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Abstract

Serum amyloid A is a major acute-phase plasma protein that modulates innate immunity and 

cholesterol homeostasis. We combine sequence analysis with x-ray crystal structures to postulate 

that SAA acts as an intrinsically disordered hub mediating interactions among proteins, lipids and 

proteoglycans. A structural model of lipoprotein-bound SAA monomer is proposed wherein two 

α-helices from the N-domain form a concave hydrophobic surface that binds lipoproteins. A C-

domain, connected to the N-domain via a flexible linker, binds polar/charged ligands including 

cell receptors, bridging them with lipoproteins and re-routing cholesterol transport. Our model is 

supported by the SAA cleavage in the inter-domain linker to generate the 1–76 fragment deposited 

in reactive amyloidosis. This model sheds new light on functions of this enigmatic protein.
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1. INTRODUCTION

1.1 Overview of SAA function and structure

Serum amyloid A (SAA, 12–14 kDa) is a family of homologous proteins that has been 

conserved for half a billion years, from sea cucumbers and oysters to humans [1–3]. Humans 

have four SAA genes; saa1 and saa2 encode for acute-phase isoforms, saa3 is an apparent 

pseudogene, and saa4 encodes for a constitutively expressed isoform [4, 5]. SAA is 

synthesized under the cytokine control by hepatocytes and other cells [6] and is secreted into 

plasma where it associates with lipoproteins. Most circulating SAA is bound to the surface 

of high-density lipoproteins (HDL) [7–11]. In acute injury, infection or inflammation, 

plasma concentration of SAA can increase more than a thousand-fold reaching over 1 mg/ml 
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[2, 12]. The biological advantage conferred by this dramatic increase is unclear but is 

thought to result, in part, from the ability of SAA to mobilize cholesterol for cell repair [2, 

13]. In acute phase response, SAA partially displaces the main HDL protein, apolipoprotein 

(apo) A-I, and thereby re-directs HDL metabolism from the classic pathway of cholesterol 

removal (termed reverse cholesterol transport) to cholesterol recycling [2, 13]. SAA is also 

implicated strongly in retinol transport [14], in modulating innate immunity, and in various 

diseases including atherosclerosis and certain cancers [2, 6, 9, 15–18]. Plasma levels of SAA 

provide a clinical marker of inflammation, and elevated plasma SAA has emerged as a 

causal risk factor for cardiovascular disease [9, 17, 18].

Prolonged elevation of SAA can lead to reactive amyloidosis wherein SAA and its N-

terminal fragments termed amyloid A (AA), mainly residues 1–76, deposit in kidneys and 

other organs and damage them [19, 20]. AA amyloidosis is a life-threatening complication 

of chronic inflammation and a major form of human systemic amyloidosis worldwide [20, 

21]. Although animal model studies and in vitro studies show that proteolytic processing of 

SAA critically influences AA amyloidosis [22], many aspects of AA generation and 

deposition in vivo remain unclear. For example, it is not known whether the direct protein 

precursor of AA fragments is the largely unfolded lipid-free SAA, the HDL-bound partially 

α-helical SAA, or the misfolded β-sheet-rich aggregated SAA [20, 21].

Functions of SAA in health and disease are subject of debate and involve SAA binding to a 

wide range of ligands. These include hydrophobic ligands such as HDL and other plasma 

lipoproteins [7–11], cell membranes, model liposomes [23–25], cholesterol [26] and retinol 

[14]; charged ligands such as metal ions [27] and heparan sulfate proteoglycans [28–30]; 

and numerous proteins such as cystatin C [31], extracellular matrix proteins [32, 33] and cell 

receptors. The latter include several G-protein coupled receptors (such as formyl peptide 

receptor-like 1 and toll-like receptors 2 and 4) and scavenger receptors (SR-BI, CD36, and 

LOX-1). Although SAA-induced signaling via the formyl peptide and toll-like receptors is 

apparent only for lipid-free SAA, scavenger receptors interact productively with SAA-

containing HDL (SAA-HDL). Examples include SR-BI that interacts productively with both 

normal HDL and SAA-HDL [34, 35], or CD36 and LOX-1 that preferentially bind and 

internalize modified lipoproteins including SAA-HDL ([15, 36, 37] and references therein). 

The ability of SAA to bind these and other diverse ligands and to readily form amyloid is 

facilitated by the dynamic conformation of this small protein.

Under near-physiologic conditions in solution without bound ligands, SAA spans multiple 

conformations and has little or no ordered secondary structure [21, 38, 39], which qualifies it 

as an intrinsically disordered protein (IDP). Like other IDPs, SAA readily self-associates in 

vitro to form various partially folded oligomers (dimer, tetramer, hexamer, octamer) that can 

interconvert [38]. Although such oligomers have not been directly observed in vivo, they 

have been attributed distinct biological properties [14, 38–40]. Quaternary and secondary 

structures of SAA depend upon environmental conditions such as temperature. For example, 

under near-physiologic solvent conditions, lipid-free murine SAA isoform 1.1 (mSAA1.1) is 

~17% α-helical and self-associated at 4 °C, but this helical stricture unfolds and oligomers 

are disrupted upon heating to 37 °C [25]. Other ligand-free SAA isoforms are also self-

associated and partially α-helical at 4 °C, but their secondary and quaternary structures are 
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progressively disrupted upon heating to 37 °C [38]. Although such unfolded ligand-free 

forms of SAA have been observed in many in vitro studies, these forms may be only 

transiently present in vivo as they are highly labile to proteolysis and misfolding as 

compared to the SAA-HDL, which is the major circulating form.

Ligand binding and folding are usually coupled in IDPs [41, 42]. In SAA, binding to 

phospholipid surface and lipoprotein formation are coupled to α-helical folding. For 

example, in model HDL reconstituted from mSAA1 and phosphatidylcholine, α-helical 

content at 37 °C increases from near-zero to ~35%, as compared to 70–80% observed in 

similar complexes containing other HDL apolipoproteins such as apoA-I or apoA-II [21, 

25]. The SAA conformation on HDL is unknown and is proposed, for the first time, in the 

current study.

1.2 Atomic structures of lipid-free apolipoproteins: Insights into lipid-bound 
conformations

Remarkably for an IDP, high-resolution x-ray crystal structures of lipid-free human and 

murine SAA have been determined in 2014 in three different forms: hSAA1.1 hexamer 

(PDB ID 4IP9), hSAA1.1 dimer of dimers (PDB ID 4IP8) [40], and mSAA3 tetramer (PDB 

ID 4Q5G) [14]. All structures revealed a similar monomer fold, indicating strongly that this 

fold reflects an intrinsic propensity of the SAA molecule to form a well-ordered structure 

and is not an artifact of intermolecular packing (Fig. 1A). Residues 1–88 formed a unique Y-

shaped 4-helix bundle comprised of helices h1 (residues 1–27), h2 (32–47), h3 (50–69), and 

h4 (73–88), with the polar C-terminal (CT) tail (residues 89–104) containing a short 3/10 

helix h′ (91–96) interacting with h1 and h2 via multiple hydrogen bonds and salt bridges 

(Fig. 1) [14, 40].

The hexamer observed in one crystal structure of hSAA1.1 (PDB ID 4IP9) was proposed to 

represent the HDL-bound form [40]. However, this idea has several flaws: (i) SAA hexamer 

lacks a large contiguous apolar surface that is prerequisite for HDL binding; (ii) HDL 

surface, which is comprised mainly of phosphatidylcholine and cholesterol, is uncharged yet 

the proposed HDL binding site on the hexamer is charged; (iii) this site is not selective for 

HDL; (iv) cross-linking studies showed that SAA hexamer must dissociate into monomers 

to bind HDL [55]. Moreover, the crystal structures had ~85% α-helical content, more than 

twice as high as that observed in any solution studies, including lipid-bound or oligomeric 

SAA at 4 °C. This suggests that in the absence of additional ligands, only a fraction of the 

helical structure observed by crystallography is folded in SAA-HDL; the nature of this 

folded structure is addressed below in part 2.2.

Other HDL apolipoproteins, such apoA-I and apoE whose high-resolution structures have 

been determined for lipid-free mutant forms, also fold in solution into NT 4-helix bundles, 

with the unstructured CT tails wrapped around the bundle. However, there are several 

important differences between these apolipoproteins and SAA.

First, CT tails in apoA-I and apoE are highly hydrophobic and dynamic in the lipid-free state 

in solution and form the primary lipid binding sites [43, 44]. Upon binding to the lipid 

surface, these tails fold into amphipathic α-helices that form the major lipid surface-binding 
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motif in the apolipoprotein family [45]. In contrast, the CT tail in SAA is largely polar and is 

well-ordered albeit mostly non-helical in the crystal structure (Fig. 1) [14, 40]. Notably, the 

CT tail of SAA does not form an amphipathic secondary structure and, hence, is not 

expected to directly bind to lipoprotein surface (Fig. 3B discussed below).

Second, helix bundles in apoE, apoA-I and apoA-IV are comprised of amphipathic α-helices 

whose apolar faces form the interior of the bundle. In contrast, the SAA monomer is 

stabilized by extensive hydrogen bonding among conserved polar residues and water 

molecules in the interior of the bundle [14]. Such tertiary interactions in monomeric SAA 

are expected to be highly labile in aqueous solution.

Third, the shape of the 4-helix bundle, which is elongated and relatively straight in the 

available atomic structures of apoE and apoA-IV or semi-circular in apoA-I, differs from the 

cone-shaped 4-helix bundle in SAA (supplemental Fig. S1). The apolipoprotein shape is 

important for conferring 2D curvature to the lipoprotein surface whose constituent lipids 

have near-zero spontaneous curvature. For example, the highly curved dimer seen in the 

crystal structures of apoA-I [46, 47] has a diameter d~11 nm that complements the convex 

surface of HDL (d=8–12 nm) (Fig. S1). This explains the strong preference of apoA-I for 

binding to HDL as compared to larger less curved low- or very low-density lipoproteins, 

LDL (d=20–24 nm) or VLDL (d=40–100 nm). Compared to apoA-I, 4-helix bundles of 

apoE and apoA-IV are relatively straight, which explains the relatively high affinity of these 

proteins for VLDL [48]. Notably, amino acid sequences of these and other apolipoproteins 

contain Pro-punctuated 11/22-mer tandem helical repeats that help confer the overall 

molecular curvature (Fig. S1) [45–48]. In contrast, the SAA sequence lacks Pro punctuation, 

and the molecular basis for preferential binding of SAA to HDL as compared to LDL or 

VLDL is unknown.

Fourth, extensive biophysical studies, including protein cross-linking followed by mass 

spectrometry and distance measurements using FRET or EPR, indicate that the 4-helix 

bundles in apoA-I, apoA-IV and apoE open up on the lipid to form two pairs of helices that 

wrap around the lipoprotein perimeter in an antiparallel “double-belt” conformation ([46–

50] and references therein). Such a helix bundle opening exposes the apolar faces of the 

amphipathic apolipoprotein α-helices to the lipid surface (Fig. S1). It is unknown whether 

the SAA helix bundle opens upon HDL binding.

In summary, despite major recent advances in high-resolution structural studies [14, 40], it 

remains unclear how the well-ordered helix bundle structure observed by x-ray 

crystallography in lipid-free oligomeric SAA relates to the much less helical highly dynamic 

conformations of HDL-bound or lipid-free SAA, facilitating SAA binding to a wide range of 

diverse ligands in vivo.

Here we integrate the results of our amino acid sequence analyses with the existing 

biophysical, structural and functional data on SAA, which were obtained by many teams 

over nearly four decades. We identify a novel lipoprotein-binding site in the SAA monomer, 

which explains SAA selectivity for HDL, and propose a molecular basis for its dynamic 

ligand binding and functions.
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2. RESULTS AND DISCUSSION

2.1 Properties of individual α-helices in SAA from various species

Figure 2 shows amino acid sequences of representative SAA proteins. Physicochemical and 

structural properties of these proteins were assessed by using sequence-based prediction 

methods. For all proteins explored, secondary structural predictions agreed with the crystal 

structures of hSAA1.1 and mSAA3, indicating α-helices h1, h2, h3 and h4 and the turns 

between them, along with the largely non-helical CT tail (Fig. S2). This result supports the 

idea that the 4-helix bundle in SAA is evolutionally conserved [40]. Surprisingly, h4 

consistently showed high helical propensity, even though its N-terminal half was disordered 

in all crystal structures (Fig. 2); the functional implications of this observation are discussed 

in part 2.5 below.

Hydrophobicity profiles of all proteins showed a local maximum at residues 50–56 often 

followed by a smaller peak near residue 68 (Fig. 3A). These peaks delineated the NT and 

CT ends of the highly conserved h3 that showed high hydrophobicity in all proteins. In 

addition, several SAA proteins (human SAA1 and SAA2, mouse SAA1, cat SAA1, etc.) 

showed the major hydrophobicity maximum near the NT end of h1 (Fig. 3A, top panel). 

This is not surprising since residues 1–11 in hSAA have been implicated strongly in forming 

the major HDL binding site and to contain the major amyloidogenic segment 2–9 [40, 51] 

(Fig. 1A, bright blue). In several SAA proteins (e. g. human SAA1 and SAA2, mouse 

SAA1, etc.) the hydrophobicity was high at the NT end of h1 but progressively declined 

towards its CT end (Fig. 3A top), suggesting that h1 may penetrate the lipid surface at an 

angle, with deeper insertion of the NT end. In contrast, in other proteins (such as human 

SAA4, mouse SAA3, rat SAA, trout SAA), the NT end of h1 was substantially charged or 

polar (Fig. 2, Fig. 3A bottom), suggesting reduced protein affinity for HDL. Consistent with 

this idea, in acute phase in rat and trout, the levels of circulating HDL-bound SAA do not 

increase; only local increase in SAA, which is probably not bound to HDL, was reported in 

trout [52, 53]. In summary, h3 in all species and h1 in some species have high 

hydrophobicity, while the rest of the SAA molecule is relatively polar.

Importantly, helix wheel diagrams of all SAA proteins revealed that only h1 and h3 can 

form amphipathic α-helices with large relatively straight apolar faces (Fig. 3B). Similar 

helices form the major lipid surface-binding motif in apolipoproteins [45]. However, the 

non-random radial charge distribution characteristic of apolipoprotein α-helices, which is 

thought to augment their affinity for the lipid surface [45], is not observed in SAA (Fig. 3B). 

In all SAA proteins, h1 showed the highest hydrophobic moment (μ =8–12) followed by h3 

(μ =5–8); in contrast, h2 and h4 consistently showed low hydrophobic moments (μ =0–3) 

and low overall hydrophobicity (Fig. 3). Notably, h1 and h3 are located on the same side of 

the SAA monomer (Fig. 1). Together, our results indicate that possible lipid surface binding 

sites in SAA are located in h1 and h3, and not just in the NT end of h1 as previously 

thought. This is in stark contrast with apoA-I, apoE and other apolipoproteins whose entire 

molecules can bind lipid surface via contiguous apolar faces formed by tandem amphipathic 

α-helical repeats [45, 46].

Frame and Gursky Page 5

FEBS Lett. Author manuscript; available in PMC 2017 March 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although further discussion focuses on SAA from mice and men, particularly hSAA1.1 and 

mSAA3 whose atomic structures have been determined experimentally, it sheds light on the 

structure-function relationship in other members of this protein family.

2.2 h1 and h3 form a concave apolar surface that contains amyloid hot spots and binds 
HDL

In hSAA1, the predicted amyloid-forming sequence propensity is confined to residues 1–72, 

consistent with the finding that the 1–76 fragment is the main constituent of human AA 

deposits [40, 54]. One major and two minor amyloidogenic segments, or hot spots, have 

been predicted in residues 2–9 (SFFSFLG) from h1 and residues 53–55 (WAA) and 67–70 

(RFFG) from h3, respectively [54]. In the crystal structure of hSAA1.1, these segments are 

largely exposed in the monomer (Fig. 1A, asterisks). In vivo, amyloid hot spots are normally 

protected from misfolding by the native packing, which in apolipoproteins includes protein-

protein and protein-lipid interactions [54]. Therefore, amyloid hot spots in SAA are 

expected to be sequestered in vivo upon lipid binding or self-association. In fact, the major 

hot spot segment 2–9 of hSAA binds HDL [51] and is partially sequestered in the crystal 

structure of the hexamer [40]. Deletion of this segment or its point mutations greatly 

decrease (by up to 95%) but do not completely abolish hSAA binding to HDL [51], 

suggesting that the NT end forms the major but not the sole HDL binding site.

We posit that both h1 and h3 in SAA contribute to HDL binding. This idea stems from the 

observation that only h1 and h3 in SAA form amphipathic α-helices with large apolar faces 

(Fig. 3B). Also, hydrophobicity (Fig. 3A) and transmembrane tendency profiles (not shown) 

suggest that h1 and h3 are the only segments in SAA with significant affinity for lipid. 

Moreover, structural studies of mSAA3 tetramer have implicated h3 as a binding site for a 

lipophilic ligand retinol [14].

Although the direct role of h3 in HDL binding remains to be established experimentally, 

strong evidence for such binding comes from the crystal structures of SAA. A striking 

feature in the surface hydrophobicity distribution in the SAA monomer is an elongated 

concave hydrophobic surface formed by h1 and h3 (Fig. 4A). The curvature of this surface 

(radius r ≅ 4.2 nm) is complementary to that of HDL (d = 8–11.5 nm), making it 

immediately clear how SAA monomer binds HDL via this site, with a particular preference 

for the smaller particles termed HDL3 [8], and why such binding is favored over larger 

lipoproteins [5, 10, 11]. The predicted amyloidogenic segments in SAA are located at the 

ends (residues 2–9 and 67–70) or in the middle (53–33) of this surface (Fig. 4A, asterisks) 

and are solvent-exposed in the SAA monomer. By binding to HDL via this concave apolar 

surface, SAA can protect these sensitive segments from initiating the misfolding as well as 

maintain the lipoprotein surface curvature.

What are the molecular determinants for the SAA binding affinity and specificity for HDL? 

The curvature of the apolar surface formed by h1 and h3 is defined by the ~45° angle 

between these helices. This angle is critically hinged upon the strictly conserved GPGG 

motif in residues 48–51. In the crystal structures, this well-ordered motif forms a tight turn 

and the NT end of h3 that is packed against h1 (Fig. 1, left panels). G50, G51 and A54, A55 

from h3 pack against A10 and G13 from h1, locking h1 in a groove formed by the GPGG 
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motif at the NT end of h3 and facilitating an unusually close spacing between these helices 

(Fig. 4B), with only 3.6Å separation between the main chain atoms Cα of A10 and C of G50 

and between N of A10 and C of G50. Additional main and side chain interactions involved 

in h1–h3 packing in this region are shown in the supplementary Figure S3. To our 

knowledge, such helical packing via the GPGG motif has not been reported previously.

Notably, the structure in this region, including the h2–h3 linker, is well ordered, as evident 

from low atomic B-factors; in contract, other interhelical linkers, such as h1–h2 and h3–h4, 

are relatively disordered (Fig. 2 top). Therefore, despite high potential flexibility of the Gly-

rich GPGG motif, folding of this region freezes out local flexibility and locks h1 against h3. 

The high entropic cost of such folding must be counterbalanced by water exclusion from the 

apolar surface formed by h1 and h3 and by the favorable enthalpy of HDL binding at this 

surface. We propose that HDL surface forms a template that augments the folding of h1 and 

h3 accompanied by the insertion of their apolar faces into the lipid surface.

Notably, the residues critical for the packing of h1 against h3, including A10, G13, G48, 

P49, G50, G51, A54 and A55, are strictly conserved (Fig. 2 and Fig. S3), suggesting that the 

angle between h1 and h3 (and hence, the curvature of the hypothetical lipoprotein-binding 

surface) is also conserved throughout evolution. In fact, the crystal structures of hSAA1.1 

(Figs. 1, 3) and mSAA3 (Fig. S4) show a similar angle between h1 and h3 and a similarly 

curved hydrophobic surface formed by these helices. We propose that the GPGG motif and 

other conserved residues involved in h1–h3 packing determine the binding selectivity of 

SAA for HDL-size lipoproteins, while variable residues 1–11 at the NT end of h1 modulate 

the species- and isoform-specific affinity of SAA for HDL. Still, one cannot exclude that the 

angle between h1 and h3 may be adjusted upon SAA binding to less curved surfaces of 

larger lipoproteins and lipid vesicles.

Apart from lipid binding, the large apolar surface formed by h1 and h3, which is exposed in 

the SAA monomer, is expected to drive protein self-association in solution. In fact, this 

surface is directly involved in self-association in all three oligomeric forms of SAA that 

have been crystallized [14, 40]. To make this surface available for HDL binding, such 

oligomers must dissociate. In fact, biophysical and cross-linking studies of mSAA2.2 by an 

expert team reported that the hexamer has little affinity for HDL and dissociates into 

monomers during binding to HDL [55]. Hence, we propose that the HDL-bound SAA is 

monomeric, although self-association via alternative surfaces cannot be excluded.

2.3 The helix bundle of SAA does not open on the lipid surface

In contrast to h1 and h3, SAA helices h2 and h4 lack large apolar faces (Fig. 3) and are 

unlikely to directly bind to lipid surface. The latter is consistent with the SAA crystal 

structures wherein h2 is packed against h1 and h3 opposite to the putative HDL binding site. 

Therefore, we propose that in SAA-HDL, h1 and h3 are sandwiched between h2 and HDL 

and partially retain their conformation seen in the crystal structures, particularly the packing 

of h1 against h3 via the GPGG motif (Fig. 1A, Fig. 5). Hence, we posit that the 4-helix 

bundle of SAA does not open into two helical pairs on the lipid surface. Rather, SAA 

oligomers dissociate to expose the curved apolar surface in the monomer that binds to HDL 

via h1 and h3; the conformation of these helices resembles that seen in the crystal structures 
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of lipid-free proteins. This lipid binding mode is unique to SAA and differs from the helix 

bundle opening into two pairs of antiparallel helices, h1–h2 and h3–h4, which was inferred 

for apoE, apoA-I, and apoA-IV on the lipid surface (Fig. S1).

Although experimental evidence for the idea that the packing of h1 and h3 observed by x-

ray crystallography is maintained on SAA-HDL remains to be established, several lines of 

evidence support this idea. First, the most conserved regions in the SAA family (>85% 

sequence identity [2]) encompass residues 13–29 from h1 and 33–63 from h2–h3 (Fig. 2, 

boxed). In the crystal structure, these regions are packed against each other in the helix 

bundle, while more variable residues 1–12 (NT end of h1) and 30–32 (h1/h2 linker) are 

exposed (Fig. 1A, Fig. 2). Such a direct correlation between the sequence conservation and 

the tertiary packing of h1–h3 helices in the bundle suggests that this packing is conserved 

for function. Since a major function of SAA is lipid transport via HDL, it is likely that the 

packing of h1–h3 helices in the crystal structures of lipid-free SAA represents, in part, their 

HDL-bound conformation.

Second, our model of SAA-HDL is consistent with studies of SAA effects in cell adhesion, 

which identified a laminin-binding motif in residues 29–33 and a fibronectin-binding motif 

in residues 39–41 of SAA [32, 33] and showed that these motifs are solvent-exposed both in 

lipid-free and in HDL-bound SAA [33]. In the crystal structure, these motifs are located in 

h1/h2 linker and in the middle of h2 (Fig. 2, bottom), and are exposed both in lipid-free 

SAA and in our model of SAA-HDL (Fig. 5, in teal).

Third, additional support for our model comes from epitope mapping studies reporting that: 

i) accessible epitopes in SAA comprise residues 31–39 (part of h2), 64–78 (h3/h4 linker and 

adjacent ends of h3 and h4 helices), and 95–104 (CT tail); ii) inaccessible epitopes include 

most of h1 and h3; iii) the same epitopes are exposed in HDL-associated and in lipid-free 

SAA that is presumably self-associated [56]. All these findings are consistent with our 

model of SAA-HDL in which h1 and h3 are largely helical and are directly involved in lipid 

binding and/or self-association, while the rest of the molecule, which is largely unfolded, is 

accessible for binding to other ligands and probably becomes folded upon such binding (Fig. 

5).

2.4 NT and CT domains are connected via a flexible linker

Apart from the NT end of h1, the most variable sequence region in SAA starts at residue 70 

of hSAA and encompasses the h3/h4 linker and the NT half of h4. This region can vary in 

the amino acid composition and in length, and can contain a 7- to 9-residue insert found in 

several proteins including hSAA4 (Fig. 2). The enzymatic N-glucosylation observed in the 

insert of hSAA4 indicates that this region is disordered in vivo [57]. Moreover, crystal 

structures of hSAA1.1 and mSAA3, which lack the insert, also show that the h3/h4 linker 

forms the most disordered region in all six molecules in three available crystal structures of 

SAA (two molecules per asymmetric unit), with high atomic B-factors (Fig. 2, top). 

Consequently, the disorder in this linker is an inherent property of the SAA molecule and 

not an artifact of the crystal packing. We posit that this flexible linker between NT and the 

CT domains of SAA is important for function.
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2.5 Helix h4 and the CT tail can dissociate to bind other ligands

Our analysis suggests that SAA contains two domains, one encompassing NT two-thirds of 

the protein (residues 1–69) and the other its CT one-third (residues 70–104 in hSAA1). The 

NT domain contains highly conserved helical segments from h1–h3 that can bind 

hydrophobic ligands, such as lipoproteins, cholesterol and retinol, via the extended apolar 

surface formed by h1 and h3; this surface is also central to protein self-association in 

solution [14, 26, 40]. The NT domain is connected by a flexible linker to the dynamic CT 

domain that encompasses h4 and the largely non-helical C-terminal tail. We posit that the 

relatively polar CT domain can dissociate from the h1–h3 helices and recruit additional 

interacting partners, bridging them with the NT-bound ligands (Fig. 5). Such dissociation is 

probably augmented by the unusually polar water-containing interior of the SAA monomer 

[14]. Consistent with this idea, several polar/charged ligands of SAA reportedly bind at the 

CT residues 70–104. These ligands include heparan sulfate that binds to the basic residues 

from the 83–102 region in mSAA [28]; cystatin C that forms electrostatic interactions with 

SAA residues 86–104 [31]); and cell receptors such as LOX-1 and CD36 that bind modified 

lipoproteins [37] (Figs. 2, 5). By bridging HDL to LOX-1 or CD36, SAA can facilitate HDL 

internalization by many cell types expressing these receptors, and thereby re-direct 

cholesterol transport to these cells. Similarly, SAA can probably re-direct the transport of 

other HDL lipids, including phospholipids, triglycerides and a small amount of fat-soluble 

vitamins such as carotenoids and retinol esters present in HDL core (Fig. 5). Thus, SAA can 

modulate transport of these vitamins not only in HDL-dissociated [14] but also in HDL-

bound form.

Synergistic action of NT and CT domains of SAA is also exemplified by its effects on 

cholesterol esterification. Via its CT residues 74–103, SAA stimulates cholesterol ester 

hydrolase that de-esterifies cellular cholesterol. Via its lipid-binding NT residues 1–20, SAA 

diminishes the activity of acetyl: and lecithin:cholesterol acyltransferase that esterify cellular 

and plasma cholesterol, respectively [58]. Through these combined effects, SAA shifts 

cholesterol distribution from the esterified (storage) to the unesterified (transport) form, and 

thereby augments efflux of excess cholesterol from cells to HDL.

In a small protein such as SAA, spatial proximity of multiple ligand binding sites is 

expected to result in binding cooperativity. In fact, SAA binding to heparan sulfate was 

reported to dissociate HDL from SAA [29], suggesting negative cooperativity between HDL 

binding at the NT domain of SAA and heparan sulfate binding at the CT domain. SAA 

dissociation from HDL exposes amyloid hot spots in h1 and h3 (Fig. 4A), which is expected 

to promote amyloid formation. Consequently, blocking SAA binding to heparan sulfate 

chains in vivo provides a potential therapeutic strategy to combat AA amyloidosis. 

Furthermore, interactions of HDL-bound SAA with heparan sulfate were reported to 

interfere with SAA-HDL binding to cell receptors [30], suggesting negative cooperativity in 

the binding of heparan sulfate and the receptor to the CT domain of SAA.

Ligand binding by IDPs typically involves α-helical folding. Both affinity and specificity of 

binding can benefit from the high α-helical propensity of the ligand binding sites [41]. We 

posit that, due to its polar character and high intrinsic α-helical propensity (Fig. 3, Fig. S2), 
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h4 can readily dissociate from h1–h3, recruit polar/charged ligands and undergo coupled 

folding and binding.

In other IDPs, ligand binding at various sites may have positive or negative cooperativity 

depending upon the relative location of the binding sites and environmental conditions such 

as ligand concentration or pH [41, 59]. An environment-dependent allosteric regulation was 

proposed to provide a common mechanism for the functional modulation in IDPs that act as 

molecular hubs in protein interaction networks [41]. We speculate that tunable environment-

dependent allosteric regulation of ligand binding to NT and CT domains of SAA can 

modulate complex functions of this protein in signaling, immune response and lipid 

homeostasis. If so, such context-dependent effects may help reconcile the conflicting data 

regarding biological properties of SAA, such as its reported ability to either promote or 

prevent inflammation ([2, 13, 16] and references therein).

2.6 SAA as a protein hub in interaction networks modulating lipid homeostasis

Our analysis suggests that, like many other IDPs that are promiscuous binders, SAA acts a 

molecular hub facilitating a wide range of functional interactions among diverse ligands, 

including various proteins, lipids and proteoglycans. One example is interactions between 

HDL, which binds to the NT domain of SAA, and cell receptors CD36 or LOX-1, which 

bind to its CT domain. SAA-mediated HDL binding and internalization via these receptors 

likely re-routs transport of cholesterol and other HDL lipids and lipid-soluble vitamins 

towards cell repair, which is thought to benefit immediate survival in acute injury or 

inflammation [13, 14]. However, internalization of SAA-HDL by arterial macrophages, 

which express CD36 and LOX-1, is also expected to augment the accumulation of 

macrophage cholesterol, ultimately leading to foam cell formation and cholesterol 

deposition in arterial plaques. Therefore, preferential internalization of SAA-HDL by 

arterial macrophages [13, 60] likely promotes atherosclerosis. This effect is partially 

alleviated by the ability of SAA to augment cholesterol efflux from cells by i) shifting the 

equilibrium towards the unesterified form of cholesterol, and ii) supplying extracellular 

acceptors for cholesterol in a process mediated by the lipid transporter ABCA1 ([13] and 

references therein). The net effect is that SAA promotes efficient efflux of most but not all 

cholesterol that is taken up by macrophages upon internalization of acute-phase lipoproteins. 

Thus, elevated plasma SAA probably augments cholesterol accumulation in the arteries, 

which contributes to the established causal link between inflammation and atherosclerosis 

[17, 18].

Since each HDL particle can carry several copies of SAA ([25] and references therein), 

ligand binding to one copy can probably influence the binding of a similar or a different 

ligand to another copy, adding another layer of the tunable allosteric regulation via SAA. In 

this scenario, each SAA-HDL particle acts as a multivalent macromolecular hub in 

interaction networks involving plasma and membrane-associated proteins and proteoglycans 

(Fig. 5), which amplifies the ability of SAA to bridge a wide range of ligands and modulate 

their functional interactions.

A similar concept has been proposed by several teams to describe various functions of HDL 

in cardiovascular disease, inflammation, and immune response. For example, HDL was 
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proposed to provide a platform for the assembly of multiple proteins whose synergistic 

action is important for the evolution of innate immunity to bacterial infections [61]. These 

ideas are supported by ongoing proteomic studies of lipoproteins using mass spectrometry, 

which are aimed to elucidate key functional determinants of these heterogeneous particles 

[60–63]. Such proteomic studies are particularly useful to identify proteins associated with 

circulating lipoproteins. The current study extends these ideas towards membrane-associated 

moieties, such as cell receptors and proteoglycans that preferentially bind SAA-HDL (Fig. 

5).

3. SUMMARY

We propose the first structural model of HDL-bound SAA monomer, which is distinct from 

any other lipoprotein models. In contrast to the helix bundle opening into two pairs of 

antiparallel helices that bind to lipid surface in apoE, apoA-I and apoA-IV, SAA probably 

binds HDL via the concave apolar surface formed by helices h1 and h3 that are packed at an 

angle of ~45°. Relative orientation of these helices in lipid-bound and in free SAA is 

determined by several conserved residues including the GPGG motif at the NT end of h3 

that locks h1 like a socket wrench. Our model explains, for the first time, why SAA 

preferentially binds to HDL over larger lipoproteins. Further, we postulate that the NT 

domain of SAA, which binds HDL, and the CT domain, which binds cell receptors and other 

ligands and bridges them with HDL, act in synergy to modulate lipid homeostasis. This 

synergy potentially extends to other less well-understood functions of SAA in immune 

response and cell signaling.

Importantly, the proposed two-domain model of SAA, with its flexible interdomain linker 

starting at residue 70, is consistent with the observation that the 1–76 fragment is the major 

protein constituent of AA deposits in vivo. The proteolytic cleavage of this linker produces 

the amyloidogenic NT fragment that forms AA deposits in vivo, and the non-amyloidogenic 

CT fragment [22]. Our model suggests that the h3/h4 linker is flexible and can be 

susceptible to cleavage in lipid-free as well as in HDL-bound SAA. Our model of SAA-

HDL is also consistent with the location of amyloid hot spots in h1 and h3, which are 

protected on HDL but are labile in free SAA monomer [54]. Future experiments will directly 

probe the proposed structural model of lipid-bound SAA and its functional ramifications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

SAA serum amyloid A

hSAA1.1 human SAA

mSAA murine SAA

AA amyloid A

IDP intrinsically disordered protein

HDL high-density lipoprotein

SAA-HDL SAA-containing HDL

LDL low-density lipoprotein

VLDL very low-density lipoprotein

apo apolipoprotein

NT N-terminal

CT C-terminal

CD36 cluster differentiation 36 scavenger receptor

LOX-1 oxidized low-density lipoprotein receptor 1

SR B1 scavenger receptor class B member 1
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Highlights

• Serum amyloid A is a multifunctional intrinsically disordered acute-phase 

protein

• Bioinformatics, structural and functional studies suggest two domains in SAA

• Amphipathic α-helices in residues 1–69 form a concave surface that binds 

lipoproteins

• Polar segment 70–104 recruits receptors and other functional ligands for 

lipoproteins

• SAA acts as a hub in interaction networks in lipid homeostasis and immune 

response
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Figure 1. Helix bundle structure of SAA determined by X-ray crystallography [14, 40]
A. Atomic structure of hSAA1.1 (PDB ID 4IP8) [40]. Secondary structural elements are 

color-coded: h1 (residues 1–27) – blue; h2 (32–47) – teal; h3 (50–69) – green; h4 (73–88) – 

orange; CT tail (89–104) including a 3/10 helix h′ (90–96) – red. The disordered h3/h4 

linker that starts at residue 70 is indicated. Asterisks mark predicted amyloidogenic 

segments in residues 2–9 (blue), 51–53 (light green) and 69–71 (dark green) [54]. The 

highly conserved GPGG motif in residues 48–51 located at the N-terminal end of h3, which 

is tightly packed against h1, is indicated.

B. Cartoon showing SAA helices and their packing and connectivity in the helix bundle. 

Rectangles (side view) or circles (top view) show four α-helices, h1 to h4. Shapes filled in 

gray represent amphipathic α-helices (see Fig. 3 for detail). Lines show non-helical 

segments. Dashed line shows the flexible h3/h4 linker (see Fig. 2 and text for detail). N-

terminal (NT, residues 1–69) and C-terminal domains (CT, residues 70–104 in hSAA1) are 

indicated. The two-domain structure of SAA was first proposed by Fred Stevens [64] a 

decade before the crystal structure determination.
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Figure 2. 
Amino-acid sequence alignment in the SAA family. The residue numbers correspond to 

human SAA1 and SAA2. The conservation degree is shown by the text highlight, with more 

conserved residues in darker highlight. The alignment was carried out by using Clustal 

Omega server [65]. Secondary structural elements observed by x-ray crystallography are 

shown at the bottom: rectangles – helices, lines – non-helical structure [14, 40]. Known 

locations of ligand binding sites in SAA are indicated at the bottom. Colored arrows at the 

top show key residues from h1 and h3 (A, G and the GPGG motif) that, we propose, lock the 

relative orientation of these helices. Black arrow shows the cleavage site that generates the 

major AA fragment 1–76 found in human amyloid deposits. Structural disorder is illustrated 

by B-factors obtained from the x-ray crystal structure of hSAA1.1 (PDB ID 4IP9). Atomic 

B-factors are color coded as shown. Similar B-factor distribution is seen in all six SAA 

molecules from the three available crystal structures (PDB ID 4IP8, 4IP9, 4Q5G).
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Figure 3. Hydrophobicity properties of SAA proteins
A. Hydropathy profiles of representative SAA family members obtained by using ExPASy 

server [66] with Kyte-Doolittle scale. Residue numbering follows hSAA1; additional 

residues that are present at the NT end or in the h3–h4 linker of other proteins (Fig. 2) are 

not shown. Some proteins show the major hydrophobicity maximum near the N-terminus of 

h1 (top panel); others show relatively low hydrophobicity in h1 (bottom panel). All proteins 

show a hydrophobicity maximum in h3 that is a part of a highly conserved region.

B. Helix wheel diagrams of hSAA1.1 depict five segments observed in the crystal structure, 

including α-helices h1 to h4 and the largely non-helical C-terminal tail. Apolar and polar 

residues are color coded as indicated. In each segment the direction of the hydrophobic 

moment μ is right to left (left arrow). In hSAA1.1, μ(h1)=11.9, μ(h2)=6.7, with much lower 

values of μ<3 for h2, h4 and the CT tail. Similarly, in all other SAA proteins, only h1 and h3 

form amphipathic helices with a large well-demarcated apolar face and a high hydrophobic 

moment. The values of μ were obtained by using a publically available on-line server 

created by D. Armstrong and R. Zidovetzki (http://rzlab.ucr.edu/scripts/wheel/wheel.cgi?

sequence=ABCDEFGHIJLKMNOP&submit=Submit). The results are consistent with the 

previous secondary structure prediction for SAA [64].
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Figure 4. Proposed HDL binding site in the SAA monomer and the helical packing that 
determines its curvature
A - Space-filling model of hSAA1 monomer illustrates its surface hydrophobicity. Two 

projections show the concave surface formed by apolar faces of h1 and h3 (in gold). Dotted 

arc with a radius of r~4.2 nm indicates the putative HDL binding site. Asterisks show 

amyloidogenic segments in h1 (blue) and h3 (green), which are exposed in monomeric SAA. 

Arrows show the orientation of h1 and h3. Boxed region contains junction of h1 and h3 that 

determines their relative packing at ~45°.

B - Zoomed-in view of the boxed region shows h1 and h3 packing via the GPGG motif in 

residues 48–51 and other conserved residues (G13, A10, A54, A55) that are numbered and 

color-coded. Black line in the right panel indicates the shortest distance of 3.6Å between 

main chains of A10 and G50. Additional details of the main and side chain interactions in 

this region are shown in Figure S3.
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Figure 5. 
Hypothetical model of SAA on HDL surface. SAA and HDL are drawn to scale. HDL is 

shown in cross-section to illustrate its polar surface containing amphipathic proteins, 

phospholipids (mainly phosphatidylcholine) and cholesterol, and the apolar core containing 

cholesterol esters, triacylglycerides and small amounts of fat-soluble vitamins such as 

carotenoids. Other HDL proteins such as apoA-I or apoA-II that are also present on SAA-

HDL [25] are not shown. In the NT domain of SAA (residues 1–69 in blue, teal and green), 

amphipathic α-helices h1 and h3 form the putative HDL binding site. We posit that h1 and 

h3 on HDL retain their relative packing via the GPGG motif observed by x-ray 

crystallography. Parts of h1 and h3 that bind HDL are folded, accounting for an average α-

helical content of ~35% observed in lipid-bound SAA by circular dichroism [25]. In the 

absence of additional ligands, the rest of the SAA molecule spans multiple conformations 

(circular arrow). The dynamic behavior of the CT domain (red) is facilitated by the flexible 

interdomain linker (dashed line). Apart from HDL, the NT domain can also bind other 

ligands, such as laminin and fibronectin that bind via h2 and h2/h3 linker [32, 33]. 

Alternatively, the NT domain of SAA can bind retinol via h3 (not shown) [14] and/or self-

associate via h1 and h3 [14, 39]. CT domain can bind diverse ligands [64] including various 

cell receptors (CD36, LOX-1, etc.) [37], heparan sulfate proteoglycans (HSPG) [28], 

cystatin C [31], cholesterol ester hydrolase [58] and others. Ligand binding is probably 

augmented by the high intrinsic helical propensity of h4 (Fig. S2) that is expected to 

undergo coupled binding and folding. Thus, in the presence of additional bound ligands, the 

helical content in SAA on HDL may ultimately approach that seen in the crystal structure. 

SAA brings together ligands that are bound to NT- and CT-domains of the same SAA 

molecule, as well as those bound to different SAA molecules on the same HDL particle. 

Such bridging of diverse ligands, which may bind with positive or negative cooperativity 

depending on the environment, can modulate their functional interactions. We propose that 

SAA acts as a molecular hub modulating a wide range of functional interactions among 

diverse proteins, lipids, and proteoglycans.
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