of proIAPP over 4 days without evidence of turbidity, and suggested this could be due to oligomerisation (Krampert et al., 2000). However the turbidity of amyloid formation can depend on buffer conditions (Wood et al., 1996). The decrease in CD signal of proIAPP that we observed may have been due to oligomerisation or fibril formation as fibrils were present in aged CD mixtures; see Section 4.2.8 below; (Figure 4.8A and B).

4.2.3 Kinetics of proIAPP amyloid formation

One of the hallmarks of amyloid is its ability to bind to thioflavin T (ThT) and increase the fluorescence (excitation 440 nm, emission 482 nm). A ThT assay can be used to follow amyloid formation in vitro. ThT does not bind to the native precursor proteins, monomers or low oligomer complexes or amorphous aggregates (LeVine, 1993). The kinetics of amyloid formation have been described as nucleation-dependent as the appearance of amyloid is often preceded by a lag phase, during which a stable nucleus has to be formed before elongation (Jarrett and Lansbury, 1993) (Section 1.5). It is during the lag phase that the normally soluble protein changes conformation to an amyloidogenic conformation and aggregates into oligomers (Khurana et al., 2003). The end of the lag phase is marked by the appearance of fibrils. 

The kinetics of proIAPP amyloid formation were assessed using ThT fluorescence. ProIAPP was incubated at various concentrations up to 500 µg/mL in 10 mM sodium phosphate and 150 mM NaCl, pH 7.4, a physiologically relevant pH and ionic strength isotonic with serum, without shaking. At various times, aliquots of proIAPP were removed and diluted into ThT buffer to assay for amyloid formation. The amyloid formation showed a sigmoidal pattern (Figure 4.5), as has been seen for other amyloidogenic peptides (Padrick and Miranker, 2002, Nielsen et al., 2001b) and is consistent with nucleation-dependent kinetics (Jarrett and Lansbury, 1993). 
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Figure 4.5 The concentration dependence of proIAPP amyloid formation. Two different experiments of proIAPP amyloid formation. Amyloid was formed by incubating 125 µg/mL proIAPP (red), 250 µg/mL proIAPP (blue) and 500 µg/mL proIAPP (green) in PBSaz, pH 7.4 at 37 oC. The ThT fluorescence (excitation 441 nm, emission 482 nm) was measured in an assay containing 37.5 µg/mL proIAPP (5 µM), 5 µM ThT, PBSaz, pH 7.4 as described in Section 2.2.16a. The sigmoidal curve described by equation 3 in Section 2.2.16a were fitted to the ThT fluorescences. 

ProIAPP amyloid formation in PBSaz had gone to completion by 350 h (Figure 4.5). In contrast, IAPP amyloid formation is complete within 1.4 h in 2.5% HFIP, 50 mM potassium phosphate, 100 mM potassium chloride, pH 7.4 (Padrick and Miranker, 2002) and is complete within 2.3 h in 1% HFIP, 10 mM sodium phosphate, pH 7.4 (Kayed et al., 1999). This makes proIAPP less amyloidogenic than IAPP. This is consistent with time-dependent conformational changes which for proIAPP occurred over 96 h, seen as a reduction in the intensity of the CD signal, compared to 18 h for IAPP, seen as a conversion to a -sheet rich structure, under the same conditions (Krampert et al., 2000).

Amyloid formation from proIAPP at concentrations between 125 µg/mL (16 µM) and 500 µg/mL (66 µM) was characterised by lag phases of similar length within the same experiment although these lag phases differed between experiments, being approximately 180 h in the experiment shown in Figure 4.5A (Table 4.2) and approximately 115 h in the experiment shown in Figure 4.5 B (Table 4.2). This variability may have been due to batch-to-batch variations between different preparations; this has been known to produce variable lag times for other amyloidogenic peptides including A and IAPP (Oda et al., 1995, Boggs et al., 1996, Krampert et al., 2000). 

Table 4.2 Kinetics of the concentration-dependence of proIAPP amyloid formation. Parameters obtained from equation 3 in Section 2.2.16a fitted to the data shown in Figure 4.5, A and B are indicated in brackets following the concentration of proIAPP denoting the data from Figure 4.5A and B respectively. The lag time is the time at which fibrils become detectable and the growth rate is the apparent rate constant for fibril growth, given by the value of 1/ in equation 3. 

	
	Lag time (h)
	Growth rate (h-1)

	125 µg/mL proIAPP (A)
	179 ± 4
	0.110 ± 0.001

	250 µg/mL proIAPP (A)
	178 ± 856
	0.032 ± 0.001

	500 µg/mL proIAPP (A)
	180 ± 35
	0.127 ± 0.001

	125 µg/mL proIAPP (B)
	118 ± 209
	0.024 ± 0.001

	250 µg/mL proIAPP (B)
	119 ± 285
	0.043 ± 0.001

	500 µg/mL proIAPP (B)
	112 ± 18
	0.079 ± 0.001



Nucleation-dependent kinetics predicts that the lag phase and growth rate are dependent on protein concentration (Jarrett and Lansbury, 1993). For example, a 10-fold increase in insulin concentration leads to an approximately 6-fold decrease in the lag phase (Nielsen et al., 2001a). However the lag phase of IAPP amyloid formation has been found to be insensitive between 5 µM and 50 µM (the highest concentration tested) (Padrick and Miranker, 2002) and Padrick and Miranker have proposed a mechanism to account for the insensitivity of the lag phase to IAPP concentration. They propose that only part of the total IAPP concentration is able to contribute to the formation of stable nuclei during the lag phase and this concentration remains the same regardless of the total IAPP concentration.
The fibril growth was variable but did not increase with proIAPP concentration (Table 4.2) as has been reported for IAPP (Padrick and Miranker, 2002) and insulin amyloid formation (Nielsen et al., 2001a).   The IAPP fibril growth rate has been found to increase linearly with protein concentration (Padrick and Miranker, 2002). 

In summary, the lag phase and growth phase of proIAPP was variable and was not dependent on the concentration of proIAPP. This variability may have been due to the fact our samples were not shaken except to remove aliquots for ThT assays. The hydrophobic nature of the air-water interface is believed to be important for conformational changes to a partially folded intermediate (Cohlberg et al., 2002). As proIAPP forms amyloid slowly, the air-water interface may be more important in the formation of a partially folded species necessary for nucleation than the concentration of proIAPP. Increasing the rate of agitation has been shown to increase amyloid formation (Cohlberg et al., 2002, Wall et al., 1999, Nielsen et al., 2001a). In a study comparing the effect of varying concentrations of insulin on the lag phase and fibril growth rate of amyloid formation in continually shaken samples and non-shaken samples, in the continually shaken samples the effect of concentration-dependent increases on the rate of amyloid formation were greatly attenuated (Nielsen et al., 2001a).  As the air-water interface may be the most important contributor to the formation of the critical partially folded intermediate, the surface-area to volume ratio is likely to affect the rate of amyloid formation. For this reason in subsequent experiments the same volume of proIAPP was incubated in tubes with different treatments. 

4.2.4 The effects of macromolecular crowding


Macromolecular crowding has been shown to accelerate amyloid formation from apolipoprotein C II (Hatters et al., 2002) and -synuclein (Munishkina et al., 2004, Uversky et al., 2002). However there are no reported studies of its effects on amyloid formation from proIAPP or IAPP. The effect of macromolecular crowding on proIAPP amyloid formation was therefore tested using Ficoll 70, a non-ionic synthetic polymer of sucrose with an average molecular weight of 70 kDa.  250 µg/mL and 500 µg/mL proIAPP were incubated in the absence of Ficoll 70 and in the presence of 30 mg/mL and 60 mg/mL Ficoll 70. Formation of amyloid formation from proIAPP was characterised by lag times, which varied by 10% regardless of the presence or absence of Ficoll 70 (Table 4.3). In addition, proIAPP amyloid formation was characterised by similar growth rates regardless of the presence and absence of Ficoll 70 (Table 4.3). Macromolecular crowding agents, within this concentration range have been shown to increase the rate of amyloid formation from apolipoprotein C II and -synuclein (Hatters et al., 2002, Munishkina et al., 2004).  The effect of macromolecular crowding has been attributed to the excluded volume effect, which will favour self-association due to the effective increased protein concentration. The absence of a difference indicate amyloid formation from proIAPP is not dependent on proIAPP concentration (Figure 4.5). The rate of amyloid formation from apolipoprotein C II and -synuclein is dependent on the concentration of protein. 
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Figure 4.6 The effect of Ficoll on amyloid formation. 250 µg/mL (A) or 500 µg/mL proIAPP (B) was incubated in the absence of a Ficoll (red) or in the presence of 30 mg/mL Ficoll (blue) or 60 mg/mL Ficoll (green) in PBSaz. Amyloid was measured using a ThT assay as described in Section 2.2.16a. The sigmoidal curve described by equation 3 in Section 2.2.16a were fitted to the ThT fluorescences. 

Table 4.3 The effect of Ficoll on the lag phase and growth rate of proIAPP amyloid formation. Parameters obtained from equation 3 in Section 2.2.16a fitted to the data shown in Figure 4.6. The lag time is the time at which fibrils become detectable and the growth rate is the apparent rate constant for fibril growth given by 1/ from equation 3. 

	
	Lag time (h)
	Growth rate (h-1)

	250 µg/mL proIAPP
	119 ± 328
	0.042 ± 0.001

	250 µg/mL proIAPP, 30 mg/mL Ficoll
	130 ± 57
	0.043 ± 0.001

	250 µg/mL proIAPP, 60 mg/mL Ficoll
	133 ± 108
	0.052 ± 0.001

	500 µg/mL proIAPP
	112 ± 17
	0.079 ± 0.001

	500 µg/mL proIAPP, 30 mg/mL Ficoll
	116 ± 43
	0.053 ± 0.001

	500 µg/mL proIAPP, 60 mg/mL Ficoll
	121 ± 27
	0.072 ± 0.001


4.2.5 The effect of ionic strength on proIAPP amyloid formation 

Amyloid formation from IAPP has been extensively studied but proIAPP has not due to the difficulty of synthesising and purifying it. The effect of increasing the ionic concentration was tested on proIAPP amyloid formation, as this has been shown to increase the rate of amyloid formation of some proteins including -lactalbumin and insulin (Goers et al., 2002, Nielsen et al., 2001b). ProIAPP was incubated in 10 mM sodium phosphate in the presence of various concentrations of NaCl up to 450 mM. 
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Figure 4.7 The effect of ionic strength on the rate of amyloid formation. ProIAPP was incubated at 125 µg/mL in 10 mM phosphate, pH 7.4 in the absence of NaCl (red), 50 mM NaCl (blue), 100 mM NaCl (green), 150 mM NaCl (black), 300 mM NaCl (orange) and 450 mM NaCl (yellow). The ThT assays were carried out as described in Section 2.2.26a.
Table 4.4 The effect of ionic strength on the lag phase and growth rate of proIAPP amyloid formation. Parameters were obtained from equation 3 in Section 2.2.16a fitted to the data shown in Figure 4.7. The lag time is the time at which fibrils become detectable and the growth rate is the apparent rate constant for fibril growth given by 1/ from equation 3. 

	Concentration of NaCl (mM)
	Lag time (h)
	Growth rate

	0
	92 ± 38
	0.029 ± 0.001

	50
	53 ± 279
	0.027 ± 0.001

	100
	60 ± 46
	0.050 ± 0.001

	150
	64 ± 18
	0.102 ± 0.001

	300
	19 ± 53
	0.092 ± 0.001

	450
	50 ± 79
	0.098 ± 0.001


The lag phase was the same within error regardless of the presence or absence of NaCl (Figure 4.7 and Table 4.4). The growth rate increased dependent on the NaCl concentration from approximately 0.03 h-1 in the absence of NaCl to approximately 0.1 h-1 in the presence of 150 mM NaCl beyond which no further increase occurred (Table 4.4). The increased growth rate at high ionic strength concentrations suggests that hydrophobic interactions may be important in the growth phase of proIAPP amyloid formation.  This is consistent with the elongation process involving the addition to nuclei of partially unfolded monomers, which are likely to have exposed hydrophobic residues.

4.2.6 SDS-PAGE analysis of proIAPP amyloid formation

The data presented above shows that proIAPP exhibits a long lag phase prior to amyloid formation and that it is less amyloidogenic than IAPP (Section 4.2.3). One potential artefactual reason for the long lag phase is that proIAPP used in these experiments could have been degraded to IAPP by trace levels of proteases before amyloid can form. Therefore, to test this, aliquots of proIAPP were taken during amyloid formation and were examined by SDS-PAGE. Amyloid formation was measured by ThT assays to allow the proIAPP species seen by SDS-PAGE to be correlated with the stage of amyloid formation. Aliquots were taken of the total mixture and, once amyloid became detectable by ThT assay (48 h), the fibrils separated from the mixture by centrifugation. The fibrillar fraction and the supernatant fraction will be henceforth referred to as the insoluble fraction and soluble fraction respectively. The samples were mixed with SDS-PAGE loading dye and boiled for 10 min before electrophoresis as described in Section 2.2.6b. The SDS-PAGE was stained with Coomassie blue stain. During the lag phase of amyloid formation (0 and 24 h) proIAPP migrated as a 7.5 kDa band corresponding to monomer.  No lower molecular weight species were observed in samples taken during the lag phase or at later times indicating that degradation to IAPP did not occur, thus ruling out the potential artefact discussed above. 

Amyloid formation became detectable at 48 h. The majority of proIAPP was in the soluble fraction, consistent with the ThT assay showing that less than half of the total amyloid had been formed (Figure 4.6B, lane 6). SDS-PAGE analyses of the insoluble fraction (fibrils) of the proIAPP mixture at 48 h, showed that proIAPP in this fraction also migrated as a 7.5 kDa species, indicating that the proIAPP fibrils formed at this stage were able to be dissociated by SDS. 
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Figure 4.8 ProIAPP amyloid is not completely dissociated by SDS. Amyloid formation from 500 µg/mL proIAPP was measured by ThT assay (A). During amyloid formation aliquots of the incubating mixture were removed for analysis by SDS-PAGE (B). Once amyloid became detectable by ThT (48 h) the samples were centrifuged to separate the soluble and insoluble (fibrillar) fraction. The samples were boiled in SDS-PAGE loading dye and electrophoresed on a Tris-tricine SDS-PAGE gel as described in Section 2.2.6b. The lanes of the SDS-PAGE gels contain: molecular weight standards (Std) and total (tot), soluble (sol) and insoluble (insol) fractions at the time points indicated.
By 72 h amyloid formation approximately 75% of the total amount of amyloid had formed (Figure 4.8A) consistent with the SDS-PAGE analysis showing that the majority of proIAPP was in the insoluble fraction (Figure 4.8B). At this time the majority of proIAPP still migrated as the 7.5 kDa monomer, but 15 kDa and 22.5 kDa species corresponding to dimer and trimer were also present in the insoluble fraction (Figure 4.8B, arrows). The dimer and trimer species were not detectable at 48 h. The absence of these species at 48 h may reflect less amyloid formation at 48 h compared to 72 h and a lack of sensitivity of detection by Coomassie blue staining. Alternatively, the fibrils formed at 72 h are likely to be longer than those present at 48 h as fibrils grow by elongation and the increased length of the fibrils confer increased SDS-resistance. Amyloid formation had gone to completion by 96 h and proIAPP migrated on SDS-PAGE at 96 and 120 h as monomer, dimer, trimer and higher order species. 

In summary, these data show that proIAPP amyloid is SDS-resistant and forms higher order polymers as observed for A amyloid (Klug et al., 2003, Atwood et al., 2004, Matsubara et al., 1995). The decrease in proIAPP band density as amyloid forms may be the result of the formation of SDS-resistant proIAPP aggregates that are unable to enter the gel.

4.2.7 Binding of Congo Red to proIAPP fibrils


One of the hallmarks of amyloid is its ability to bind to Congo Red. The binding of Congo Red to amyloid can be seen as an apple-green birefringence with a polarising optical microscope or change in colour from orange-red to rose-pink (Klunk et al., 1999). The binding of fibrillar proIAPP to Congo Red was observed using a Congo red spectral shift assay (Klunk et al., 1999). The change in colour from orange-red to rose-pink when Congo Red binds amyloid corresponds to a shift in the absorbance spectrum of Congo Red, seen by the increase in absorbance at 541 nm (Klunk et al., 1999). The fibrillar proIAPP induced an increase in the absorbance at 541 nm indicating that fibrillar proIAPP was able to bind to Congo Red (Figure 4.9A). Moreover fibrillar proIAPP induced an increase in the absorbance of Congo Red at 541 nm in a dose-dependent manner (Figure 4.9B). 
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Figure 4.9 Congo Red spectral shift assay of proIAPP amyloid. The absorbance spectra (A) of 5 µM Congo Red (red) and in the presence of 50 µg/mL fibrillar proIAPP (blue), 100 µg/mL fibrillar proIAPP amyloid (green) and 200 µg/mL fibrillar proIAPP amyloid (black) were taken as described in Section 2.2.17. The absorbance spectra of CR in the presence of amyloid were corrected for light scattering due to amyloid. Panel B shows the absorbance of Congo Red increases in the presence of proIAPP at 541 nm due to the binding of Congo Red to proIAPP fibrils. 

4.2.8 Transmission electron microscopy of proIAPP fibrils

The morphology of proIAPP fibrils formed in 10 mM phosphate, pH 7.4 and PBSaz was examined using transmission electron microscopy (TEM) using negative staining with 1% phosphotungstic acid. ProIAPP fibrils were approximately 10 nm in width and hundreds of nm in length and looked similar regardless of whether they were formed in 10 mM phosphate, pH 7.4 or PBSaz (Figure 4.11A-C). The fibrils could be seen twisted into larger fibrils or laterally associated into small sheets (Figure 4.11A). The fibrils also associated into dense web-like mats (Figure 4.11B and C) as have been previously described for proIAPP (Krampert et al., 2000). 
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Figure 4.10 TEM micrographs of aged proIAPP.  The samples were: aged CD samples from Figure 4.4 of 100 µg/mL proIAPP in 10 mM sodium phosphate, pH 7.4 (A and B) and 500 µg/mL PBSaz (C and D) incubated at 37 oC for 1 month. Specimens were negatively stained with 1% (w/v) phosphotungstic acid, pH 7 and analysed as described in Section 2.2.19.

Under higher magnification, spherical structures could be seen of between 10-30 nm in diameter. Similar structures have been described as prefibrillar aggregates (Anguiano et al., 2002). This could indicate amyloid formation had not gone to completion, however after a month this seems unlikely as ThT assays show that amyloid formation goes to completion by 350 h (2 weeks)(Figure 4.5). Another possibility is that amyloid formation has gone to completion but the fibrillar proIAPP is in exchange with residual soluble proIAPP. Nucleation-dependent kinetics predicts that amyloid will not form below a critical concentration (Harper and Lansbury, 1997); therefore amyloid formation will only occur above this concentration however once amyloid formation has gone to completion, protein will remain soluble equivalent to the critical concentration. The spherical structures may represent soluble proIAPP oligomers that are present in the soluble fraction after amyloid formation has gone to completion.  Studies of amyloid formation using the SH3 domain of bovine phosphatidylinositol-3-kinase, have shown that SH3 molecules that are incorporated into the termini of fibrils are in dynamic exchange with soluble protein molecules (Carulla et al., 2005).

4.2.9 Binding of bis-ANS to proIAPP during amyloid formation 


Amyloid formation involves conformational changes as the amyloidogenic protein converts from its native secondary structure to the cross--pleated sheet of amyloid. During these conformational changes the exposed hydrophobic surface of the protein is likely to change. 4,4’-dianilino-1,1’-binaphthyl-5,5’-disulfonate (bis-ANS), which has been used to probe changes in exposed hydrophobic surfaces of protein (Section 4.1), was used as a probe for changes in exposed hydrophobic surfaces during proIAPP amyloid formation. Bis-ANS is a probe that fluoresces poorly in aqueous buffer and has an emission maximum at approximately 530 nm. In a hydrophobic environment, bis-ANS increases its fluorescence and the emission maximum shifts to approximately 490 nm. ProIAPP weakly bound to bis-ANS at 0 h, seen by the blue shift in the emission spectrum from 530 nm to 500 nm and moderate increase in fluorescence (Figure 4.11A). At 0 h, proIAPP is predominantly random coil (Figure 4.1), however it does contain some ordered secondary structure (Table 4.1) and is likely to be a pre-molten globule-type of natively unfolded protein (Figure 4.3). Pre-molten globules are known to have some exposed hydrophobic surfaces, though less than in a molten globule (Uversky, 2002a).
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Figure 4.11 Changes in ThT and bis-ANS fluorescence during proIAPP amyloid formation. Amyloid was formed by incubating 250 µg/mL proIAPP in PBSaz, pH 7.4 at 37 oC. The bis-ANS fluorescence (excitation 390 nm) was measured in an assay containing 37.5 µg/mL proIAPP (5 µM), 5 µM bis-ANS, PBSaz, pH 7.4 as described in Section 2.2.16b. The bis-ANS fluorescence spectrum (A) was taken in the absence of proIAPP (purple line), and in the presence of proIAPP at 0 h (dark blue line), 24 h (green line), 48 h (black line), 72 h (red line), 96 h (yellow line), 120 h (orange line), 144 h (purple dashes), and 168 h (dark blue dashes), 192 h (green dashes), 240 h (orange dashes) and 264 h (yellow dashes). The change in emission wavelength maximum (dark blue) and bis-ANS fluorescence at 490 nm (black) during amyloid formation is shown in B. The change in bis-ANS fluorescence (black) and ThT fluorescence (red) during amyloid formation is shown in C. The ThT fluorescence was measured as described in Section 2.2.16a. The sigmoidal curve described by equation 3 in Section 2.2.16a were fitted to the ThT fluorescences. 

 
The bis-ANS fluorescence and the emission maximum remained constant during the lag phase of amyloid formation (Figure 4.11B). This is consistent with the CD spectra of aging proIAPP, which shows that secondary structure of proIAPP remains the same for an extended time, followed by a rapid loss of CD signal (Figure 4.4), indicating amyloid formation or an oligomerisation event. The bis-ANS and ThT fluorescence increased at 130 h and 138 h respectively, determined by fitting equation 3 in Section 2.2.16a to the data in Figure 4.11C, indicating that an increase in exposed hydrophobic surface of proIAPP occurs at a similar time to amyloid formation. In comparison, when IAPP shifts from a random coil to soluble -sheet conformation the fluorescence of ANS, another fluorescent hydrophobic probe which is essentially half a bis-ANS, increases (Kayed et al., 1999). This indicates that, for IAPP, an increase in exposed hydrophobic surface is associated with -sheet formation. As CD of aging proIAPP showed a rapid decrease in CD signal (Figure 4.4) rather than shift to a soluble -sheet conformation, -sheet formation and insolubilization may occur concurrently (Figure 4.4). This would be consistent with bis-ANS fluorescence and ThT fluorescence increases occurring at similar times indicating an increase in exposed hydrophobic surface and -sheet formation in the form of amyloid. 

One potential bis-ANS binding site may be the ends of the fibrils, which are predicted to be hydrophobic surfaces because this is where amyloidogenic precursors add on to the fibril. ANS binds to insulin protofibrillar species with higher affinity than for native insulin (Murali and Jayakumar, 2005).  The incubation of millimolar concentrations of ANS with amyloidogenic insulin and 
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in inhibited amyloid formation and instead amorphous aggregate was formed (Nielsen et al., 2001b, Thorn et al., 2005). This suggests that ANS may bind to exposed hydrophobic surfaces present on protofibrillar species by interfering with the formation of pleated -sheet necessary for amyloid formation. Given its similarity to ANS, bis-ANS may also bind to protofibrillar species.  

If bis-ANS only binds to protofibrillar species the bis-ANS fluorescence would be minimal once amyloid formation had gone to completion, as mature fibrils would have replaced the protofibrillar species. However, the mature fibrils showed strongly enhanced bis-ANS fluorescence indicating that the bis-ANS also bound to mature fibrils (Figure 4.11C).  The bis-ANS may bind along the length of the fibril as there may be hydrophobic patches formed from parts of proIAPP that are not incorporated into the core -sheet of the fibril.  The IAPP portion of proIAPP are likely to compose the -sheet core of proIAPP amyloid as the peptides corresponding to the flanking N-terminal and C-terminal do not form amyloid (Park and Verchere, 2001).  However, IAPP is also able to form a -sheet rich conformation that binds the related hydrophobic probe ANS (Kayed et al., 1999). Another possibility is that the bis-ANS may be binding to the -pleated sheet structure of amyloid. ANS has been shown to fluoresce strongly in the presence of -sheet conformations of polylysine, a homopolymer lacking hydrophobic residues, but not in the presence of random coil or -helical conformations of polylysine (Semisotnov et al., 1991). Semisotnov et al. argued that this was due to the greater hydrophobicity of the -sheet structure compared to the -helical form of polylysine. 

ANS fluorescence has been shown to be moderately enhanced in the presence of A and transthyretin in the form of unfolded amyloidogenic precursors but greatly enhanced by the fibrillar forms of A and transthyretin (Lindgren et al., 2005, LeVine, 2002). The similarity of bis-ANS to ANS suggests that the bis-ANS may be recognising the -pleated sheet structure of proIAPP amyloid. However the bis-ANS fluorescence was greatly enhanced for A and transthyretin as unfolded precursors compared to the fibrillar forms of A and transthyretin (Lindgren et al., 2005, LeVine, 2002). The decrease in bis-ANS fluorescence of A and transthyretin occurred concomitantly with the increase in ThT fluoresence increase, indicating amyloid formation.  As ANS and bis-ANS are both hydrophobic probes the difference in binding ability may due to the size of these probes. Bis-ANS is approximately twice as large as ANS and therefore the size of the exposed hydrophobic patches along the length of the fibril may dictate how well ANS or bis-ANS will bind.
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