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Chapter 6: The effects of glycosaminoglycans on proIAPP amyloid formation


6.1 INTRODUCTION

6.1.1 The localization of proteoglycans to amyloid deposits


Proteoglycans or their glycosaminoglycan components have been detected localized to amyloid deposits in a wide variety of diseases including; Alzheimer’s disease, Type 2 diabetes, Creutzfeldt-Jakob disease, serum amyloid AA amyloidosis, senile cardiac amyloidosis Gerstmann-Straussler syndrome, cutaneous amyloidosis, light chain (AL) systemic amyloidosis and medullary carcinoma of the thyroid (Snow et al., 1987, Snow et al., 1990b, Young et al., 1992). This indicates that they are likely to be a ubiquitous component of amyloid and are not specific to the type of fibrillar peptide nor to the location of the amyloid deposit. 
Amyloid fibrils deposit in close proximity to the basement membrane of cells (Clark et al., 1995, Perlmutter et al., 1994). Fibrils can project into adjacent cells causing invaginations in the plasma membrane (Clark et al., 1995). Amyloid fibrils appear to disrupt the basement membrane and the basement membrane can appear altered in the absence of amyloid, suggesting that the process of amyloid formation may be responsible for the alterations (Perlmutter et al., 1994). 

Proteoglycans are among the most abundant components of the extracellular matrix. Proteoglycans are composed of glycosaminoglycans (GAGs) which are linear sulfated polysaccharides attached to a core protein. The GAG chains consist of repeated disaccharide subunits, which are usually composed of an amino sugar and an uronic acid. Proteoglycans can be defined by the nature of the GAGs chains attached.  


Figure 6.1 Structures of the disaccharide repeating subunits of the different GAGs. The asterisks indicates variable amounts of epimerization of the C-5 carbonyl for the hexuronic acid, X=H or SO3, R=COCH3 or SO3. Diagram taken from Ancsin, 2003. 

6.1.2 The accumulation of proteoglycans in amyloid diseases


Proteoglycans or their GAG components appear early in amyloid formation. GAG accumulation was seen at the same time as amyloid was first observed in two models of serum amyloid A amyloidosis (Snow and Kisilevsky, 1985). In one model, induced by amyloid enhancing factor and AgNO3 as an inflammatory stimulus, GAG accumulation was seen at 36 h in the spleen, where amyloid was first observed, and in the liver. In another model of serum amyloid A, GAG co-localised in the spleen where amyloid is first detectable at day 6 or 7 following the start of daily azocasein injections. The GAGs were immunoreactive with antibodies against basement membrane-derived heparan sulfate proteoglycan (Snow et al., 1991). In Alzheimer’s disease the earliest A deposits are amorphous deposits. These amorphous deposits contained heparan sulfate immunoreactivity before the accumulation of fibrillar amyloid, implying that heparan sulfate accumulation is an early event in amyloid formation and may have a role in the fibrillar deposition of A (Snow et al., 1990a). 

6.1.3 The role of proteoglycans in amyloid formation 

Proteoglycans or their GAG components may play an active role in at least some models of amyloid formation. The infusion of synthetic A peptide and perlecan, a specific basement membrane-derived heparan sulfate proteoglycan, led to amyloid accumulation in all ten of the rats that received this treatment but only three of the six rats that received only synthetic A developed amyloid (Snow et al., 1994). In the rats that received only synthetic A and went on to develop amyloid, these deposits exhibited immunoreactivity for heparan sulfate proteoglycan, suggesting that accumulation of endogenous heparan sulfate occurred in these animals. 

Proteoglycans are also likely to play an active role in serum protein A amyloidosis. Transgenic mice that overexpress heparanase, an enzyme that degrades heparan sulfate chains, were far less susceptible to amyloid protein A amyloidosis than control animals (Li et al., 2005). In addition, the transgenic mice displayed organ-specific overexpression of the heparanase. Heparanase was successfully overexpressed in the liver and kidney and the transgenic mice did not develop amyloid at these sites after experimental induction of the disease. However heparanase was not successfully overexpressed in the spleens of transgenic animals and amyloid accumulated in the spleen. This suggested that in vivo heparan sulfate was essential for the development of amyloid. 

6.1.4 GAGs may increase the stability of amyloid


In addition to a role for proteoglycans or their GAG components in facilitating amyloid formation, they may also have a role in stabilising amyloid deposits in vivo. The amyloid deposits present in the rats that received infusions of synthetic A and perlecan were more compact than the amyloid deposits present in the rats that had developed amyloid after infusion with A alone (Snow et al., 1994). However none of the rats that received synthetic A and heparan sulfate developed amyloid. This was despite the fact that synthetic A formed amyloid in vitro more rapidly in the presence of heparan sulfate than in the presence of perlecan or A alone (Snow et al., 1994). In vitro heparan sulfate accelerated A amyloid formation and promoted lateral association of A fibrils into 10 nm fibrils, when in the absence of heparan sulfate, the A fibrils were present as 3 nm fibrils. The increased lateral association of A fibrils formed in the presence of perlecan observed in vitro may be responsible for the enhanced stability of A amyloid formed in the presence of perlecan in vivo. However, amyloid was not detected in the brains of rats infused with A and heparan sulfate (Snow et al., 1994). The presence of heparan sulfate in a form attached to a protein core may therefore be important in maintaining the stability of the amyloid deposit in vivo. 


The binding of A to heparan sulfate proteoglycan also reduces the susceptibility of the heparan sulfate chains to degradation by heparanase (Bame et al., 1997). A large molar excess of A to heparan sulfate was required for this effect and it may only be dominant when the Alevels are elevated, such as in Alzheimer’s disease. The attenuation of normal degradation mechanisms for heparan sulfate may therefore contribute to the persistence of the amyloid deposit. 


In addition to heparan sulfate, other GAGs, including heparin, keratan sulfate and chondroitin-4-sulfate, have been shown to increase the lateral association of A amyloid in vitro (McLaurin et al., 1999). In the presence of these GAGs A formed rope-like structures that were 20-30 nm in diameter, compared to 5-7 nm in the absence of GAGs. The formation of IAPP amyloid in the presence of heparin or perlecan resulted in a lateral association of the fibrils into large clumps compared to the dispersed IAPP fibrils formed in the absence of GAGs (Castillo et al., 1998). 

The presence of heparin did not increase the lateral association of fibrils formed from -synuclein and gelsolin (Cohlberg et al., 2002, Suk et al., 2006). In the absence of heparin, -synuclein formed needle-like fibrils that were 6-12 nm in diameter and in the presence of heparin it formed fibrils that were 6 nm in diameter and curved (Cohlberg et al., 2002). In the absence of heparin, gelsolin formed large fibrillar aggregates and in the presence of heparin formed dispersed 8-10 nm fibrils (Suk et al., 2006).

The different fibril morphologies that occur in the presence of GAGs in vitro may not reflect the morphologies in vivo. All amyloid fibrils examined in situ have been found associated with heparan sulfate proteoglycan as approximately 3 nm fibrils (Inoue et al., 1997, Inoue et al., 1998, Inoue et al., 1999, Inoue et al., 2002) (Section 1.6). 

6.1.5 Conformational changes induced by GAGs

One way in which GAGs could promote amyloid formation is by inducing conformational changes in the amyloidogenic protein, which lead to amyloid formation. In serum amyloid protein A amyloidosis, two major isoforms of serum amyloid A (SAA1.1 and 2.1) are expressed following an inflammatory stimulus. The concentration of these two isoforms increases by 500-1000 fold in murine experimental models of the disease (McCubbin et al., 1988). However only SAA1.1 (old nomenclature SAA2) is deposited as amyloid and the closely related SAA2.1 (old nomenclature SAA1) is not. The addition of a four-fold excess of heparan sulfate, chondroitin sulfate or heparin by weight induces an increase in the -sheet structure of SAA1.1, the amyloidogenic isoform, but not SAA2.1, the non-amyloidogenic isoform (McCubbin et al., 1988). 

GAGs have also been observed to induce formation of -sheet structure in A peptides that compose the amyloid in Alzheimer’s disease (McLaurin et al., 1999). The two major A peptides that compose the amyloid are A1-40 and A1-42; of these A1-42 is more amyloidogenic than A1-40. The addition of GAGs to A1-42 but not A1-40 induced an immediate transition from random coil to -sheet in phosphate buffer at pH 7.0. The GAGs at a 1:1 ratio of GAG to A1-42 by weight induced -sheet structure in the following order chondroitin-6-sulfate > dermatan sulfate > chondroitin-6-sulfate > keratan sulfate > heparan sulfate > heparin. Heparin, chondroitin-4-sulfate and chondroitin-6-sulfate (the only GAGs tested) were able to induce an increase in -sheet in A1-40 after a lag time of approximately 10 h in phosphate buffer at pH 6.0. In the absence of GAGs, A1-40 exhibited a lag time of approximately 24 h before -sheet was observed. Part of the lack of immediate change in secondary structure of A1-40 was attributed to the fact that it is less amyloidogenic than A1-42. Heparin also increases the rate of the conformation change for gelsolin, associated with familial gelsolin amyloidosis, from a random coil to a -sheet structure (Suk et al., 2006). 

6.1.6 Determinants of GAG binding to amyloidogenic peptides

Since heparin and heparan sulfate have relatively high COO- and SO3- contents, the sites where they bind on proteins tend to be rich in basic residues (arginine, lysine and sometimes histidine residues). Electrostatic interactions are important in these interactions as increased salt concentrations lead to the dissociation of heparin and specific protein binding partner (Sobel et al., 1992, Ancsin and Kisilevsky, 1999). A variety of consensus sequences have been derived from alignments of known heparin-binding proteins: XBBXBX, XBBBXXBX (Cardin and Weintraub, 1989) and XBBXXBBBXXBBX (Sobel et al., 1992) where B is a basic residue and X is any amino acid. An examination of heparin-binding domains in heparin-binding proteins of known structure showed that a heparin-binding domain could also be defined by a spatial distance of 20 Å between two outer basic amino acids (Margalit et al., 1993). For an -helix this corresponds to a distance of 13 amino acids apart and for a -sheet 7 amino acids apart if on the same strand (Margalit et al., 1993). The modelling of heparin on to the 20 Å binding domain indicated that it would accommodate a pentasaccharide of heparin. 

The N-terminal residues 12-17 of A, VHHQKL, fit the consensus sequence of XBBXBX. A1-40 and A1-42 bound to perlecan or the heparan sulfate glycosaminoglycan chains of perlecan by ELISA (Castillo et al., 1997). This interaction could be completely abolished by heparin but not by chondroitin-4-sulfate. The amount of A bound to perlecan increased as A fibrillized suggesting that perlecan preferentially bound fibrillar A. This is consistent with affinity co-electrophoresis of A and heparin that showed heparin did not bind freshly dissolved A but did bind fibrillar A (Watson et al., 1997). Congo Red inhibited the binding of heparin to fibrillar A (Watson et al., 1997). Congo Red has specifically recognises the -pleated sheet of fibrils (Klunk et al., 1999). Congo Red contains sulfonates organised into pairs 19.3 Å apart, suggesting that it may mimic a heparin-binding domain defined by basic amino acids separated by 20 Å. 

Cyanogen bromide-generated peptides of serum amyloid A were assessed for binding to heparin and heparan sulfate. A 27 amino acid peptide was retained on both a heparin-Sepharose and heparan sulfate-Sepharose column (Ancsin and Kisilevsky, 1999). Scanning alanine mutagenesis of this 27 amino acid peptide indicated that Arg86, Lys89, Arg95 and Lys102, which did not fit a heparin consensus sequence, were important in binding to heparin and heparan sulfate. This 27 amino acid peptide was also retained on a Congo Red column, which suggested that the Congo Red sulfonates may mimic the sulfate arrangement of heparin/heparan sulfate that binds to serum amyloid A. The binding of Congo Red to the heparin-binding domain was unlikely to be a non-specific charge effect as the peptide was not retained on a taurine-Sepharose column. Both serum amyloid A1.1 and 2.1, the amyloidogenic and non-amyloidogenic isoforms respectively, contain this sequence but it is not known why heparan sulfate induces the amyloidogenic isoform to a convert to a more -sheet-rich structure.


Human IAPP has been shown to bind to perlecan (Castillo et al., 1998) and heparin (Watson et al., 1997). The heparan sulfate glycosaminoglycan chains are primarily responsible for the interaction between perlecan and hIAPP (Kd = 2 x 10 –6 M), which can be abolished by heparin. Although hIAPP does not contain a consensus sequence for heparin-binding, hIAPP contains the basic amino acid residues Lys1, Arg11 and His18. The non-amyloidogenic isoform rIAPP cannot bind to perlecan (Castillo et al., 1998) or heparin  (Watson et al., 1997), despite the fact that rIAPP contains basic amino acid residues at the same postions as hIAPP, Lys1, Arg11 and Arg18. The binding of heparin to hIAPP has been shown to be inhibited by Congo Red and the hIAPP species responsible for binding was found to be insoluble, suggesting that heparin was binding to fibrillar hIAPP (Watson et al., 1997). The inability of rIAPP to bind to heparin may therefore be due to its inability to form a fibrillar conformation rather than a lack of basic amino acid residues at the appropriate positions for binding. 

6.1.7 The effect of GAGs on the rate of amyloid formation in vitro


Perlecan, a specific heparan sulfate proteoglycan, increased amyloid formation from A and IAPP (Castillo et al., 1997, Castillo et al., 1998). The heparan sulfate chains isolated from the perlecan rather than its protein component were found to be responsible for the perlecan-induced enchancement of amyloid formation. Other GAGs including heparan sulfate, heparin, dermatan sulfate and chondroitin sulfate have been shown to enhance amyloid formation from A (Castillo et al., 1999), -synuclein (Cohlberg et al., 2002), gelsolin (Suk et al., 2006) and IAPP (Castillo et al., 1998). Heparin decreased the lag time prior to amyloid being detectable for A (Castillo et al., 1999), gelsolin (Suk et al., 2006) and -synuclein (Castillo et al., 1999). As IAPP amyloid formation had gone to completion in the presence and absence of heparin by the first measurement it was not possible to determine whether heparin also decreased the lag time (Castillo et al., 1998). Heparin increased fibril formation, seen as an increase in ThT fluorescence, which was by 1.9-fold for A (Castillo et al., 1999), 6-fold for -synuclein (Cohlberg et al., 2002) and 3.9-fold for IAPP (Castillo et al., 1998) compared to fibril formation in the absence of heparin. 

The sulfation of heparin was found to be important to the enhancement of amyloid formation as complete de-sulfation of heparin abolished the enhancement of fibril formation (Castillo et al., 1999, Castillo et al., 1998, Suk et al., 2006). However sulfation cannot be the only requirement, as inorganic sulfate did not accelerate amyloid formation, suggesting that a linear chain containing sulfate may be the minimal requirement (Castillo et al., 1999). This notion is supported by the observation that some charged linear chains, such as dextran sulfate, are also able to accelerate A, IAPP and -synuclein amyloid formation (Cohlberg et al., 2002, Castillo et al., 1999). However other factors are likely to be important as dextran sulfate cannot enhance gelsolin amyloid formation (Suk et al., 2006). The positioning of the sulfates along the linear chains is likely to be important, in the case of A; the O-sulfates were more important than the N-sulfates (Castillo et al., 1999). Partially desulfated heparin, in which the N-sulfates were removed, only slightly decreased the enhancement compared to unmodified heparin (Castillo et al., 1999). However partially desulfated heparin, in which the O-sulfates were removed, resulted in a significant loss of enhancement but amyloid formation was still enhanced compared to the absence of heparin Castillo et al., 1998). The enhancement of IAPP fibril formation was less dependent on the type of desulfation as partially desulfated heparin (either N-sulfates removed or O-sulfates removed) lead to a halving of the enhancement of IAPP fibril formation seen in the presence of unmodified heparin (Castillo et al., 1998). 


Other GAGs also accelerated amyloid formation. GAGs enhanced -synuclein amyloid formation in the following order: heparin > heparan sulfate > chondroitin sulfate and keratan sulfate (Cohlberg et al., 2002). GAGs enhanced IAPP amyloid formation in the following order: heparin > heparan sulfate > chondroitin-4-sulfate and dermatan sulfate (Castillo et al., 1998).  Heparin is structurally similar to heparan sulfate but is more highly sulfated, indicating that the degree of sulfation may be important in this interaction (Castillo et al., 1998). However as chondroitin sulfate is more highly sulfated than heparan sulfate but has less of an enhancement, suggests that the disaccharide repeating subunits or resultant difference in the spacing of the sulfates may also be important (Castillo et al., 1998).

6.1.8 GAGs and proIAPP


During the normal processing of proIAPP, prohormone convertases cleave at a series of basic amino acids to yield mature IAPP (Higham et al., 2000, Marzban et al., 2004, Wang et al., 2001).  Type 2 diabetics have defective processing of proinsulin to insulin (Kahn and Halban, 1997, Yoshioka et al., 1988), which is also likely to affect the processing of proIAPP to IAPP (Higham et al., 2000, Marzban et al., 2004, Wang et al., 2001). The cause of IAPP amyloid formation in Type 2 diabetics is unknown, but both Type 2 diabetics and unaffected individuals produce IAPP of the same sequence. One proposed mechanism is that proIAPP is secreted from the -cell in higher quantities and forms a “nidus” for subsequent accumulation of secreted IAPP to form the majority of the amyloid deposit (Jaikaran and Clark, 2001, Marzban et al., 2003). Although IAPP is the main component of islet amyloid, this proposal is supported by the finding that human islet amyloid exhibits immunoreactivity for the N-terminal region of proIAPP (Westermark et al., 1989). 

Park and Verchere hypothesised that the basic amino acids present in proIAPP that are removed during correct processing to IAPP may allow proIAPP to bind GAGs (Park and Verchere, 2001). Park and Verchere synthesised peptides corresponding to the N-terminal and C-terminal of proIAPP (Figure 6.2), which were used to assess binding to GAGs (Park and Verchere, 2001).  The peptide corresponding to the N-terminal of proIAPP bound to heparin-Sepharose and heparan sulfate-Sepharose in 20 mM Tris, pH 7.5 but did not bind to chondroitin-Sepharose. The N-terminal peptide dissociated from heparin-Sepharose and heparan sulfate-Sepharose in the presence of 180 mM NaCl, pH 7.5 and 170 mM NaCl, pH 7.5 respectively. Residues Lys10 and Arg11 were important in the binding of the N-terminal of proIAPP to heparin and heparan sulfate as alanine mutagenesis at either of these locations abolished the interaction. The peptide corresponding to the C-terminal of proIAPP did not bind to heparin-Sepharose, heparan sulfate-Sepharose or chondroitin-Sepharose in 20 mM Tris, pH 7.5.

Verchere and Park investigated the binding of the N-terminal peptide at pH 5.5 as the pH of the -cell secretory granule varies between pH 5.5 and 7.4. The binding of the N-terminal peptide to heparin and heparan sulfate was enhanced at pH 5.5. The N-terminal peptide dissociated from heparin-Sepharose in the presence of 280 mM NaCl at pH 5.5 compared to 180 mM NaCl at pH 7.5. These authors suggest the increased binding may be due to either or both of two histidine residues present on the N-terminal peptide that would be protonated at pH 5.5. Although these histidine residues may increase the binding at pH 5.5, Lys10 and Arg11 were more important as alanine mutagenesis abolished binding at pH 5.5.

Figure 6.2 Amino acid sequence of human proIAPP. Arrows denote sites of proIAPP cleavage during normal processing of PC2 and PC3 to produce mature IAPP (in bold). Boxed amino acids represent the sequence of synthetic peptides, used to assess binding to heparin and heparan sulfate (Park and Verchere, 2001). Amino acids were coloured according to physical properties: aromatic residues (purple), uncharged polar residues (green), charged polar residues (blue), nonpolar residues (black), cysteine (yellow), and proline (brown). 


Verchere and Park identified a heparin/heparan sulfate binding site on the N-terminus of proIAPP that would normally be lost during the correct processing of proIAPP to IAPP (Park and Verchere, 2001). Proteoglycans are an important component of basement membranes and are produced by many tissues including endothelial cells and -cells (Potter-Perigo et al., 2003). This interaction could be important in the pathogenesis of Type 2 diabetes as islet amyloid deposits extracellularly adjacent to the -cells and islet capillaries (Clark and Nilsson, 2004, Verchere et al., 1996). 

6.1.9 Aims of this study

This study aimed to investigate the effect of glycosaminoglycans on full-length proIAPP.  The effect of heparin, heparan sulfate and chondroitin sulfate on the rate of proIAPP amyloid and was assessed by ThT assay.  Heparin had the greatest effect on increasing the rate of proIAPP amyloid formation and was the interaction between heparin and proIAPP was investigated in more detail. The dependence of the interaction between heparin and proIAPP on the concentration of heparin, the molecular weight of heparin, pH, ionic strength and divalent cations was assessed. The ability of the GAGs to induce conformational changes was assessed by far UV CD spectropolarimetry and the secondary structure changes correlated with the effects on the rate of amyloid formation. The association of heparin with fibrillar proIAPP was assessed by measuring the incorporation of FITC-heparin into proIAPP fibrils. 
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