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The X-ray crystal structures of serum amyloid P component (SAP) with bound (R)-l-[6-

[(R)-2-carboxy-pyrrolidin-l-yl]-6-oxo-hexanoyl]-pyrrolidine-2-carboxylic acid (Ro 63-

8695) and related components have been solved to elucidate the molecular basis of the 

action of Ro 63-8695, a potential amyloid mobilizing drug for treatment of human amyloid 

disease. The structure of SAP in the presence of N-acetyl-D-proline has been determined to 

a resolution of 2.4A using a previously solved SAP structure as the phasing model (unit cell 

dimensions a=96.lA, b=70.8A, c=103.6A, and (3=96.8°). The carboxyl group of N-acetyl-

D-proline is bound in the double calcium-binding site of each subunit, orientating the 

pyrrolidine ring into the adjacent hydrophobic pocket formed between Leu62, Tyr64, and 

Tyr74. The structure of SAP co-crystallised with Ro 63-8695 has been determined to a 

resolution of 3.2A by molecular replacement (unit cell dimensions a=b=230.9A and 

c=281.4A). This shows the formation of a ligand-induced decamer, where two SAP 

pentamers are reversibly cross-linked by five Ro 63-8695 molecules. Binding of the Ro 63-

8695 molecule head group shows close superposition with the higher resolution N-acetyl-

D-proline structure. The alkyl linker adopts a kinked rotamer about carbons 2 and 3 to 

facilitate binding of the head groups to the two-fold axis related subunits. The best fit of 

the electron density is found when both peptide bonds preceding the pyrrolidine ring adopt 

a cis conformation. Nuclear magnetic resonance spectroscopy has estimated this cis-cis 

isomer to contribute only -6% of the Ro 63-8695 population in free solution. SAP has also 

been found to enhance the refolding yield of denatured lactate dehydrogenase and protects 

against enzyme inactivation during agitation through a calcium independent site. 
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1.1 Introduction 

Human serum amyloid P component (SAP) is a normal plasma glycoprotein 

composed of five identical subunits. The plasma concentration of SAP is tightly regulated 

by the liver hepatocytes to 32mg/l in men, and slightly lower at 24mg/l in women (Nelson 

et al 1991b; Pepys et al 1997). SAP was initially isolated and characterised by several 

different groups and has been known as 9.5S ai-glycoprotein (Haupt et al 1972) and Clt 

(Assimeh & Painter 1975a; Assimeh & Painter 1975b). SAP is a member of the pentraxin 

family of evolutionarily ancient and highly conserved proteins, which also include the acute 

phase reactant C-reactive protein (CRP). The tight regulation, structural conservation, and 

apparent lack of polymorphism or deficiency in humans suggest that SAP has important 

biological functions. Ligand recognition and binding by SAP has been reported to 

contribute to the pathogenesis of amyloidosis, the function of numerous basement 

membranes, host defence against infection, and in the handling of nuclear autoantigens. 

This work is concerned with amyloidosis, a disorder of protein folding, where 

normally soluble proteins are deposited extracellularly in tissues as insoluble fibrils leading 

to tissue damage and disease. Specifically, it concerns the involvement of SAP in 

amyloidosis and a new potential therapeutic approach to the treatment of the disease, as 

well as the influence of SAP upon protein folding. 

1.2 Pentraxins 

Human SAP shares 51% sequence identity and 66% homology with human CRP 

(Emsley 1994; Srinivasan et al 1994). These are the primary members of the pentraxin 
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superfamily: A group of closely related plasma proteins with calcium-dependent ligand 

binding that exhibit five-fold rotational symmetry. Similar plasma proteins have been 

found in all types of vertebrates and some invertebrates (Pepys et al 1978), including the 

phylogenetically ancient Limulus polyphemus (the horseshoe crab) (Amatayakul-Chantler 

et al 1993; Quigley et al 1994; Shrive et al 1999; Tennent et al 1993b). Several other 

proteins that contain the pentraxin homology domain but show low sequence identities have 

also been identified (Gewurz et al 1995). These more distantly related or 'long' pentraxins 

include the human cytokine controlled protein PTX-3 (also known as the TNF-stimulated 

gene-14 protein) (Bottazzi et al 1997; Lee et al 1994), neuronal activity-related pentraxins 

(NARP) (Tsui et al 1996), the Cavia porcellus sperm acrosome component apexin 

(Noland et al 1994; Reid & Blobel 1994), and a protein from Xenopus Laevis (Seery et al 

1993). The complete sequences of a large number of pentraxins have currently been 

determined, although the three-dimensional structures of only human SAP (Emsley et al 

1994), human CRP (Shrive et al 1996; Thompson et al 1999), and Limulus SAP (Shrive et 

al 1999) have been solved. 

There is a remarkable amount of similarity in appearance under the electron 

microscope, subunit size, and sequence identity between the vertebrate pentraxins (Osmand 

et al 1977; Pepys et al 1978) (see table 1.1 and figure 1.1). The pairwise alignment (see 

table 1.1) shows that SAP or CRP-type pentraxins from different species have 

approximately 71% sequence identity, significantly higher than the similarity between those 

from the same species (-49%). Multiple sequence alignments (see figure 1.1) and 

comparative modelling upon the known SAP fold (Srinivasan et al 1994) suggest that they 

have a similar arrangement of P-sheets with a high conservation of residues involved in 

calcium binding, even in Limulus CRP that shares less than 31% sequence identity with the 

vertebrate pentraxins. Ligand binding and protomer interacting regions are also highly 



Table 1.1. Sequence identity table of several SAP and CRP-type pentraxins from different sources. The percentage 
identities were calculated using Malign 4.0 (Wheeler & Gladstein 1994). 

Percentage identities: [ 1 ] [ 2 ] [ 3 ] [ 4 ] [ 5 ] [ 6 ] [ 7 ] [ 8 ] [ 9 ] [ 1 0 ] [11 ] 
Subunit size 

(amino acids) 

1 SAP: HUMA}4 100 68 1 69J 71.1 734 5L5 461 494 4&6 484 294 204 

2 SAP: GOLDEN HAMSTER 681 100 71.1 7&0 6 3 J 5&5 4&5 494 4&4 494 292 212 

3 SAP: MOUSE 69J 71.1 100 7&9 6&6 524 45^ 471 45^ 45.1 274 204 

4 SAP: RAT 7L1 7&0 7&9 100 6&7 51.0 4&5 4 9 j 471 4 7 ^ 3&8 208 

5 SAP: GUINEA PIG 734 6 3 J 6 9 ^ 6 6 J 100 534 494 50^ 471 5 0 j 304 204 

6 CRP: HUMAN 5L5 5&5 520 5L0 534 100 704 704 6&5 73.3 282 206 

7 CllP: CK)1JDE;N HUIMSTIER 46.] 4&5 45^ 4&5 494 704 100 7&2 7 5 J 704 30.1 206 

8 CRP: MOUSE 49.0 4&0 47J 4&5 5&5 704 7&2 100 723 67.5 291 206 

9 CRP: RAT 46.6 4&4 45^ 4%1 471 6&5 75.7 723 100 654 261 211 

10 CRP: GUINEA PIG 4&0 4&0 451 47^ 50.5 73.3 70.9 67.5 654 100 2&7 206 

11 CRPl: HORSESHOE CRAB 2&4 29^ 27.0 30.8 3&4 28.2 301 29.1 26.1 26.7 100 218 

i 
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SAP 
SAP 
SAP 
SAP 
SAP 
CRP 
CRPl 

SAP 
SAP 
SAP 
SAP 
SAP 
CRP 
CRPl 

HUMAN 
GOLDEN HAMSTER 
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HUMAN 
HORSESHOE CRAB 

HUMAN 
GOLDEN HAMSTER 
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—QTDMSRKAFVFPKESDTSYVSLKAPLTKP-LKAFTVCLHFYTELSSTR 
LEEGEITSKV-KFPPSSSPSFPRLVMVGTLPDLQEITLCYWFKVNRL-KG 

50 60 70 80 90 

AYSLFSYNTQGRDNELLVYKERVGEYSLYI-GRHKVTSKVIEKFPAPV— 
PHSLFSYNAEYGENELLIYKERIGEYELYI-GNQGTKVHGVEEFASPV--
SQSLFSYSVKGRDNELLIYKEKVGEYSLYI-GQSPCVTVRGMEEYLSPV— 
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Figure 1.1. Primary sequence alignment of pentraxins from several different sources. 
The alignment was performed using Malign 4.0. The secondary structure and numbering of 
human SAP is shown with the important structural and binding residues highlighted; blue 
and orange triangles signify calcium I and II binding site residues respectively, open 
squares residues involved in ligand binding, closed squares residues involved in subunit 
contacts, star the glycosylation site, and the two yellow circles the disulphide bridge. 
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conserved within the SAP or CRP-type pentraxins, however, there are some significant 

differences between them responsible for both the similarities and differences in subunit 

arrangement and binding properties. 

Human SAP and CRP are characterised by their different calcium-dependent 

binding specificities for phosphocholine (PC) and phosphoethanolamine (PE) (Schwalbe et 

al 1992), where SAP is only able to bind the latter while CRP binds both with high affinity 

(Emsley 1994). In most cases SAP-like pentraxins also bind the carbohydrate methyl 4,6-

0-(l-carboxyethylidene)-p-D-galactopyranoside (MOpDG) (Hind et al 1984b), amyloid 

fibrils (Pepys et al 1979), and oligosaccharide moieties (Loveless et al 1992), while CRP-

like pentraxins bind PC and pneumococcal C-polysaccharides (Gotschlich et al 1982; 

Volanakis & Kaplan 1971). However, SAP-type pentraxins from hamster display both 

amyloid and PC binding properties (Coe et al 1981; Coe & Ross 1985; Tennent et al 

1993a). 

The pentraxins have been highly conserved throughout evolution. Stable 

conservation of both the SAP and CRP-type pentraxins within vertebrate evolution implies 

that they were duplicated from a common ancestral gene prior to the divergence of 

eutherian mammals and marsupials, as recent as 200 million years ago (Rubio et al 1993). 

While the identification of several sequence variants in L. polyphemm suggests the 

presence of a common ancestor in chordates and arthropods over 500 million years ago 

(Shrive et al 1999). 

1.3 Lectins 

SAP was first demonstrated to bind agarose derived from marine algae in 1977 

(Pepys et al 1977). Agarose is composed of repeating units of agarobiose (1,3-linked p-D-



(ZHAJPTTERLl 25 

galactopyranose with 1,4-linked 3,6-anhydro-a-L-galactopyranose) and contains different 

trace amounts of pyruvate in a 4,6-cychc pyruvate acetal of galactose depending upon the 

source. This galactoside is required for binding. It was synthesised and given the acronym 

MOPDG (Hind et al 1984b). SAP has now been shown to bind a wide range of pathogenic 

bacteria via oligosaccharide recognition in vitro and is a well-established member of the 

lectin family. 

Lectins are sugar-binding proteins other than enzymes and antibodies that show 

some tertiary fold similarities but low sequence homology (Arason 1996; Rini 1995). 

There are six different lectin families classified by structure and functional similarities with 

legume and cereal lectins occurring in plants, while P-, S-, and C-type lectins, and 

pentraxins occur in animals. Oligosaccharide side-chain recognition forms the basis of 

many important interactions involved in fertilisation, development, cellular trafficking, 

leukocyte migration, and pathogen recognition. It is also the mechanism by which viral and 

bacterial cells attach to and infect host cells. Both the pentraxins and C-type lectins are 

able to discriminate between self and non-self and are implicated in host defence. The 

crystal structures of several metal-dependent lectins have been solved, and show different 

structural and functional similarities to SAP (see figure 1.2). Legume lectins show a 

similar tertiary fold to the flattened P-jellyroll of SAP, although the metal-sugar binding site 

differs in both location and function with metal ions required to maintain the site integrity 

but not directly involved in carbohydrate binding (Loris et al 1998). C-type lectins 

however, contain an unrelated topology to SAP but show functional similarities with 

carbohydrate binding via the formation of direct coordination bonds with calcium and 

hydrogen bonds with surrounding residues (Kolatkar & Weis 1996). 
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Serum amyloid P component 
(Pentraxin) 

Concanavalin A 
(Legume lectin) 

Mannose-binding protein A 
(C-type lectin) 

Figure 1.2. Structures of the human pentraxin SAP, the legume lectin concanavalin A (ConA) (Parkin et al 1996), and the C-type lectin 
marmose-binding protein A (MBP-A) (Weis et al 1992) illustrated as ribbon diagrams (prepared using Bobscript (Esnouf 1997) and 
Raster]D (Merritt & Murphy 1994)). The P-strands are represented as green, purple or blue arrows, a-helices as red ribbons, loops as grey 
cords, and metal ions as black spheres. SAP and ConA show similar topology within the two antiparallel p-sheets although there is 
significant divergence in terminal positions, metal binding location, and the length and conformation of loop regions. MBP-A does not show 
any structural similarities with either SAP or ConA. 
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SAP has now been shown to bind various bacteria in vitro, suggesting a possible 

role in host defence against infection (Hind et al 1985). Several different terminal 

oligosaccharide residues are recognized by SAP (Kubak et al 1988; Loveless et al 1992), 

including N-acetyl-D-galactosamine, D-mannose, 6-phosphate-mannose, glucuronic acid, 

and certain sulphated polysaccharides. These are thought to be involved in Klebsiella 

rhinoscleromatis and Streptococcus pyogenes binding, although the cell wall composition 

of the latter is currently unknown (Hind et al 1985). Recent in vivo studies using SAP 

knockout mice have shown that SAP actually enhances S. pyogenes infection, but 

significantly increases the resistance to Escherichia coli and Salmonella typhimurium 

which are not recognised by SAP (Pepys 1998). In fact, heavy binding of SAP to S. 

pyogenes, approximately 6,000 molecules per organism, is believed to mask the pathogen, 

protecting and stabilising it from the host's defence mechanism. 

Carbohydrate recognition is not limited to bacterial pathogens, as influenza A virus 

haemagglutinin (HA) (Andersen et al 1997) and zymosan (Potempa et al 1985), a yeast cell 

wall polysaccharide derived from Saccharomyces cerevisiae, are both bound by SAP. The 

binding of the influenza A virus is believed to occur through the terminal mannose of the 

HAl protein, resulting in the inhibition of haemagglutination and infection in vitro. While, 

the binding of SAP to zymosan occurs with a binding constant (Kd 3.12 x lO'̂ M (Potempa 

et al 1985)) comparable to a weak antibody reaction, this has recently been demonstrated to 

opsonize zymosan for phagocytosis in vitro (Bharadwaj et al 2001). 

Several endogenous polysaccharides are also recognised by SAP; these include the 

glycosaminoglycans heparan sulphate and dermatan sulphate (Hamazaki 1987; Hamazaki 

1989) which are frequently associated with amyloid fibrils, and the blood plasma 

anticoagulant heparin (Li et al 1994). Oligosaccharide recognition may also be involved in 

the binding of endogenous glycoproteins. 
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1.4 Amyloidosis 

Amyloid was first described in the mid nineteenth century when pathologists at the 

time noticed that the vital organ parenchyma had been replaced by extracellular 'lardaceous 

deposits' or 'waxy degenerations' in diseased organs. These were subsequently termed 

amyloid or 'starch like' deposits due to positive carbohydrate tests with iodine (Virchow 

1854). This was initially misleading as they are in fact extracellular deposits of insoluble 

protein associated with non-covalently bound glycosaminoglycans. The abnormal 

accumulation of amyloid is a major component of a large number of heterogeneous 

disorders known as the amyloidoses, but also accompanies a wide range of other human 

conditions such as cancer, diabetes, rheumatoid arthritis, and chronic renal dialysis 

(Gillmore et al 1997). These disorders can be either hereditary or acquired with deposits 

being focal, localised or systemic. Focal or small deposits are clinically silent and often 

incidental in the elderly (Rowe et al 1984), while systemic or localised deposits 

progressively disrupt normal tissue structure and fianction eventually leading to organ 

failure and death (Glenner 1980b; Glenner 1980a). The human cerebral forms of 

amyloidosis, Alzheimer's disease and Creutzfeldt-Jakob disease (CJD), have gained the 

most publicity over the past few decades due to the severity of the mental deterioration and 

the gradual increase in clinical cases. 

1.4.1 Amyloid Deposits 

Amyloid deposits are comprised of two distinct ultrastructures, rigid unbranched 

protein fibrils and a pentameric component known as amyloid P component (AP) (Bladen 

et al 1966; Cathcart et al 1967; Cohen & Calkins 1959; Glenner & Bladen 1966). The 
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insoluble protein fibrils are formed from the self-association of normally soluble protein 

precursors in an abnormal or non-native state (Kelly 1997). It is these precursors that vary 

depending upon the disorder and provides the basis for clinical classification of different 

forms of amyloidosis (see table 1.2). To date only 17 to 18 amyloidogenic proteins have 

been found to form fibrils in vivo (Tan & Pepys 1994). Although, in vitro studies on 

synthetic and non-amyloidogenic proteins suggest that all polypeptides can spontaneously 

self-associate into fibrils when subjected to acid denaturation and/or proteolytic cleavage 

(Jimenez et al 1999; Sunde et al 1997). These non-native fibrils show similar microscopic 

structural characteristics. X-ray diffraction patterns, and the same characteristic green-

birefringence along the fibril axis when stained with Congo red and viewed with crossed 

polars (Puchtler et al 1962). 

The pentameric component, AP, binds to all types of amyloid fibrils and is found 

universally associated with all types of amyloid deposits in vivo (Hawkins et al 1988; 

Hawkins et al 1990a; Pepys et al 1982). This protease resistant protein comprises up to 

14% of the mass of amyloid deposits in vivo (Skinner et al 1980), and was found to be 

derived from, and identical to, the circulating form SAP (Painter et al 1982; Pepys et al 

1982; Prelli et al 1985). Although not required for fibril formation or amyloid deposition in 

vivo, SAP has been shown to significantly contribute to the pathogenesis of amyloidosis. 

This was clearly demonstrated using the recently developed SAP knockout mice, where the 

absence of SAP significantly delayed and reduced the induction of AA amyloidosis via 

repeated casein injections (Botto et al 1997). SAP is believed to bind the abnormal fibril 

conformation initially reducing the rate of fibril formation (Janciauskiene et al 1995), but 

once formed contributes to fibril persistence by binding along the fibril axis and self-

associating into perpendicular stacks (see figure 1.3). This effectively forms a protective 
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Table 1.2. Clinical classification of amyloidosis syndromes (Gillmore et al 1997). 

Clinical syndrome Fibril precursor 

Alzheimer's disease 

Cardiomyopathy with persistent atrial standstill 

Cerebral amyloid angiopathy 

Cutaneous deposits 

Dialysis-related amyloid 

Down's syndrome 

Endocrine amyloidosis, associated with APUDomas 

Familial British dementia 

Familial Mediterranean fever 

Focal senile amyloidosis: atria of the heart 

brain 

joints 

seminal vesicles 

prostate 

Hereditary cerebral haemorrhage with amyloidosis 
(cerebral amyloid angiopathy); autosomal dominant: 

Icelandic type 

Dutch type 

Local nodular amyloidosis (skin, respiratory tract, 
urogenital tract, etc) associated with focal 
immunocyte dyscrasia 

Muckle-Well's syndrome, nephropathy, deafness, 
urticaria, limb pain 

Non-neuropathic, prominent visceral involvement 
(Ostertag-type); autosomal dominant 

Ocular and orbital amyloid 

Predominant cranial nerve involvement with lattice 
corneal dystrophy; autosomal dominant 

Predominant cardiac involvement, no clinical 
neuropathy; autosomal dominant 

Predominant peripheral nerve involvement, familial 
amyloid polyneuropathy; autosomal dominant 

Primary localized cutaneous amyloid 

Reactive systemic AA amyloidosis, associated with 
chronic active diseases 

Senile systemic amyloidosis 

Spongiform encephalopathies, prion diseases 

Systemic AL amyloidosis, associated with 
immunocyte dyscrasia, myeloma, monoclonal 
gammopathy, occult dyscrasia 

Type II diabetes mellitus 

P-protein derived from p-amyloid precursor protein 

Unknown 

P-protein derived from p-amyloid precursor protein 

Unknown 

Pz-microglobulin derived from high plasma levels 

P-protein derived from p-amyloid precursor protein 

Peptide hormones or fragments thereof (e.g. precalcitonin 
in medullary carcinoma of the thyroid) 

BRI gene genetic variant 

AA derived from serum amyloid A 

Atrial natriuretic peptide 

P-protein 

Unknown 

Seminal vesicle exocrine protein 

P2-microglobulin 

Cystatin C, fragment of genetic variant 

P-protein derived from genetic variant in p-amyloid 
precursor protein 
AL fibrils derived from monoclonal immunoglobulin 
light chains 

AA derived from serum amyloid A 

ApoAl, lysozyme, or fibrinogen a-chain genetic variants 

Unknown 

Gelsolin, fragment of genetic variants 

Transthyretin genetic variants 

Transthyretin or Apolipoprotein Al genetic variants 

? Keratin derived 
AA fibrils derived from serum amyloid A protein 

Transthyretin derived from plasma Transthyretin 

Prion protein derived from prion protein precursor 

AL fibrils derived from monoclonal immunoglobulin 
light chains 

Islet amyloid polypeptide, amylin, derived from its 
precursor protein 
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Figure 1.3. Electron micrograph of amyloid fibrils isolated from mouse tissue, lightly 
washed and negatively stained with phosphotungstate. Single rigid fibrils of 80 to 100A in 
width are seen throughout the preparation. SAP is also present and can be seen in different 
views, from the side in stacks perpendicular to the fibril axis (open arrows), and from the 
top as pentagonal units (arrows) (Skinner et al 1982). 

coat that stabilises and protects the abnormal structure from proteolytic cleavage, and 

possibly masks it from phagocytic clearance in vivo (Tennent et al 1995). Congo red and 

free glycosaminoglycans can inhibit the binding of SAP to amyloid fibrils in vitro (Gupta-

Bansal & Brunden 1998). However, the protein coat can be stripped away by 

ethylenediaminetetraacetic acid (EDTA) or by calcium-dependent SAP ligands such as 

MOpDG (Hind et al 1984a). 
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The distribution of SAP can be visualised in vivo by scintigraphy with iodine-123 

labelled SAP (^^^I-SAP) (Hawkins et al 1988; Hawkins et al 1990a). The radiolabelled 

SAP is intravenously injected into the patient and the distribution monitored using a gamma 

camera. This non-invasive macroscopic imaging technique is sufficiently sensitive to 

quantify and locate the distribution of SAP within amyloid deposits from systemic and AL 

type amyloidosis. A normal healthy subject will show rapid distribution of ^^I-SAP within 

the blood plasma pool, where it has a half-life of 24 hours. Patients suffering from 

amyloidosis show rapid incorporation of radioactivity into amyloid deposits preventing the 

clearance of '^"I-SAP via the liver hepatocytes and dramatically increasing the half-life to 

30 days (Hawkins et al 1990b). Figure 1.4 shows SAP scintigraphy scans from 2 young 

patients with different forms of systemic amyloidosis. SAP scintigraphy is the only method 

currently available for studying the progression and effect of potential treatments upon 

amyloid deposition in vivo, and is now routinely used in conjunction with histological 

examinations with Congo red and immvinohistochemical staining in the diagnosis of 

amyloidosis. However, not all types of amyloidosis can be identified this way. For 

instance cardiac and cerebral amyloid is poorly visualised by scintigraphy, while biopsies 

are often too invasive to be taken. 

Glycosaminoglycans and proteoglycans have been found in all types of amyloid 

deposits in which they have been sought (Glenner 1980b; Snow & White 1989). These 

normal extracellular matrix components are non-covalently bound to the fibrils and bind 

along the fibril axis. Proteoglycan binding is inhibited by Congo red, free 

glycosaminoglycans, and prevents SAP binding in vitro (Gupta-Bansal & Brunden 1998). 

Recent experiments have suggested that proteoglycans accumulate prior to fibril deposition 

and are actually up regulated during amyloidosis. Hence they may have a role in fibril 

formation and/or persistence in vivo (Stenstad et al 1994). Binding of the proteoglycans 
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Figure 1.4. '^^I-SAP scintigraphy body scans from two patients with systemic 
amyloidosis, a. Anterior scan from a 26-year-old man showing substantial liver, spleen and 
bone marrow amyloid characteristic of systemic AL amyloidosis, b. Posterior scan from a 
34-year-old woman with rheumatoid arthritis showing AA amyloid deposits in the spleen, 
adrenals, and kidneys (Gillmore et al 1997). 
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have also been demonstrated to protect the fibrils from both proteolytic (Gupta-Bansal et al 

1995) and cellular (Shaffer et al 1995) degradation. 

Other amyloid components show high fibril specificity. Apolipoprotein E, ai-

antichymotrypsin, ubiquitin, interleukin-1, and lysosomal hydrolases for example are all 

found associated with the cerebral deposits of Alzheimer's disease (Ashall & Goate 1994). 

1.4.2 Fibril Structure 

Amyloid fibrils appear as long unbranched rigid fibrils of indeterminate length with 

diameter 70 to 120A when viewed in the electron microscope (Cohen et al 1982). Early X-

ray fibre diffraction patters of isolated fibrils, orientated with the fibril axis, gave simple 

diffraction patterns with sharp 4.7 to 4.8A meridional and diffuse lOA equatorial reflections 

(Bonar et al 1967; Eanes & Glenner 1968). These diffraction patterns arise from the 

molecular spacing of well-ordered repeating elements, and is characteristic of the cross-P 

structure first described for silk from the insect Chrysopa flava (Geddes et al 1968). This 

cross-P structure is comprised of numerous polypeptide chains arranged in P-sheets running 

the length of the fibril with strands perpendicular to the fibril axis. Hence, the meridional 

reflection is derived from the separation distance between hydrogen bonding strands, while 

the equatorial reflection is derived from the separation distance between P-sheets. 

The recent interpretation of electron microscopy imaging and high-resolution 

synchrotron diffraction patterns was used to derive a theoretical model for the substructure 

of a transthyretin amyloid fibril (Blake & Serpell 1996; Serpell et al 1995). These fibrils 

are of uniform width (130A) and contain 4 protofilaments, measuring 40 to 50A in 

diameter, arranged in a square array interwinding around a central hollow core. Each 

protofilament is believed to be comprised of 4 parallel P-sheets containing a common 15° 

twist between adjacent strands, assumed to be right handed, creating a novel 115.5A or 24 
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strand repeating P-helix (see figure 1.5). This allows the sheets to hydrogen bond 

throughout the entire length of the fibril forming a rigid stable structure enclosing and 

stabilised by the hydrophobic core. The cross-P structure is assumed to be comprised of 

antiparallel sheets although this cannot be experimentally verified, and may therefore be 

parallel or a mixture of both. 

The native structure of the transthyretin tetramer has previously been solved by X-

ray crystallography (Blake et al 1978; Sebastiao et al 1998). Each protomer is comprised 

of 8 P-strands arranged in 2 P-sheets with a 25° twist (see figure 1.5). Dimers are formed 

through the association of the end strands creating two elongated P-sheets. When compared 

to the protofilament model (see figure 1.5), it is clear that an altered monomer or dimer 

could form the basic building block of a protofilament, although the 25° p-sheet twist and 2 

of the strands fi-om each protomer would need to be reduced in order to create the 24 strand 

repeating unit (Blake & Serpell 1996). 

The cross-P structure is able to accommodate various polypeptide chain lengths by 

altering the strand and repeating unit characteristics while maintaining the core structure. 

Similar synchrotron diffraction patterns have been obtained from several ex vivo and 

synthetic fibrils and are consistent with the proposed structure for a protofilament (Jimenez 

et al 1999; Sunde et al 1997). 

1.4.3 Fibril Formation 

The formation of amyloid fibrils in vitro resembles the mechanistic process of 

nucleation-dependent polymerisation seen in protein crystallography (Jarrett & Lansbury, 

Jr. 1993). Nucleation occurs through the association of native P-structural elements via the 

slow controlled aggregation of soluble partially folded intermediates, creating the 

characteristic cross-P sheet structure via the conversion of native a-helix to P-sheet 
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1ISA repeating unit 
(24 P-Strands) 

II 

Figure 1.5. Comparison of the molecular model of a protofilament from a transthyretin 
amyloid fibril (Sunde et al 1997) with the three-dimensional structure of the native protein 
from which it is derived (prepared using Bobscript and RasterSD). The protofilament is 
comprised of four P-sheets running parallel to the protofilament axis with their component 
strands perpendicular, represented as different colours with the arrows illustrating the paths 
of the P-strands (I). The 15° inter-strand twist creates a 24 P-strand (or 115.5A) repeating 
helix, which is derived from 2 elongated P-sheets that comprise the transthyretin dimer, 
coloured with respect to their sheet composition (II). This requires 2 strands at either end 
of the elongated sheets (coloured grey) and the 25° P-sheet twist to be reduced. The three-
dimensional structure of the transthyretin dimer is also shown in the enclosed region where 
the p-strands are coloured with respect to their monomer composition, a-helices as red 
ribbons, and loops as grey cords (Blake et al 1978). 
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(see figure 1.6) (Booth et al 1997). This continues at a slow rate until the entropy cost is 

exceeded by the number of new interactions created during the association, thus making 

further additions thermodynamically favourable resulting in rapid polymerisation (Naiki & 

Gejyo 1999). The rate of nucleation and polymerisation is dependent upon the local 

precursor concentration and the kinetic stability of the native fold relative to the partially 

folded intermediate. This can be altered by point mutations or chemical modifications at 

structurally vital locations (Canet et al 1999; McCutchen et al 1993; McCutchen et al 1995; 

Orpiszewski & Benson 1999; Roher et al 1993). The protein stability can also be altered 

via interactions with other amyloid components (Soto et al 1995) and environmental factors 

(Bush et al 1994; Creighton 1996; Wood et al 1996). For example, the glycosaminoglycan 

heparan sulphate significantly alters the secondary structural elements of some precursor 

proteins to a more P-sheet conformation (Fraser et al 1992; McCubbin et al 1988), while 

SAP inhibits nucleation and possibly polymerisation by increasing the solubility of the 

precursors (Janciauskiene et al 1995), effectively reducing the concentration of available 

proteins to associate. 

Fibril formation can also be induced both in vivo and in vitro by the formation or 

presence of a nidus (originally known as an amyloid enhancing factor) around which 

fibrillogenesis can occur (Kisilevsky & Fraser 1996). Conformational elements of the 

nidus are believed to provoke the amyloid protein into the fibril conformation, increasing 

the initial rate of nucleation when in the presence of sufficient concentrations of the 

precursor. The precise nature of the nidus is unclear although there are many different 

proteins that may have this function. Preformed fibrils can act as an endogenous nidus or 

seed (Johan et al 1998). This has been demonstrated by the induction of amyloid 

deposition in hamsters and mice upon injection of sonicated amyloid fibrils (Kisilevsky & 

Boudreau 1983; Niewold et al 1987). This presents a possible model for the amplification 
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Figure 1.6. Proposed mechanism for fibril formation. The partially folded intermediate 
state (II) is structurally distinct fi-om the native (I) and unfolded (III), allowing self-
association via the ^-structural elements. This produces a template for further additions 
(IV) eventually leading to the formation of a stable p-core structure (V). P-strands are 
represented in blue, helical structures in red, loops/coils in black, and the dotted lines are 
undefined (Booth et al 1997). 
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of amyloid in vivo via fibril fragmentation, but also identifies a possible transmissible 

agent. An exogenous seed would require substantial complementation between the seed 

and amyloidogenic protein for fibrillogenesis to occur, although the conformational 

differences would significantly reduce the initial rate of nucleation (Jarrett & Lansbury, Jr. 

1993). This helps to explain the species barrier and pathogenic nature of the prion proteins 

in transmissible spongiform encephalopathies. 

1.4.4 Potential Treatments for Amyloidosis 

The production and formation of amyloid is believed to be fundamental to the 

pathology of amyloidosis. Although there is conflicting evidence about the precise mode of 

toxicity, there is a general consensus that this is either directly or indirectly due the 

presence of the amyloid fibrils. Huge advances in the diagnosis and characterisation of the 

amyloidoses have lead to the development of new approaches to promote regression and 

inhibit formation. However, there are currently still only a few type specific treatments 

available (Gillmore et al 1997). 

It is now apparent from ^^I-SAP scintigraphy studies upon type specific treatments 

(Hawkins 1994; Persey et al 1996), and induced amyloidosis in mice (Kisilevsky & 

Boudreau 1983), that you can arrest or regress amyloid deposition by reducing the 

availability of the fibril precursor. Amyloid deposits are therefore dynamic and not inert as 

previously believed. This has sparked great interest, identifying the synthesis and clearance 

of these amyloidogenic proteins as a major therapeutic target. A novel approach at 

reducing the concentration of available precursors is currently being developed, whereby 

the production of antibodies against the precursor has been found to enhance clearance 

and/or prevent deposition in vivo (Schenk et al 1999). Initially achieved via immunization 

with the amyloidogenic precursor itself, this has lead to the development of 
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nonamyloidogenic derivatives that are currently being developed for therapeutic use 

(Sigurdsson et al 2001). 

Broadband targets for potential treatments are centred upon the common 

ultrastructures present in all types of amyloid deposits. By directly targeting the common 

cross-p structure it may be possible to sufficiently reduce the rate of fibril nucleation and/or 

polymerisation. Several glycosaminoglycan mimics (Kisilevsky et al 1995) and other low 

molecular weight molecules (Howlett et al 1999a; Howlett et al 1999b; Kuner et al 2000) 

have already been shown to affect fibril nucleation and/or polymerisation in vitro. The 

amyloid fibrils can also be targeted indirectly by removing the protective protein coat and 

exposing the abnormal fibrillar conformation to the endogenous protein clearance 

mechanisms. Therefore, calcium-dependent ligands that inhibit or dissociate SAP binding 

to amyloid fibrils should prevent new amyloid deposition and accelerate the regression of 

existing amyloid (Pepys et al 1996; Tennent et al 1995). 

1.5 Human Serum Amyloid P Component 

The crystal structure of human SAP was solved to high resolution in 1994 using 

multiple isomorphous replacement (MIR) (Emsley et al 1994; O'Hara 1992). The 

molecular structure of SAP has provided great insight into the physical and biological 

properties of the protein. Subsequent co-crystallisations with low molecular weight ligands 

have also revealed important details about the interactions involved in ligand binding. 

The atomic coordinates for the original crystal structure of SAP are currently 

available from the Protein Data Bank (Berman et al 2000), entry code 1 SAC. Several other 

structures have subsequently been determined by molecular replacement (MR) (Hohenester 

et al 1997; Pye 2000; Thompson 1997; Thompson 2000). A summary of the processing 
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and refinement statistics for the different SAP structures can be found at the end of this 

section in table 1.3. 

1.5.1 Protomer Structure 

SAP is an oligomeric glycoprotein composed of identical 204 residue protomers 

(molecular weight 25,462Da) coded for by a single gene on chromosome 1 (Mantzouranis 

et al 1985). Each protomer contains 15 P-strands and 2 a-helices (see figure 1.7). The p-

strands, labelled A to O from the N- to C-terminus, are arranged in two large antiparallel 

sheets of strands ACHIJLMO and BDEFGKN in the form of a flattened P-barrel with 

jellyroll topology (see figure 1.7). Strands ABCDKLMNO display the classic jellyroll 

topology while strands EFGHIJ form a P-meander at one end. The tertiary structure is 

stabilised by the hydrophobic core created between the opposing p-sheets, the N/0 end of 

which is slightly open and accessible to solvent. The larger of the two a-helices (residues 

165-174) is held against the exposed surface of the flatter sheet (strands ACHIJLMO) by 

several hydrophobic contacts and a hydrogen bond between Arg38 and Tyrl73. 

Underneath the helix lies the only disulphide bridge between Cys36 and Cys95 of adjacent 

C and H strands respectively. Strand C also contains a glycosylation site at residue 32. The 

N-linked oligosaccharide bound is a complex bi-antennary chain and makes up 8% of the 

molecular weight of the protein (see figure 1.8) (Emsley 1994). The opposing buckled 

surface (strands BDEFGKN) contains a short five-residue helix (residues 145-149), a small 

hydrophobic pocket, and a double calcium-binding site. 

Non-repetitive elements make up the remainder of the secondary structure of SAP. 

This involves 96 residues and comprises of a number of tight turns and hairpins that reverse 

the direction of the polypeptide chain enabling the tight antiparallel P-sheet structure to be 

formed. These include four tight P-hairpins between strands D-E, E-F, F-G, and H-I that 
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Figure 1.7. Three-dimensional structure of an SAP protomer viewed from the double 
calcium-binding site (prepared using Bobscript and RasterSD). The P-strands, labelled A to 
O from the N- to C-terminus, are arranged in two antiparallel sheets in the form of a 
flattened ^-barrel with jellyroll topology, creating two distinct solvent exposed surfaces, the 
double calcium-binding and opposite helix bearing surface. The |3-strands are represented 
as green arrows, a-helices as red ribbons, loops as gray cords, and calcium ions as yellow 
spheres. 
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Figure 1.8. Graphical representation of the complex oligosaccharide N-linked to Asn32 
(theoretical conformation) (prepared using SETOR (Evans 1993)). The pentasaccharide 
core consists of three mannose (MAN) and two N-acetylglucosamine (NAG) sugar residues 
with a N-acetylglucosamine, galactose (GAL), and sialic acid (SIA) cap built on. 

contain a type II, II, F, and I P-tum respectively. The two a-helices provide the linking 

regions either side of strand L, while the remaining strands are connected via loop 

structures. 

1.5.2 Calcium Binding 

The loop and helical region between strands K and L, and the N-terminal residues of 

strand E create the double calcium-binding site (see figure 1.9). Calcium I is coordinated 

by the side-chains of Asp58, Asn59, Glul36, Aspl38, and by the main chain carbonyl of 
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Figure 1.9. Three-dimensional representation of the double calcium-binding site of SAP 
viewed as an orthogonal projection {a) and stereo view (b) (prepared using Bobscript and 
RasterSD). The two calcium ions receive ligands from the surrounding protein side-chains, 
two water molecules (not shown), and an acetate ion (ACE) from the solvent (indicated by 
dotted red lines). The acetate ligand bridges the two calcium ions orientating it over the 
adjacent hydrophobic pocket (created by the side-chains of Leu62, Tyr64, and Tyr74). 
Secondary structural elements are represented as previously described with the important 
side-chains shown as stick models and labelled accordingly. 
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Gin 137. Asp58 provides two ligands while the seventh coordination site is filled by a 

buffer ion. Calcium II is coordinated by the side-chains of Glul36, Aspl38, Gin 148, and 

by two water molecules. Residue Glul36 and Aspl38 bridge the 2 calcium ions holding 

them ~4A apart. The second calcium is more loosely bound and a water molecule, 

hydrogen-bonding to GluI36, Asp 138, and Gin 148, can occupy the site in some structures 

(Thompson 1997). 

Metal ion binding at these two sites is not just restricted to calcium. SAP shows 

affinity for several other ions including barium, cobalt, copper, nickel, and zinc (Pepys et al 

1997). In contrast to calcium, the larger barium ion displays a greater affinity for site II 

over site I (Thompson 1997). 

When both calcium sites are unoccupied the submits are susceptible to limited 

proteolysis with a-chymotrypsin and other proteases (trypsin, pronase, and nagarse 

protease) at residues 144-145, cleaving the subunits into 2 fragments of 18kDa and 7.5kDa 

(Kinoshita et al 1992). Although the fi-agments remain together under nondenaturing 

conditions, cleavage prevents calcium-dependent binding. Hamster SAP, rabbit CRP, and 

human CRP are also cleaved in the same homologous position as SAP (Kinoshita et al 

1989; Kinoshita et al 1992). The removal of both calcium ions in human CRP has been 

shown to destabilise the small loop region involved in calcium binding, allowing it to 

protrude away from the body of the protein (Shrive et al 1996). This is believed to occur in 

SAP, which would expose the equivalent loop, residues 138-148, to proteolytic attack. 

1.5.3 Oligomeric Structure 

In the past there has been some confusion about the oligomeric state of SAP in vivo, 

however experiments conducted under physiological condition demonstrate that SAP forms 

stable pentamers in serum (Hutchinson et al 2000; S0rensen et al 1995). The pentameric 
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assembly is comprised of 5 subunits arranged in a ring, 95A in diameter and 35A deep, 

with radial symmetry creating a central pore 20A wide (see figure 1.10). The ^-sheets from 

each subunit are tightly held nearly perpendicular to the radial symmetry by several non-

covalent interactions. This creates two separate and distinct faces; the 'alpha' or A-face 

contains the five larger a-helices and has a net negative charge, while the opposing 

'binding' or B-face contains the double calcium-binding sites and has a net positive charge 

(Pepys et al 1997). 

SAP forms stable decamers at physiological pH and ionic strength in the absence 

of calcium, or presence of the chelator EDTA (Painter et al 1982; Pepys et al 1978). The 

decameric assembly is comprised of two pentamers interacting face-to-face. It is not 

known whether the decamer is formed through the association of A or B faces, although X-

ray and neutron solution scattering infers A-face stacking (Ashton et al 1997) which would 

be consistent with proteolytic cleavage in the absence of calcium. The crystal structure of 

this complex is yet to be solved (Pye 2000). Two ligand-induced decameric structures have 

been solved. These calcium dependent ligands are MOPDG which facilitates A-B face 

decamerization (Thompson 1997) and 2'-deoxyadenosine-5'-monophosphate (dAMP) 

which link the B-faces together (Hohenester et al 1991). 

Isolated human SAP rapidly autoaggregates in solution at physiological pH in the 

presence of free calcium ions (Baltz et al 1982; Schwalbe et al 1990). This is concentration 

dependent and is believed to occur via A-B face stacking, where protruding glutamic acids 

(residue 167) on the A-face are thought to interact with the bound calcium ions on the B-

face of an adjacent pentamer. Several Glul67 mutants have been produced and expressed 

in a baculovirus system, two of which (serine or glutamine) completely abolish calcium-


