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6.2.9 The effect of heparin on the exposed hydrophobic surface of proIAPP measured by bis-ANS fluorescence


Freshly dissolved proIAPP had been shown to moderately enhance the fluorescence of bis-ANS (Figure 4.11), indicating that it has some exposed hydrophobic surface. This is consistent with the characterisation of freshly dissolved proIAPP by far-UV CD, which showed that it is a natively unfolded protein of the pre-molten globule type (Section 4.2.9).  Far-UV CD measurements also showed that heparin induced conformational changes in proIAPP (Figures 6.4 and 6.5). Therefore, bis-ANS fluorescence was used as a probe to see if the conformational changes induced by heparin resulted in changes in the exposed hydrophobic surfaces on proIAPP. 
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Figure 6.17 The bis-ANS fluorescence spectra of freshly dissolved proIAPP in the presence and absence of heparin. The bis-ANS fluorescence spectra were taken of bis-ANS alone (red), 250 µg/mL heparin alone (dark blue), 125 µg/mL proIAPP alone (green), 125 µg/mL proIAPP and 4 µg/mL heparin (black), 125 µg/mL proIAPP and 8 µg/mL heparin (pink), 125 µg/mL proIAPP and 16 µg/mL heparin (aqua), 125 µg/mL proIAPP and 32 µg/mL heparin (orange), 125 µg/mL proIAPP and 63 µg/mL heparin (yellow), 125 µg/mL proIAPP and 125 µg/mL heparin (pale blue) and 125 µg/mL proIAPP and 250 µg/mL heparin (grey). The bis-ANS assays contained 37.5 µg/mL proIAPP (5 µM), 5 µM bis-ANS, PBSaz and were carried out as described in Section 2.2.16b.

In the presence of proIAPP alone, the bis-ANS emission maximum was shifted from approximately 530 nm in the absence of proIAPP to approximately 500 nm and the bis-ANS fluorescence moderately increased (Figure 6.17), confirming previous findings (Section 4.2.9). The bis-ANS fluorescence spectra of proIAPP in the presence of heparin were indistinguishable from that of proIAPP in the absence of heparin (Figure 6.17).

The absence of a difference in the bis-ANS fluorescence of freshly dissolved proIAPP in the presence and absence heparin indicated that the presence of heparin made no difference in the exposed hydrophobic surface of proIAPP. This was a surprising result as the CD data showed heparin-induced a conformational change (Figures 6.3 and 6.5), which might have been expected to alter the surface hydrophobicity of proIAPP.

As the proIAPP was in 10 mM sodium phosphate, pH 7.4 for the previous CD experiments (Figure 6.3 and 6.5) and in PBSaz (10 mM sodium phosphate, 150 mM NaCl, pH 7.4) for the bis-ANS experiments (Figure 6.17), further CD experiments were carried out to investigate the interaction between heparin and proIAPP under high ionic strength conditions and the results are presented in Section 6.2.12. Electrostatic interactions are important in the association of heparin with heparin domains on proteins and increased salt concentrations can lead to the dissociation of the heparin and binding partner (Section 6.1.6). For example, the peptide corresponding to the N-terminal of proIAPP bound to heparin under low salt concentrations (20 mM Tris, pH 7.5) and was released in the presence of 180 mM NaCl (Park and Verchere, 2001). Therefore, the binding of heparin to proIAPP may be weaker in the presence of 150 mM NaCl and therefore the conformational changes occur more slowly. Although the binding of heparin to proIAPP is likely to be weaker in the presence of a high ionic strength buffer, this is not likely to effect affect the concentration dependence of the effects of heparin as same concentration-dependence was seen in ThT assays (Figure 6.7), in which the heparin and proIAPP are incubated in PBSaz, and heparin-induced conformational changes in 10 mM sodium phosphate, pH 7.4 (Figure 6.5).  The effect of increased ionic strength on the interaction between proIAPP and heparin was also investigated further and the results are presented in Sections 6.2.11.

6.2.10 Changes in the fluorescence of bis-ANS bound to proIAPP during heparin-induced proIAPP amyloid formation


The exposed hydrophobic surface of proIAPP during amyloid formation in the absence of heparin, had been measured by bis-ANS fluorescence (Figure 4.11C). This investigation showed that the bis-ANS fluorescence remained constant during the lag phase of amyloid formation, increased concomitantly with ThT fluorescence and remained high once amyloid formation had gone to completion. Therefore bis-ANS fluorescence was used as a probe to further characterise heparin-induced proIAPP amyloid formation. Moreover, as heparin had been shown to enhance the final ThT fluorescences compared to proIAPP in the absence of heparin, bis-ANS was used to investigate whether the enhancement of ThT fluorescence was specific to the ThT probe. 
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Figure 6.18 The change in the exposed hydrophobic surface of proIAPP during amyloid formation. Amyloid formation was measured using ThT assays (A) as described in Section 2.2.16a. The exposed hydrophobic surface was measured using a bis-ANS assay (B) as described in Section 2.2.16b. ProIAPP was incubated alone (red) and in the presence of 4 µg/mL (yellow), 8 µg/mL (orange), 16 µg/mL (aqua), 31 µg/mL (pink), 63 µg/mL (black), 125 µg/mL (green) and 250 µg/mL (blue) heparin. The sigmoidal curve described by equation 3 in Section 2.2.16a was fitted to the ThT  and bis-ANS fluorescences. 

Freshly prepared proIAPP in the presence and absence of heparin moderately enhanced the bis-ANS fluorescence as previously described above (Figure 6.17).  The bis-ANS fluorescence of proIAPP in the presence and absence of heparin remained constant for the duration of the amyloid formation lag phase, and increased during the growth phase as previously observed for proIAPP in the absence of heparin (Section 4.2.7). The bis-ANS fluorescences remained high once amyloid formation had gone to completion and the final bis-ANS fluorescences were also increased in the presence of heparin in a dose-dependent manner as seen for the ThT fluorescence (Figure 6.7). 

 The formation of fibrils from proIAPP in the presence of heparin resulted in fibrils that exhibited a dose-dependent enhancement of bis-ANS fluorescences compared to fibrils formed in the absence of heparin (Figure 6.18B) and this correlated with the dose-dependent enhancement of ThT fluorescences (Figure 6.18A). This indicates that fibrils formed in the presence of heparin have increased affinity for ThT and bis-ANS or that there are more sites available for ThT and bis-ANS. 

Equation 4 was fitted to the change in the fluorescence of ThT and bis-ANS, as described in Section 2.2.16b and c, to determine the heparin concentration necessary for the half-maximal effect, which was the same within error for both the fluorescence of ThT and bis-ANS (5.1 ± 1.3 µg/mL for ThT and 3.1 ± 1.5 µg/mL for bis-ANS) (Figure 6.19). This shows that heparin increased the fluorescence of both ThT and bis-ANS in a dose-dependent manner. This indicates that the effect of heparin on proIAPP fibrils that alters the ThT fluorescence is likely to be the same as the effect of heparin on proIAPP fibrils that alters the bis-ANS fluorescence. The concentration necessary for the half-maximal effect for the enhancement of ThT fluorescences and bis-ANS fluorescences was the same within error as the half-maximal effect that induces the conformational change observed by CD. One possibility would be that heparin stabilises the proIAPP oligomer and remains bound in the fibrillar state altering the binding of ThT fluorescences and bis-ANS fluorescences. This possibility was investigated further as described in Section 6.2.13. 
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Figure 6.19 The difference between final fluorescence and initial fluorescence of heparin-induced amyloid formation. Amyloid formation was measured using a ThT assay (red) and bis-ANS assay (blue). The change in fluorescence was determined by fitting equation 3 in Section 2.2.16a to the data were taken from Figure 6.18 and the half-maximal effect of heparin-induced enhancement of ThT and bis-ANS fluorescence was determined by fitting equation 4 in Section 2.2.16a to the change in final fluorescences. 
6.2.11 The binding of soluble proIAPP to heparin-agarose


The effect of ionic strength on the binding of proIAPP to heparin was investigated further because the far-UV CD experiments were carried out in 10 mM sodium phosphate, pH 7.4 and the fluorescence experiments were carried out in PBSaz. The binding of soluble proIAPP to heparin was measured using heparin-agarose in a pull-down assay.


In these experiments the heparin-agarose (100 µL) was equilibrated in 10 mM phosphate, pH 7.4 or PBS. 500 µg/mL proIAPP (1 mL) was added to the heparin-agarose in either 10 mM phosphate or PBS. ProIAPP was mixed with heparin-agarose for 15 min, centrifuged and the supernatant removed. A buffer wash was used to remove unbound proIAPP from the heparin-agarose and a 1 mg/mL heparin wash was used to remove proIAPP that was bound specifically to the heparin-agarose. Samples of the supernatant and heparin-agarose were taken after each wash for SDS-PAGE analysis. In both cases they were boiled in SDS-PAGE loading buffer prior to the electrophoresis analysis. 
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Figure 6.20 The binding of proIAPP to heparin-agarose in 10 mM phosphate, pH 7.4 and 10 mM phosphate, 150 mM, pH 7.4. Heparin-agarose (100 µL) equilibrated in buffer, was mixed with 500 µg/mL proIAPP (1 mL) for 15 min (lane 2), centrifuged and the supernatant removed (lane 3) and an aliquot of the heparin-agarose beads was taken (lane 4). The heparin-agarose resin was washed in buffer for 15 min, centrifuged and the supernatant removed (lane 5) and a sample of the heparin-agarose resin taken (lane 6). The heparin-agarose resin was washed in 1 mg/mL heparin in buffer for 15 min, centrifuged and the supernatant removed (lane 7) and a sample of the heparin-agarose taken (lane 8). Lane 1 contains molecular weight standards. All the buffers were: 10 mM phosphate, pH 7.4 (A) or 10 mM phosphate, 150 mM NaCl, pH 7.4 (B). The samples were analysed by Tris-tricine SDS-PAGE as described in Section 2.2.6c.

(a) The binding of proIAPP to heparin-agarose in 10 mM sodium phosphate, pH 7.4


ProIAPP bound to the heparin-agarose in 10 mM phosphate, pH 7.4 as can be seen from the disappearance of the proIAPP from the supernatant after being incubated with heparin-agarose (Figure 6.20A, lane 3) and the appearance of the proIAPP in the heparin-agarose sample (Figure 6.20A, lane 4). The band due to proIAPP bound to heparin-agarose was faint, possibly because boiling in SDS-PAGE loading dye may not have been effective in disassociating proIAPP from heparin. The proIAPP was not removed from the heparin-agarose by washing with 10 mM phosphate, pH 7.4 as can be seen from the absence of proIAPP in the buffer wash supernatant (Figure 6.20A, lane 5). The proIAPP was removed from the heparin-agarose following the wash with 1 mg/mL heparin in 10 mM phosphate, pH 7.4 (Figure 6.20A, lane 7). This indicates that the proIAPP interacts specifically with the heparin portion of the heparin-agarose. 

(b) The binding of proIAPP to heparin-agarose in PBS, pH 7.4


In contrast to the data presented above, proIAPP did not bind heparin-agarose in PBS. Almost all the proIAPP that was present in the proIAPP and heparin-agarose mixture initially (Figure 6.20B, lane 2) was present in the supernatant after the incubation with heparin-agarose (Figure 6.20B, lane 3).  The small amount of proIAPP that did bind was removed with the PBS wash (Figure 6.20B, lane 4) and no proIAPP was detectable in the 1 mg/mL heparin, PBS wash. 


In conclusion, the binding of proIAPP to heparin depends on the strength of the interaction. The presence of a higher ionic strength buffer reduces the strength of the interaction between heparin and proIAPP, most likely because the presence of NaCl shields electrostatic interactions between proIAPP and heparin.  ProIAPP may therefore require a longer time than a 15 min incubation to associate with heparin in PBS. 

6.2.12 Conformational changes induced by heparin in 10 mM sodium phosphate, 150 mM NaF, pH 7.4.

The binding of proIAPP to heparin was weaker in the presence of the higher ionic strength buffer, PBS, as very little of the proIAPP was bound to the heparin-agarose after a 15 min incubation time (Figure 6.20B). In contrast, nearly all the proIAPP bound to heparin-proIAPP in the low ionic strength buffer, 10 mM sodium phosphate, pH 7.4 (Figure 6.20A).

The binding of heparin to proIAPP in 10 mM sodium phosphate, pH 7.4 (Figure 6.20A) correlates with far-UV CD experiments showing that heparin induced a conformational change from a random coil structure to a more ordered structure containing approximately 20% -helix, 20% -sheet, 20% -turns and 40% random coil (Figure 6.4 and Table 6.1). 


To determine the effect of heparin on the conformation of proIAPP in a buffer of comparable ionic strength to PBS, far-UV CD spectra were obtained of proIAPP in the presence and absence of heparin in 10 mM phosphate, 150 mM NaF, pH 7.4. NaF was substituted for NaCl, because fluoride ions absorb less than chloride ions at the lower UV wavelengths. Various concentrations of heparin up to 20 µg/mL were added to 100 µg/mL proIAPP in 10 mM sodium phosphate, 150 mM NaF, pH 7.4 and the spectra obtained immediately afterwards. These mixtures of heparin and proIAPP were incubated at 37 oC and further CD spectra were acquired 5 and 8 h later.  
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Figure 6.21 Secondary structure changes of proIAPP induced by 17-19 kDa heparin in 10 mM phosphate, 150 mM NaF, pH 7.4 Far-UV CD spectra of 100 µg/mL proIAPP in 10 mM phosphate, pH 7.4 were taken at 0 h (A), 3 h (B) and 6 h (C). Between measurements, samples were incubated at 37 oC. Heparin concentration used were: 0 (red), 2.5 µg/mL (blue), 5 µg/mL (green), 10 µg/mL (black) and 20 µg/mL (pink).  CD spectra were obtained as described in Section 2.2.15. 

The spectra of proIAPP in the absence of heparin at 0 h in 10 mM sodium phosphate, 150 mM NaF, pH 7.4 had a minima at 200 nm, indicating that proIAPP was predominantly random coil (Figure 6.21A), confirming the previous findings in Figure 4.1B. In the presence of heparin the intensity of the CD signal from proIAPP was slightly greater than in the absence of heparin, however the minima was around 200 nm indicating that proIAPP in the presence of heparin was predominantly random coil (Figure 6.21A). Although the CD signal from proIAPP was slightly increased in the presence of heparin in a dose-dependent manner, this was unlikely to be significant as after 5 h the CD spectra of proIAPP in the absence heparin was unchanged from 0 h and the spectra of proIAPP in the presence of heparin was indistinguishable from that in the absence of heparin (Figure 6.21B). 

At 8 h, the CD spectra of proIAPP in the absence of heparin and proIAPP in the presence of 2.5 µg/mL heparin was the same as at 0 and 5 h. However the intensity of the CD signal of proIAPP in the presence of higher concentrations of heparin had decreased but the minimum was still at 200 nm and there was no evidence of the development of a maximum at 190 nm and minima at 208 nm and 225 nm in the CD spectra, as had been seen for no evidence of proIAPP in the presence of heparin in 10 mM sodium phosphate, pH 7.4 (Figures 6.3 and 6.5). However the decrease in the intensity of the CD signal was not concentration-dependent between 5 and 20 µg/mL heparin, indicating that the effect of heparin had saturated at low heparin concentrations. The absence of a CD spectrum indicating a more ordered conformation for proIAPP means that there was no direct evidence for a secondary structure conformational change in the presence of 150 mM NaF. 

However, the reduction in the intensity of the CD signal in the presence of heparin indicates that heparin affects the aggregation properties of proIAPP in high ionic strength buffer. The reduction in the CD signal had been seen previously in the aging of proIAPP alone in 10 mM sodium phosphate, pH 7.4 over 312 h (Figure 4.4) and as discussed in Section 4.2.2 this reduction in the CD signal is likely to be due to conformational changes associated with amyloid formation. The conformational changes induced by heparin on proIAPP in 10 mM phosphate, 150 mM NaF are likely to the similar to those seen in 10 mM phosphate. It is unlikely that heparin could interact with a specific heparin-binding site on a protein in more than one conformation. The difference being that these conformational changes take longer to occur in the presence of 150 mM NaF and that they are not stable in 10 mM sodium phosphate, 150 mM NaF, pH 7.4 compared to 10 mM sodium phosphate, pH 7.4. Furthermore, higher ionic strength buffers increase the strength of hydrophobic interactions, thereby increasing the likelihood that any partially folded intermediate would proceed down the amyloid-forming pathway rapidly. 

The immediate heparin-induced conformational change seen in 10 mM sodium phosphate, pH 7.4 (Figures 6.4 and 6.5) is consistent with the heparin-agarose pull-downs that show that heparin binds to proIAPP in 10 mM sodium phosphate, pH 7.4 within 15 min (Figure 6.20A). The absence of an immediate heparin-induced conformational change in 10 mM sodium phosphate, 150 mM NaF, pH 7.4 is consistent with the heparin-agarose pull-downs that show that heparin does not bind to proIAPP in PBS within 15 min (Figure 6.20B).  The absence of an immediate heparin-induced conformational change in proIAPP in 10 mM sodium phosphate, 150 mM NaF, pH 7.4 (Figure 6.21A) is also consistent with the bis-ANS data that showed no differences in the exposed hydrophobic surface of freshly dissolved proIAPP in the presence and absence of heparin, suggesting no immediate conformation change had occurred in proIAPP (Figure 6.17). 

6.2.13 Incorporation of FITC-heparin into proIAPP fibrils


The conformational changes in proIAPP induced by heparin suggest it is binding to amyloidogenic proIAPP precursors but is this association limited to early precursors or is heparin incorporated into the mature fibril? To answer this question, heparin was labelled with fluorescein (FITC) and FITC fluorescence used to trace the presence of the heparin in the soluble or insoluble fractions once amyloid formation had gone to completion. In these experiments 125 µg/mL proIAPP was incubated in the absence or presence of 16 and 63 µg/mL FITC-heparin at 37 oC for 46 h. 

[image: image6..pict]Amyloid formation was monitored by turbidity (absorbance at 350 nm) because fluorescence energy transfer between ThT (ex 441 nm, em 482 nm) and FITC-heparin (ex 495 nm, em 515 nm) precluded ThT assays. ProIAPP in the absence of FITC-heparin showed no sign of amyloid formation at 46 h, but proIAPP and FITC-heparin mixtures were turbid (Table 6.2). 

Figure 6.22 Emission spectra of samples containing fluorescein-labelled heparin. 125 µg/mL proIAPP was incubated with 62.5 µg/mL (A) or 15.6 µg/mL (B) FITC-heparin at 37 oC for 72 h. After 72 h, the soluble and insoluble fractions were separated by centrifugation at 13000 g for 30 min and the insoluble fraction resuspended in PBSaz. The emission spectra (ex 495 nm) were taken of total (red), soluble (blue) and insoluble (green) as described in Section 2.2.15c. The results shown are representative of three independent experiments.

Table 6.2 Turbidity measurements of FITC-heparin induced proIAPP amyloid formation 

	
	Absorbance at 350 nm

	125 µg/mL proIAPP
	0.007

	125 µg/mL proIAPP & 15.6 µg/mL FITC-heparin
	0.053

	125 µg/mL proIAPP & 62.5 µg/mL FITC-heparin
	0.027

	62.5 µg/mL FITC-heparin 
	0.000


After 46 h the FITC-heparin and proIAPP mixtures were centrifuged to pellet the fibrils. The supernatant was removed (soluble fraction) and the pellet was resuspended in PBSaz (insoluble fraction). The fluorescence spectra of the soluble fraction, insoluble fraction and compared were taken to an uncentrifuged mixture of proIAPP and FITC-heparin (total). More than 90% of the FITC-heparin was in the soluble fraction at the end of amyloid formation at both concentrations of FITC-heparin tested (Figure 6.22). These data suggest that FITC-heparin was not incorporated into the mature fibrils. 
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