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6.2 RESULTS

6.2.1 The effect of GAGs on proIAPP amyloid formation

We investigated the effect of GAGs on the formation of amyloid from proIAPP. 125 µg/mL proIAPP was incubated in the absence of GAGs and in the presence of 125 µg/mL heparin, heparan sulfate or chondroitin sulfate in MES/PBSaz, pH 7.4 and 5.5. Amyloid formation was monitored by ThT assays. These pH values were chosen because, as discussed in Section 6.1.8, the pH of the -cell secretory granule varies between 5.5 and 7.4.  
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Figure 6.3 The effect of various GAGs on proIAPP amyloid formation at pH 7.4 and 5.5. 125 µg/mL ProIAPP was incubated at 37 oC in MES/PBSaz, pH 7.4 (A) and pH 5.5 (B) in the absence of GAGs (red) or in the presence of 125 µg/mL chondroitin sulfate (green), 125 µg/mL heparan sulfate (blue), and 125 µg/mL heparin (black). Amyloid formation was measured using a ThT assay. The fluorescence (ex 441 nm, em 482 nm) was measured in ThT assays containing 37.5 µg/mL proIAPP (5 µM) in 5 µM ThT, PBSaz, pH 7.4 as described in Section 2.2.15a. The sigmoidal curve described by equation 3 in Section 2.2.16a were fitted to the ThT fluorescences. 

The lag phase of amyloid formation in the absence of GAGs was approximately 55 h at pH 7.4 and 5.5 (Figure 6.3 and Table 6.1) and showed a sigmoidal pattern as previously observed (Section 4.2.3). In the presence of GAGs the lag phase was 35 h or less at both pH 7.4 and 5.5 (Figure 6.3 and Table 6.1) and also exhibited a sigmoidal pattern. GAGs accelerated amyloid formation and amyloid formation had gone to completion by approximately 72 h in the presence of GAGs at both pH 7.4 and 5.5 compared with greater than 125 h in the absence of GAGs at both pH 7.4 and 5.5. Heparin increased the growth rate of amyloid formation the most followed by heparan sulfate and then chondroitin sulfate at both pH 7.4 and 5.5 (Table 6.1). This GAG-specificity of acceleration of amyloid formation correlated with the relative affinities of the GAGs for the N-terminal of proIAPP (Park and Verchere, 2001). 

Table 6.1 Kinetics of proIAPP amyloid formation in the presence of GAGs. Parameters obtained from equation 3 in Section 2.2.16a fitted to the data shown in Figure 6.3. The lag time is the time at which fibrils become detectable, the growth rate is the apparent rate constant for fibril growth given by 1/ from equation 3 and the total change in fluorescence is the difference between the plateau fluorescence and initial fluorescence. 

	
	Lag time (h)


	Growth rate (h-1)

	
	pH 7.4
	pH 5.5
	pH 7.4
	pH 5.5

	No GAG
	53 ± 3
	59 ± 7
	0.062 ± 0.001
	0.034 ± 0.001

	125 µg/mL chondroitin sulfate
	13 ± 107
	35 ± 5
	0.071 ± 0.001
	0.089 ± 0.001

	125 µg/mL heparan sulfate
	18 ± 21
	26 ± 8
	0.137 ± 0.001
	0.122 ± 0.001

	125 µg/mL heparin
	11 ± 2
	20 ± 3
	0.173 ± 0.001
	0.262 ± 0.001


The shortening of the lag phase suggests that the GAGs accelerate the formation of nuclei or conformations that are able to form nuclei. The growth phase is also more rapid in the presence of GAGs, suggesting that GAGs also accelerates the elongation of fibrils. 

The amyloid formed in the presence of GAGs had final ThT fluorescences that were increased compared to that formed in the absence of GAGs (Figure 6.3). The fibrils formed in the presence of heparan sulfate and heparin at pH 7.4 gave greater final ThT fluorescences than those formed in the presence of chondroitin sulfate or in the absence of GAGs. At pH 5.5 fibrils formed in the presence of GAGs had similar final ThT fluorescences but these were increased compared to fibrils formed in the absence of GAGs. The heparin concentration-dependence of final ThT fluorescences was assessed in Section 6.2.3 as heparin had the greatest effect on increasing the final ThT fluorescence. 

6.2.2 The effect of GAGs on the secondary structure of proIAPP

One way in which GAGs could accelerate amyloid formation could be to induce amyloidogenic conformations of proIAPP. Therefore far-UV CD spectropolarimetry was used to investigate the effect of GAGs on the secondary structure of proIAPP. Heparin, heparan sulfate and chondroitin sulfate were added at a final concentration of 40 µg/mL to 100 µg/mL proIAPP in 10 mM phosphate and the spectra taken immediately after mixing. The GAGs alone did not contribute to the CD spectra. ProIAPP in the absence of GAGs had a strong minimum at 200 nm and was predominantly random coil, confirming previous observations (Figure 4.1). GAGs induced a more ordered secondary structure, seen as the development of a maximum at 190 nm. Heparin-induced the greatest secondary structure change, followed by heparan sulfate and chondroitin sulfate (Figure 6.4). 
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Figure 6.4 The effect of other GAGs on the secondary structure of proIAPP. The spectra were taken of 100 µg/mL proIAPP in 10 mM sodium phosphate, pH 7.4 (red) and in the presence of 40 µg/mL chondroitin sulfate (blue), 40 µg/mL heparan sulfate (green) and 40 µg/mL heparin (black). CD spectra were obtained as described in Section 2.2.15.

Table 6.2 Secondary structure analysis of 100 µg/mL proIAPP in the presence and absence of GAG. Spectra from Figure 6.4 were analysed using CONTINLL, SELCON3 and CDSSTR (Sreerama and Woody, 2000). The proportion of estimated secondary structure is the average ( SD of the results given by the three analysis programs.

	
	helix
	sheet
	-turns
	Random coil

	No GAG
	5.5 ± 0.7%
	12.4 ± 2.7%
	10.0 ± 1.4%
	71.3 ± 3.5%

	40 µg/mL chondroitin sulfate
	7.2 ± 1.1%
	19.3 ± 0.8%
	13.2 ± 1.5%
	59.7 ± 2.2%

	40 µg/mL heparan sulfate
	9.7 ± 1.4%
	19.6 ± 3.2%
	15.8 ± 1.3%
	54.4 ± 4.6%

	40 µg/mL heparin
	23.3 ± 0.8%
	18.3 ± 1.2%
	18.6 ± 2.6%
	40.2 ± 3.7%


The secondary structure of proIAPP in the presence and absence of GAGs was estimated using the CONTINLL, SELCON3 and CDSSR programs (Sreerama and Woody, 2000). The results of this analysis (Table 6.2) indicated that the proportion of proIAPP that was random coil decreased from approximately 70% in the absence of GAG, to approximately 60%, 55% and 40% in the presence of chondroitin sulfate, heparan sulfate and heparin respectively. Regardless of the type of GAG, proIAPP gained approximately 20% -sheet and approximately 15% -turn. The large reduction in the proportion of random coil in the presence of heparin was due to a 4-fold increase in the proportion of -helix. 

The relative ability of different GAGs to induce a more ordered secondary structure (Figure 6.4 and Table 6.2) correlated with the acceleration of amyloid formation (Figure 6.3). The acceleration of amyloid formation is likely to be due to the formation of a partially folded intermediate, believed to be critical for amyloid formation (Sections 1.5 and 4.1). Unlike natively folded proteins that have to partially unfold, natively unfolded proteins have to partially fold to reach a partially folded intermediate. 

The increase in -helical structure may be more important than the increase in -sheet and -turn as all GAGs induced similar proportions of -sheet and -turn but different proportions of -helix (Table 6.2). Heparin had the greatest effect and also induced the highest proportion of helix of approximately 20% compared to 10% in the presence of heparan sulfate and 7% in the presence of chondroitin sulfate. 

Although a shift from a random coil conformation to a -sheet rich conformation is commonly observed with A amyloid formation; a transient helical conformation has also been observed (Fezoui and Teplow, 2002, Kirkitadze et al., 2001). This helical conformation contained up to 30% helix but still contained significant amounts of random coil structure (Kirkitadze et al., 2001). This helical conformation is believed to be important to amyloid formation as prior to the increase in helical content the sheet content was low but following the increase in helical content the proportion of sheet content rose rapidly. The helical intermediate was identified as oligomeric because a filter with a nominal molecular weight cut-off of 100 kDa retained it. The formation of A amyloid from an helical oligomer may occur via an helix to strand transition. 

An helical intermediate may also be important in IAPP amyloid formation. Thermal denaturation studies have shown that conformational change occurs at around 45 oC, leading to an intermediate that contains 17% -helix, 31% sheet and turns and 52% random coil and also at around 65 oC, resulting in an intermediate that consists of 8% helix, 30% sheet and turns and 62% random coil.  (Kayed et al., 1999). The conformation populated at 45 oC was not stable and formed amyloid when maintained at 45 oC or cooled to room temperature; the formation of amyloid was associated with a conversion to a sheet rich state. In contrast the conformation populated at 65 oC remained populated on cooling however it remained soluble for an indefinite period of time.


The partially folded conformations of proIAPP induced by GAGs may therefore allow nucleation to occur more rapidly than in the absence of GAG, which is seen as a reduction in length of the lag phase (Figure 6.3). GAGs may also have a role in elongation as misfolded monomers or oligomers may have an increased propensity to add on the ends of fibrils than natively unfolded proIAPP.  

6.2.3 The concentration-dependence of heparin-induced conformational changes in proIAPP


The concentration-dependence of the heparin-induced conformational changes was assessed at various concentrations of heparin up to 40 µg/mL with 100 µg/mL proIAPP in 10 mM sodium phosphate, pH 7.4. ProIAPP in the absence of heparin was predominantly random coil, as previously observed in Figures 4.1 and 6.4. Heparin-induced a conformational change in a dose-dependent manner seen by the development of a maximum at 190 nm and minima at 208 and 225 nm (Figure 6.5). Heparin induced a conformational change at the lowest concentration tested (2.5 µg/mL) and no further changes were seen beyond 20 µg/mL. 
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Figure 6.5 Secondary structure changes of proIAPP induced by heparin measured by far-UV CD. Scans of 100 µg/mL proIAPP in phosphate buffer were taken at 0 h (red) and 48 h after incubation at 37oC (orange). Scans of were taken at 100 µg/mL proIAPP immediately after mixing with heparin at the following concentrations: 2.5 µg/mL (blue), 10 µg/mL (green), 20 µg/mL (black) and 40 µg/mL (pink). CD spectra were obtained as described in Section 2.2.15.
The concentration-dependence of the change in mean residue molar ellipticity at 190 nm and 225 nm is shown in Figure 6.6 and was fitted to equation 2 as described in Section 2.2.15. The concentration of heparin necessary for the half-maximal effect was 6.8 ± 1.4 µg/mL for the change in mean residue molar ellipticity at 190 nm and was 7.0 ± 2.4 µg/mL for the change at 225 nm. The concentration of heparin that gives the half-maximal effect corresponds to approximately 1.75 µM because the heparin used in this experiment has a molecular weight of around 4 kDa (personal communication, SigmaAldrich Technical Service). This concentration of heparin is within the range of reported affinity constants for heparin-protein interactions. These values range from 0.3 nM for the binding of heparin to the Alzheimer’s disease amyloid precursor protein (Multhaup et al., 1995) to 4 µM for the binding of heparin to low-density lipoproteins (Gigli et al., 1992). Moreover, if under the heparin concentration necessary for the half-maximal effect, 7 µg/mL heparin (1.75 µM) is bound to 50 µg/mL proIAPP (7 µM), half of the total proIAPP concentration, this would indicate that heparin:proIAPP binding occurs at substoichiometric ratios of around 1:4. The substoichiometric ratio of heparin:proIAPP, suggest that heparin may contain multiple binding sites for proIAPP or that heparin may be binding to proIAPP oligomers, promoting self-association to give amyloid. Thus, heparin may induce amyloid formation via a partially folded helical oligomer as has been proposed for A (Section 6.2.2).
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Figure 6.6 The heparin concentration-dependence of proIAPP secondary structural changes. The mean residue molar ellipicity at 190 nm (red) and 225 nm (blue) were taken from Figure 6.5. Equation 2 was fitted to the change in mean residue molar ellipticity as described in Section 2.2.15. 

6.2.4 The concentration-dependence of heparin-induced amyloid formation at pH 7.4 and 5.5

Heparin was the most potent enhancer of amyloid formation; therefore heparin concentration-dependence of proIAPP amyloid formation was assessed. The concentration-dependence of heparin on amyloid formation was assessed at various heparin concentrations up to 125 µg/mL using 125 µg/mL proIAPP in MES/PBSaz, pH 7.4 and 5.5. In the absence of heparin, the lag phase of amyloid formation was approximately 50 h at pH 7.4 and 5.5 (Figure 6.7). At pH 7.4 amyloid formation had gone to completion by 125 h but at pH 5.5 had not gone to completion by 150 h (Figure 6.7). 

Heparin exhibited similar dose-dependent effects on proIAPP amyloid formation at pH 7.4 and 5.5 (Figure 6.7 and Table 6.3). Heparin decreased the lag phase to less than 30 h compared to more than 50 h in the absence of heparin at both pH 7.4 and 5.5 (Table 6.3). The presence of heparin also increased the growth rate of amyloid formation. 
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Figure 6.7 The concentration-dependence of heparin-induced proIAPP amyloid formation manner at pH 7.4 and 5.5. 125 µg/mL proIAPP was incubated in the absence and presence of heparin. The heparin concentrations used were: 0 (red), 4 µg/mL (orange), 8 µg/mL (yellow), 16 µg/mL (aqua), 31 µg/mL (pink), 63 µg/mL (black), 125 µg/mL (green) and 250 µg/mL (blue) at pH 7.4 and 5.5. ThT assays were performed 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 6.3 Kinetics of proIAPP amyloid formation at various concentrations of heparin. Parameters obtained from equation 3 in Section 2.2.16a fitted to the data shown in Figure 6.5. 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/t from equation 3. 

	Heparin (µg/mL)
	Lag time (h)
	Growth rate (h-1)

	
	pH 7.4
	pH 5.5
	pH 7.4
	pH 5.5

	0
	53 ± 3
	59 ± 7
	0.062 ± 0.001
	0.043 ± 0.001

	4 
	16 ± 14
	28 ± 8
	0.106 ± 0.001
	0.394 ± 0.001

	8 
	19 ± 2
	23 ± 5
	0.174 ± 0.001
	0.235 ± 0.001

	16  
	18 ± 4
	21 ± 5
	0.144 ± 0.001
	0.153 ± 0.001

	31 
	12 ± 6
	22 ± 1
	0.138 ± 0.001
	0.224 ± 0.001

	63 
	11 ± 9
	22 ± 2
	0.152 ± 0.001
	0.220 ± 0.001

	125 
	11 ± 2
	20 ± 3
	0.173 ± 0.001
	0.262 ± 0.001

	250
	10 ± 9
	15 ± 3
	0.191 ± 0.001
	0.249 ± 0.001
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Figure 6.8 The final fluorescences of heparin-induced proIAPP amyloid formation at pH 7.4 and 5.5. The pH 7.4 data (red line) and pH 5.5 data (blue line) was taken from Figure 6.7 and analysed as described in Section 2.2.15a. 

The proIAPP amyloid formed in the presence of heparin had final ThT fluorescences that were approximately 4-fold higher than proIAPP amyloid formed in the absence of heparin (Figure 6.7). The ThT fluorescences were analysed using the empirical equation 3, as described in Section 2.2.15a, to allow the final ThT fluorescences to be calculated. The heparin concentration-dependence of the final ThT fluorescences was then analysed using equation 4 as described in Section 2.2.15a, as shown in Figure 6.8. This analysis indicated that the concentrations necessary for the half-maximal effect were the same at pH 7.4 and 5.5 within error (5.8 ± 2.2 µg/mL heparin and 5.8 ± 3.9 µg/mL heparin, respectively), indicating that the effect of heparin was pH-independent. This indicates that the heparin exerted its effects at very low concentrations. These values are the same, within error, as the values determined for the half-maximal effect for the heparin-induced conformational changes in proIAPP (EC50 = 6.8  ± 1.4 µg/mL, 190 nm; 7.0 ± 2.4 µg/mL heparin, 225 nm; Section 6.2.3), suggesting that the same heparin:proIAPP binding event(s) are responsible for both processes.
6.2.5 The mechanism of the heparin enhancement of ThT fluorescence

One possible mechanism for the increased ThT fluorescence of proIAPP amyloid seen in the presence of heparin was that heparin interfered in the assay by enhancing the ThT fluorescence of fibrils. To assess this possibility, fibrils formed in the absence of heparin, were mixed with heparin concentrations of up to 125 µg/mL heparin and the ThT assay performed on these mixtures. The presence of heparin did not give dose-dependent changes in the ThT fluorescence (Figure 6.9).  This implies that the above mechanism is unlikely.
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Figure 6.9 The addition of heparin to fibrils formed in the absence of proIAPP does not enhance the fluorescence in the ThT assay. Amyloid fibrils were formed by incubation at 37 oC of 1 mg/mL proIAPP in the absence of heparin. The fibrils were diluted to 125 µg/mL proIAPP in the absence of heparin (red) and 63 µg/mL (blue), 125 µg/mL (green) and 250 µg/mL (black) heparin. ThT assays were carried out as described in Section 2.2.15a.

The increased ThT fluorescences could also be due to an increase in the amount of amyloid formed in the presence of heparin compared to the absence of GAGs. This could result from a reduction in the amount of amorphous aggregate or an increased conversion of soluble proIAPP to amyloid in the presence of heparin compared to the absence of GAGs. EM analysis of proIAPP preparations formed in the absence of GAGs (Figure 4.8), showed almost no amorphous aggregate, making this proposition unlikely.
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Figure 6.10 The concentration of proIAPP that remains soluble (% values of total) after amyloid formation has gone to completion in the presence and absence of heparin. 125 µg/mL proIAPP was incubated in various concentrations of heparin up to 250 µg/mL in PBSaz, pH 7.4 until amyloid formation had gone to completion, seen as a plateau in the ThT fluorescences. The soluble fraction was separated by centrifugation for 15 min at 13000 g. The concentration of soluble proIAPP remaining was measured using a bicinchoninic acid assay by comparison to a standard curve of proIAPP as described in Section 2.2.22. Equation 5 was fitted to the soluble proIAPP concentrations as described in Section 2.2.22.

The concentration of soluble proIAPP remaining after amyloid formation has gone to completion in experiments of the type shown in Figure 6.7 was measured to determine whether the increase in ThT fluorescence was due to an increased conversion of soluble proIAPP to amyloid. Approximately 40% proIAPP remains in solution after amyloid formation from 125 µg/mL proIAPP has gone to completion in the absence of heparin compared with up to 30% soluble proIAPP remaining after amyloid formation has gone to completetion in the presence of heparin (Figure 6.10). This corresponds to a 10% difference in the amount of soluble proIAPP converting to insoluble amyloid in the presence of heparin compared to the absence of heparin and is unlikely to account fully for the 4-fold increase in ThT fluorescence. 

Another possible explanation is that the fibrils formed in the presence of heparin have an increased affinity for ThT and/or have more sites available for ThT binding. Moreover, the concentration of heparin necessary for half the maximal effect for the reduction in soluble proIAPP remaining after amyloid formation was found to be 7.1 ± 4.6 µg/mL, which was determined by fitting equation 5 to the data shown in Figure 6.10 as described in Section 2.2.22. This concentration of heparin is the same within error as the concentration of heparin necessary for the half-maximal effect necessary to produce conformational changes in proIAPP (EC50 = 6.8 ± 1.4 µg/mL heparin, 190 nm; 7.0 ± 2.4 µg/mL heparin; Section 6.2.3) and increases in final ThT fluorescence (5.8 ± 2.8 µg/mL heparin, pH 7.4; 5.8 ± 3.9 µg/mL heparin, pH 5.5; Section 6.2.4), suggesting that the effect of heparin on the conformation of proIAPP is also responsible for the increased conversion of soluble proIAPP to amyloid and enhanced final ThT fluorescences. 

6.2.6 Metal cation dependence of heparin-induced amyloid formation


Heparin binding can be dependent on divalent metal cations. For example the addition of EDTA, which chelates divalent metal cations, abolishes endostatin binding to heparin and heparan sulfate (Ricard-Blum et al., 2004). The addition of Zn2+, Ca2+ and Mg2+ and Mn2+ all increased the binding of heparin or heparan sulfate to endostatin to varying extents with Mg2+ and Mn2+ being the most potent enhancers. In addition, interleukin-5 is also dependent on divalent cations for binding to heparin and this inhibition is inhibited by EDTA and enhanced by low concentrations of Zn2+ (Lipscombe et al., 1998). 


Therefore, Zn2+, Ca2+ and Mg2+ were tested to see if these were required for the heparin binding to proIAPP. Ca2+ and Mg2+ were chosen, as these are the most physiologically relevant in an extracellular environment. Zn2+ was chosen because the -cell secretory vesicles, which store proIAPP, are high in Zn2+ and Zn2+ ions are secreted together with the other vesicle 
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