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    Abstract  

  Serum amyloid A (SAA) is an acute-phase reactant protein predominantly 
bound to high-density lipoprotein in serum and presumed to play various 
biological and pathological roles. Upon tissue trauma or infection, hepatic 
expression of SAA increases up to 1,000 times the basal levels. Prolonged 
increased levels of SAA may lead to amyloid A (AA) amyloidosis, a usu-
ally fatal systemic disease in which the amyloid deposits are mostly com-
prised of the N-terminal 1–76 fragment of SAA. SAA isoforms may differ 
across species in their ability to cause AA amyloidosis, and the mecha-
nism of pathogenicity remains poorly understood. In vitro studies have 
shown that SAA is a marginally stable protein that folds into various 
oligomeric species at 4 °C. However, SAA is largely disordered at 37 °C, 
reminiscent of intrinsically disordered proteins. Non-pathogenic murine 
(m)SAA2.2 spontaneously forms amyloid fi brils in vitro at 37 °C whereas 
pathogenic mSAA1.1 has a long lag (nucleation) phase, and eventually 
forms fi brils of different morphology than mSAA2.2. Remarkably, human 
SAA1.1 does not form mature fi brils in vitro. Thus, it appears that the 
intrinsic amyloidogenicity of SAA is not a key determinant of pathogenic-
ity, and that other factors, including fi brillation kinetics, ligand binding 
effects, fi bril stability, nucleation effi ciency, and SAA degradation may 
play key roles. This chapter will focus on the known structural and bio-
physical properties of SAA and discuss how these properties may help 
better understand the molecular mechanism of AA amyloidosis.  
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   AA    Amyloid A   
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  AFM    Atomic force microscopy   
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  Hep    Heparin   
  HS    Heparan sulfate   
  hSAA    Human serum amyloid A   
  IDP    Intrinsically disordered proteins   
  mSAA    Mouse serum amyloid A   
  SAA    Serum amyloid A   
  SEC    Size-exclusion chromatography   

5.1           Introduction 

5.1.1     Serum Amyloid A and AA 
Amyloidosis 

 Serum amyloid A (SAA, ~12 kDa) belongs to a 
highly conserved family of proteins that appears 
to play very important roles, including choles-
terol transport (Kisilevsky and Manley  2012 ; van 
der Westhuyzen et al.  2007 ) and various immu-
nological functions (Eklund et al.  2012 ). Acute 
phase SAA is predominantly synthesized by the 
liver and is secreted into plasma where it binds to 
high-density lipoprotein (HDL) (Benditt and 
Eriksen  1977 ). SAA is also expressed in normal 
tissue (Urieli-Shoval et al.  1998 ), as well as in 
cells in atherosclerotic plaques (Meek et al. 
 1994 ), tumor tissue (Malle et al.  2009 ), and the 
brains of individuals with Alzheimer’s disease 
(Chung et al.  2000 ; Liang et al.  1997 ). Considering 
the wide expression profi le of SAA in normal tis-
sue and in disease, it appears that this protein 
may not just be important during infl ammation, 
but may also play an active role in many disease 
processes (for reviews see (Urieli-Shoval et al. 
 2000 ; Cunnane  2001 ). 

 Although the functions of SAA remain poorly 
understood, the protein appears to play a seminal 

role in cholesterol metabolism and transport 
(Kisilevsky and Subrahmanyan  1992 ; Liang et al. 
 1996 ; Steinmetz et al.  1989 ; Tam et al.  2002 ). 
Specifi cally, SAA binds to HDL and directs it 
toward cholesterol-loaded macrophages near 
damaged tissue to allow cholesterol recycling for 
tissue repair (Kisilevsky and Manley  2012 ). The 
normal level of SAA in serum is 1–3 μg/mL 
(Gabay and Kushner  1999 ). However, during 
acute infl ammation such as infection, injury, or 
trauma, the levels of SAA may increase up to 
1,000-fold (Gabay and Kushner  1999 ; McAdam 
and Sipe  1976 ). Due to this dramatic increase in 
SAA concentration, combined with approxi-
mately twofold decline in plasma level of HDL 
during the acute phase response, it is likely that 
not all SAA is bound to HDL (Webb et al.  1997 ). 
However, due to SAA’s intrinsic tendency to 
aggregate, it seems unlikely that SAA would cir-
culate in the plasma unbound to any ligand. 

 The prolonged high levels of SAA associated 
with chronic infl ammatory conditions sometimes 
lead to amyloid A (AA) amyloidosis, which is a 
secondary amyloidosis characterized by the 
deposition of SAA-derived amyloid fi brils in 
organs like liver, spleen, and kidney (Pepys  2006 ; 
Sipe  1992 ). AA is one of the most common sys-
temic amyloid diseases worldwide, but is much 
less prevalent in western nations, ranging from 
0.50 to 0.86 % (Simms et al.  1994 ). The preva-
lence is higher for particular chronic diseases, 
such as rheumatoid arthritis. For example, one 
study showed that 9 % of Finnish individuals 
with rheumatoid arthritis died of AA amyloidosis 
(Mutru et al.  1985 ). Another study reported that 
5 % of individuals with rheumatoid arthritis 
develop AA amyloidosis (Husby  1998 ). There is 
no cure for AA amyloidosis, but an effective 
treatment involves reducing the high levels of 
SAA circulating in serum via administration of 
anti-infl ammatory drugs (Hazenberg and van 
Rijswijk  2000 ; Immonen et al.  2011 ). It has been 
shown that the outcome in AA amyloidosis is 
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favorable when the concentration of SAA is 
maintained below 0.01 mg/mL, but those with 
SAA concentration of 0.05 mg/mL had poor 
prognosis (Gillmore et al.  2001 ). 

 AA amyloidosis usually involves fi brillar 
deposits comprising the N-terminal 76-residue 
fragment of SAA (Sletten and Husby  1974 ). 
However, because full-length SAA and other 
N-terminal SAA fragments have been found in 
human amyloid deposits (Husebekk et al.  1985 ; 
Rocken and Shakespeare  2002 ; Westermark et al. 
 1989 ), and amyloid deposits in duck comprise 
full-length SAA (Ericsson et al.  1987 ), the spe-
cifi c role of SAA proteolysis in amyloid forma-
tion and the etiology of AA amyloidosis remains 
unclear. Nevertheless, the absence of the 
C-terminus of SAA in most AA deposits suggests 
that the main determinants of fi bril formation are 
found within the N-terminal 3/4 of SAA. This 
hypothesis is supported by in vitro studies involv-
ing synthetic peptides representing different 
region of human and mouse SAA (Egashira et al. 
 2011 ; Lu et al.  2014 ; Westermark et al.  1992 ), 
site-directed mutations at the N-terminus of 
human SAA (Patel et al.  1996 ), proteolytic deg-
radation of the N-terminus (Yamada et al.  1995 ), 
as well as by the amino acid sequence analysis 
(see Chap.   8     by Das and Gursky in this volume).  

5.1.2     Pathogenic 
and Nonpathogenic Isoforms 
of SAA: Mouse Model of AA 
Amyloidosis 

 Humans and mice have two acute-phase SAA 
isoforms that differ in their pathogenicity, pre-
sumably due to their different ability to form 
amyloid deposits in vivo. Human acute phase 
SAAs include SAA1 and SAA2 that differ at 
eight residues (SAA1#SAA2: V52A, A57V, 
D60N, F68L, F69T, H71R, E84K, K90R). SAA1 
is mostly found in amyloid deposits associated 
with AA amyloidosis (Liepnieks et al.  1995 ), and 
is known to exist in three different isotypes that 
differ from each other at residues 52 and/or 57, 
resulting in SAA1.1 (V52/A57), SAA1.3 (A52/
A57), and SAA1.5 (A52/V57). It has been shown 
that Japanese individuals homozygous for 

SAA1.3 have a greater chance of developing AA 
amyloidosis, and the disease course is more 
likely to be aggressive with a poorer outcome 
(Nakamura et al.  2006 ). Furthermore, individuals 
with SAA1.1/1.1 genotype are three to seven 
times more likely to develop AA amyloidosis 
(van der Hilst  2011 ). In mice, most strains have 
SAA1.1 and SAA2.1 isoforms (formerly known 
as SAA2 and SAA1, respectively (Sipe  1999 )) 
that differ at nine residues (SAA1.1#SAA2.1: 
I6V, G7H, G27N, D30N, G31S, A60G, S63A, 
M76I, A101D). AA amyloidosis can be induced 
in mice by injection of infl ammatory reagents 
(Ishihara  1973 ; Skinner et al.  1977 ). Most studies 
have been performed in type A mice (Ishihara 
 1973 ), which produce equal amounts of SAA2.1 
and SAA1.1 isoforms. Only SAA1.1 in mouse is 
found in amyloid deposits (Hoffman et al.  1984 ; 
Meek et al.  1986 ; Shiroo et al.  1987 ). In addition, 
other animal species differ in their SAA sequence 
and consequently, are either highly susceptible to 
AA amyloidosis or resistant to the disease (Sipe 
et al.  1993 ; Woldemeskel  2012 ; Zhang et al. 
 2008 ). Interestingly, the CE/J strain of mice 
expressing just one isoform, SAA2.2, was dis-
covered to be resistant to AA amyloidosis (de 
Beer et al.  1993 ; Sipe et al.  1993 ). Thus, even 
though the sequence of SAA is highly conserved 
in vertebrates, differences in primary structure 
appear to account for the divergent pathogenicity 
of SAA in various species. The mechanism for 
this structure-pathogenic function relationship 
remains poorly understood. 

 This chapter will review the biophysical proper-
ties of HDL-free (apo) SAA and discuss the 
potential implications in AA  amyloidosis. Despite 
the wealth of cellular and clinical studies involv-
ing SAA and AA amyloidosis (Obici and Merlini 
 2012 ; Westermark et al.  2015 ), fundamental ques-
tions remain. For  example, how the biophysical 
properties of SAA  isoforms infl uence their poten-
tial pathogenicity, as well as the disease onset and 
progression, is poorly understood. Although the 
biological  relevance of in vitro experiments is 
limited and is often diffi cult to assess, much of 
our understanding about the molecular basis of 
amyloid diseases have benefi ted from such studies. 
Similarly, a better understanding of the structural 
and  biophysical properties of SAA isoforms may 
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reveal the basis for their diverse pathogenicity, and 
provide novel insight leading to a better understand-
ing of the molecular mechanism of AA amyloido-
sis and developing novel therapeutic strategies.   

5.2     AA Amyloidosis: What Is 
the Pathogenic Mechanism? 

5.2.1     Molecular Mechanism of SAA 
Fibril Formation In Vivo 

 Amyloid formation occurs by a nucleation- 
dependent or seeding mechanism, where the 
rate- limiting step is the formation of a nucleus/
seed building block that propagates fi bril 
growth. Here, we are referring to nuclei as any 
oligomeric to short fi brillar species that can seed 
fi bril formation. The time required for the nuclei 
to form is known as the lag phase, and it usually 
takes from hours to days in in vitro experiments, 
depending on the protein concentration and the 
solvent conditions. In AA amyloidosis, the dis-
ease onset in mice can be accelerated when an 
infl ammatory stimulus is accompanied by an 
injection of protein extracted from AA amyloid- 
laden mouse (Axelrad et al.  1982 ; Kisilevsky 
and Boudreau  1983 ). This elusive “amyloid 
enhancing factor” (AEF) in AA amyloidosis 
was found to comprise SAA fi brils (Lundmark 
et al.  2002 ). However, the molecular entity 
responsible for AEF activity has not been 
defi ned, and may comprise one or more degra-
dation-resistant species, including amyloid 
nuclei or small fi brils readily generated from the 
breakup of larger SAA fi brils. Remarkably, AEF 
was shown to be effective when administered 
orally, indicating that AA amyloidosis may be 
transmissible via a prion- like mechanism 
(Lundmark et al.  2002 ). A hallmark of prion 
transmissibility is the high stability of the prion 
species, which enables it to resist denaturation 
and proteolytic degradation in the digestive 
tract, thereby allowing oral transmissibility. 
Thus, the stability of the SAA-based amyloid 
nuclei or protofi brils, which are the putative 
prion-genic species, is likely critical for the 
onset and transmissibility of AA amyloidosis. 

 The persistently high level of SAA during 
chronic infl ammation is an essential prerequisite 
for AA amyloidosis. However, the relationship 
between infl ammation – unrelated to the high 
levels of SAA – and amyloid deposition is not 
easily decoupled. A recent transgenic mouse 
model study in which the concentration of SAA 
was increased by doxycycline-inducible expres-
sion showed that high expression (>1.0 mg/mL) 
of SAA is suffi cient for the onset of AA amyloi-
dosis independently of infl ammation (Simons 
et al.  2013 ). In addition, this dose-dependent 
transgenic model showed that when the concen-
tration of SAA was raised modestly to ~0.12 mg/
mL for a few weeks, the still healthy mice were 
primed for very fast amyloid deposition when the 
concentration of SAA was subsequently 
increased to the pathological concentration of 
>1.0 mg/mL. Furthermore, when the concentra-
tion of SAA was decreased after the onset of AA 
amyloidosis, there was evidence of amyloid 
clearance, even though the mice remained primed 
for disease. These remarkable results demon-
strate that the structure and biophysical proper-
ties of SAA and its fi brils, along with time of 
exposure to high SAA concentration, are critical 
factors in the etiology of AA amyloidosis. The 
apparent competition between AA accumulation 
and clearance suggests that, unlike other amyloid 
diseases where a putative toxic species is respon-
sible for pathology (Guerrero-Munoz et al.  2014 ; 
Stefani  2012 ), the pathology in AA amyloidosis 
arises from the progressive accumulation of amy-
loid fi brils that interfere with normal organ 
function.  

5.2.2     Intrinsic Factors Affecting 
the Pathological 
Accumulation of SAA Fibrils 

 Although biophysical properties of SAA iso-
forms, such as nucleation/fi brillation kinetics and 
nucleus/fi bril stability, likely play a major role in 
the etiology of AA amyloidosis, the relative con-
tributions of these and other endogenous factors 
remain unclear. In particular, two inherent SAA 
properties stand out. One is the kinetics of  amyloid 
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nucleation and fi bril growth; the other is the 
kinetic stability, i.e. degradation-resistance, of 
amyloid nuclei and fi brils. The kinetics of amy-
loid formation depends strongly on the SAA con-
centration that must exceed a required threshold 
for nuclei formation and fi bril growth. Below a 
certain concentration, SAA may not fi brillate fast 
enough to overcome its clearance. In individuals 
with AA amyloidosis, keeping their SAA levels 
below 0.01 mg/mL via aggressive treatment of 
infl ammation has been shown to result in benefi -
cial outcome, including regression of amyloid 
deposits (Gillmore et al.  2001 ; Lachmann et al. 
 2007 ). In contrast, the disease progressed in 
patients whose SAA levels were persistently 
above 0.05 mg/mL (Gillmore et al.  2001 ). Thus, 
administration of anti-infl ammatory medication 
to keep the SAA concentration at low levels has 
been effective in reducing the incidence and mor-
tality of AA amyloidosis in developed countries 
(Gillmore et al.  2001 ). The persistence of amyloid 
deposition also depends on nuclei and fi bril stabil-
ity. The inherent ability of SAA to form highly 
stable amyloid nuclei is also likely a main factor 
in AA amyloidosis. The persistence of SAA 
nuclei in mice primed for SAA deposition 
(Simons et al.  2013 ) suggests that these precursor 
aggregates (i.e. seeds) are kinetically stable and, 
therefore, resistant to proteolysis (Manning and 
Colon  2004 ). The stability of SAA seeds would 
explain the AEF effect observed in mice in vivo, 
as well as the observation that cheetah exhibits 
prion-like infectivity of AA amyloidosis (Lundmark 
et al.  2002 ; Zhang et al.  2008 ). Thus, the kinetics 
of SAA amyloid nucleation and growth, as well as 
the stability of the precursor aggregates and fi brils 
are likely the main contributors to the diverse 
pathogenicity of SAA isoforms.  

5.2.3     Endogenous Factors Affecting 
the Pathological 
Accumulation of SAA Fibrils 

 The low incidence of AA amyloidosis indicates 
that endogenous genetic or environmental factors 
play an important pathological role. The most 
important endogenous factor is the expression 

level of SAA during infl ammation. The concen-
tration of SAA may increase up to 1,000-fold 
during episodes of acute infl ammation, but the 
exact level, as well as the frequency and the dura-
tion of the acute episodes, vary for different indi-
viduals. Another endogenous factor involves the 
availability and effect of SAA ligands. Although 
SAA is an apolipoprotein-related protein that 
binds HDL, as well as heparin/heparan sulfate 
(HS) and other ligands, e.g. laminin and various 
peripheral membrane proteins (Urieli-Shoval 
et al.  2000 ), it remains unclear how the endoge-
nous amounts of these ligands impact the etiol-
ogy of AA amyloidosis. Most SAA that circulates 
in plasma in HDL-bound form is presumably 
safe from fi brillation. Therefore, SAA and its 
fragments seem at the greatest risk for deposition 
at sites of infl ammation, where SAA is released 
and internalized by macrophages. However, one 
possibility is that not all SAA may be HDL- 
bound during acute infl ammation and, therefore, 
it is plausible that free SAA (or SAA bound to 
some other ligand) may build up in certain tissues 
and be at risk of aggregating. This is supported 
by reports of extra-hepatic SAA leading to amy-
loid deposition in mice brain and chicken joint 
(Guo et al.  2002 ; Landman  1999 ). Therefore, the 
signifi cance of localized HDL-free SAA may be 
more pathologically relevant than commonly 
assumed. Since HDL-free SAA is at risk of 
aggregation, the endogenous level of HDL may 
affect the levels of HDL-free SAA in vivo and 
thereby infl uence AA amyloidosis. 

 Interestingly, it has been shown that HS and 
heparin (Hep) can displace SAA from HDL 
(Noborn et al.  2012 ). This observation is 
 signifi cant because of substantial evidence that 
HS and, perhaps, Hep are important in AA amy-
loidosis, presumably by accelerating amyloid 
formation (Elimova et al.  2009 ; Li et al.  2005 ; 
Snow et al.  1991 ). Thus, it is plausible that the 
SAA displacement from HDL may occur in the 
Hep-rich macrophages or in HS-rich extracellu-
lar matrix environment, where SAA is then inter-
nalized by macrophages. The binding of SAA to 
HS may also serve as a way to increase the con-
centration of SAA in amyloidogenic focal points 
in tissues. In vitro studies have found that HS and 
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Hep accelerate the fi brillation of many amyloido-
genic proteins, including SAA (Elimova et al. 
 2009 ; van Horssen et al.  2003 ; Zhang and Li 
 2010 ). Thus, the displacement of SAA from HDL 
at sites of tissue damage and the consequent con-
formational changes in SAA are dynamic pro-
cesses likely modulated by the levels of 
glycosaminoglycans (GAGs) and other factors. 

 Another fundamental endogenous factor in 
SAA amyloid deposition is the effi ciency of the 
protein quality control system, including the deg-
radation of SAA and its amyloid deposits. The 
term “proteostasis” describes the overall homeo-
stasis of proteins in an organism, and compro-
mised proteostasis may lead to amyloid diseases 
(Cuanalo-Contreras et al.  2013 ; Kim et al.  2013 ). 
The persistently high concentration of SAA in 
chronic infl ammatory diseases is likely to place a 
stress on proteostasis, which in some individuals 
may have pathological consequences. For exam-
ple, the incomplete proteolysis of SAA may accel-
erate its fi brillation kinetics or enhance the stability 
of the resulting AA fi brils. This may explain why 
AA deposits comprise N-terminal fragments of 
SAA, although the etiological role of SAA degra-
dation in AA amyloidosis still remains unclear. 
Compromised proteostasis would also slow down 
the clearance of amyloid, which is stabilized by its 
interaction with serum amyloid P and GAGs, in 
particular HS. Therefore, the endogenous amounts 
of these “amyloid stabilizers” are also expected to 
impact the rate of amyloid clearance. In support of 
this idea, AA amyloidosis was shown to slow 
down in a transgenic knockout mouse of serum 
amyloid P (Inoue et al.  2005 ), further highlighting 
the precarious balance between amyloid deposi-
tion and degradation.   

5.3     Structural Properties of SAA 

5.3.1     SAA May Form Different 
Oligomers Upon Refolding 
In Vitro 

 SAA expressed in  E. coli  must be purifi ed under 
denaturing conditions due to its tendency to 
aggregate. Previous studies have shown that 

mSAA2.2, mSAA1.1, and hSAA1.1 fold into 
various oligomeric species in vitro, including 
hexamer, octamer, tetramer, and dodecamer (Lu 
et al.  2014 ; Patke et al.  2013 ; Srinivasan et al. 
 2013 ; Wang et al.  2002 ,  2011 ). Interestingly, 
mSAA2.2 fi rst refolds into a kinetically accessi-
ble octamer that at 4 °C converts into a more 
stable hexamer within 3–4 weeks (Fig.  5.1 ) 
(Wang et al.  2011 ). In contrast, mSAA1.1 refolds 
into a mixture of dodecamer, tetramer, and mono-
mers that does not change much over time at 4 °C 
(Srinivasan et al.  2013 ). In the case of hSAA1.1, 
size-exclusion chromatography data showed a 
single peak with a variable elution time consis-
tent with a mixture of octamers and hexamers 
(Patke et al.  2013 ).  

 The biological relevance of the oligomeric 
structures of SAA observed in vitro at 4 °C is 
poorly understood. However, it seems unlikely 
that proteins would evolve to fold and assemble 
into specifi c oligomers without selective pressure 
to do so. Therefore, although SAA oligomers are 
marginally stable, it is plausible that the very 
high concentration of SAA during acute infl am-
mation together with ligand binding may modu-
late the oligomeric structure of HDL-free SAA 
in vivo. The ability of certain proteins to oligo-
merize upon ligand binding or to interconvert 
among oligomeric species is well established. 
Many proteins exhibit such oligomeric plasticity, 
including human porphobilinogen synthase 
(Breinig et al.  2003 ), geranylgeranyl diphosphate 
synthase (Miyagi et al.  2007 ), protective antigen 
protein of the anthrax toxin (Kintzer et al.  2009 ), 
and LIM domain binding proteins (Cross et al. 
 2010 ). Thus, the possibility that SAA may form 
different functional oligomers is intriguing, and 
further studies are warranted to explore this idea 
(see Sect.  5.3.3 ).  

5.3.2     SAA Is an Intrinsically 
Disordered Protein 

 Although SAA folds into α-helical oligomeric 
structures at 4 °C, previous studies have shown 
that mSAA2.2, mSAA1.1, and hSAA1.1 are mar-
ginally stable proteins with thermal denaturation 
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mid-points circa 32, 22, and 20 °C, respectively 
(Patke et al.  2013 ; Srinivasan et al.  2013 ; Wang 
and Colon  2005 ; Wang et al.  2005 ). At 37 °C, 
SAA is largely disordered prior to aggregation, 
and hence, HDL-free SAA is an intrinsically dis-
ordered protein (IDP). IDPs are characterized by 
their lack of stable secondary and/or tertiary 
structure in vitro under physiologically-relevant 
conditions, and by their ability to acquire one or 
more functional states upon binding to small 
ligands or macromolecules (Uversky  2013 ; also 
see Chap.   2     by Uversky in this volume). 
Remarkably, many aggregation-prone proteins 
associated with human neurodegenerative dis-
eases are intrinsically disordered (Uversky  2009 ). 
Viewing the structure and function of SAA from 
the perspective of an IDP, one could explain how 

SAA may have multiple functions, depending on 
the environment and its interactions with ligands. 
Therefore, in addition to SAA’s key function in 
cholesterol recycling (Kisilevsky and Manley 
 2012 ), other putative functions related to lipid 
metabolism and immune regulation, as well as 
SAA functions not yet discovered, likely exist 
within the framework of an IDP. For example, the 
structure of SAA may be modulated via an 
induced fi t model, in which binding with high 
specifi city – low affi nity to various ligands, rang-
ing from small molecules to peripheral membrane 
proteins, induces the formation of different func-
tionally relevant conformations (Uversky  2013 ). 

 The mechanism by which SAA is released 
from HDL, which is a likely prerequisite for SAA 
fi brillation, appears to involve HS and Hep 
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  Fig. 5.1    Refolding of murine SAA2.2 monitored by size- 
exclusion chromatography. Purifi ed and urea-denatured 
mSAA2.2 was dialyzed against Tris buffer at 4 °C, and 
protein oligomerization was analyzed by size-exclusion 

chromatography over time. mSAA2.2 fi rst refolded into 
an octamer that, over several weeks, converted to a hex-
amer (Reprinted from (Wang et al.  2011 ), Copyright 
(2011), with permission from Elsevier)       
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(Noborn et al.  2012 ). Recent studies have shown 
that heparin is able to displace SAA from HDL 
in vitro (Noborn et al.  2012 ). Since Hep is usu-
ally released from mast cells into the blood at 
sites of tissue injury, one of its physiological 
roles may involve the release of SAA from HDL 
at sites of tissue damage. It remains unknown 
whether turnover of SAA occurs immediately 
upon release from HDL, or whether Hep/HS 
binding may modulate the structure of SAA to 
carry out other functions. In summary, the intrin-
sic capability of SAA to adopt diverse structures 
ranging from an intrinsically disordered mono-
mer to HDL-bound form to specifi c oligomers 
and higher-order species that are substantially 
α-helical, is intriguing and may help explain the 
many putative functions of SAA.  

5.3.3      The 3D Structures of Human 
SAA1.1 and Mouse SAA3 Have 
Been Solved 

 Although SAA was discovered over 40 years ago 
(Levin et al.  1972 ), the 3D structures of two dif-

ferent SAA proteins were solved only in 2014, 
providing an unprecedented opportunity to 
understand how small differences in SAA 
sequence affect the biochemical and biophysical 
properties of the protein. The 2.2 Å resolution 
crystal structure of hSAA1.1 revealed a hexamer 
comprised of two trimers, with each monomer 
folding into a cone-shaped four-helix bundle sta-
bilized by the C-terminal tail wrapped around it 
(Fig.  5.2 ) (Lu et al.  2014 ). The structure also 
showed two clusters of positively charged resi-
dues, one around the central pore of the hexamer 
(involving residues Arg15, Arg19, and Arg47) 
and another at the trimer apex (involving residues 
Arg1, Arg62, and His71) (Fig.  5.2 ). Experiments 
involving mutations of the relevant Arg residues 
showed that both charged regions bind to Hep. 
Subsequent experiments showed that HDL could 
not bind to hSAA1.1 when Hep was bound to the 
apex region, indicating that the HDL binding site 
involves the apex region and can be inhibited by 
Hep and, presumably, HS (Lu et al.  2014 ). These 
results are consistent with the recent observation 
that HS and Hep can dissociate SAA from HDL 
(Noborn et al.  2012 ). The crystal structure of 

  Fig. 5.2    Three-dimensional x-ray crystal structure of 
hSAA1.1 ( a ) hexamer and ( b ) monomer determined to 
2.2 Å resolution (PDB  4IP9 ) (Lu et al.  2014 ). hSAA1.1 
folds into an up-down-up-down cone-shaped four-helix 
bundle with a C-terminal tail that stabilizes the fold by 

wrapping around the bundle. Each helix is labeled in a 
different color. The hexamer (viewed down the threefold 
axis) is comprised of two trimers. Three copies of the 
N-terminal GAG/HDL binding site located at the trimer 
apex are indicated       
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hSAA1.1 also showed that helices 1 and 3, which 
are the most amyloidogenic regions of SAA, are 
sequestered within the hexameric structure, in 
agreement with prior in vitro studies showing 
that dissociation of the hexameric structure is 
required for aggregation and formation of fi brils 
(Patke et al.  2013 ; Srinivasan et al.  2013 ; Wang 
et al.  2005 ). The 3D structure of hSAA1.1 
supports many previous in vitro fi ndings and 
conclusions regarding the biophysical properties 
of SAA. These include the hexameric assembly 
of hSAA1.1 (Patke et al.  2013 ), the fi nding that 
different SAAs are likely to assemble into differ-
ent oligomers (Srinivasan et al.  2013 ; Wang et al. 
 2002 ,  2011 ), and the observation that the 
C-terminal part of SAA is important for α-helical 
stability and oligomer formation (Patke et al. 
 2012 ).  

 The second crystal structure was that of mouse 
(m)SAA3, determined to 2.0 Å resolution 
(Derebe et al.  2014 ). Comparison of the two 
atomic structures revealed remarkable similarity 
in the conformations of hSAA1.1 and mSAA3 
molecules. However, unlike hSAA1.1, which 
was crystallized as a dimer or a hexamer, mSAA3 
was crystallized as a tetramer with a central 
hydrophobic pocket that binds retinol with nano-
molar affi nity. Retinol, a small lipid-soluble com-
pound plays crucial roles in protecting against 
bacterial infection, and must be transported by a 
protein carrier. The remarkable discovery that 
mSAA3 is a retinol binding protein provides the 
fi rst direct evidence of a functional oligomeric 
SAA structure, and more such functions may 
exist. Interestingly, even though mSAA2.2 forms 
a hexamer in vitro, electron microscopic images 
revealed a ring-like assembly where the mSAA2.2 
monomers interact side-by-side (Wang et al. 
 2002 ), suggesting that more oligomeric architec-
tures of SAA will likely be forthcoming. Thus, 
the atomic structures of hSAA1.1 and mSAA3 
will be major assets in future efforts to under-
stand the breadth of SAA structure-function rela-
tionship, including the promising prospect of 
gaining a structural-level understanding for the 
diverse pathogenicity of SAA isoforms.   

5.4     In Vitro Studies Provide 
Insights into the Diverse 
Pathogenicity of SAA 
Isoforms 

5.4.1     Inherent Amyloidogenicity 
of SAA Does Not Correlate 
with the Pathogenicity 
of Different Isoforms 

 Although many factors likely contribute to the 
development of AA amyloidosis, the existence of 
pathogenic and nonpathogenic SAA isoforms 
suggests that their pathogenic potential correlates 
with their amyloidogenicity, i.e. with the rate of 
fi bril formation at near-physiologic conditions. 
However, this is not the case. In fact, nonpatho-
genic SAA2.2, which is the only isoform present 
in AA amyloidosis-resistant CE/J mouse, quickly 
self-assembles into fi brils upon incubation at 
37 °C (Wang et al.  2005 ). In contrast, pathogenic 
mSAA1.1 exhibits a longer (3–4 days at 0.3 mg/
mL SAA1.1) oligomer-rich fi brillation lag phase 
before forming fi brils (Fig.  5.3 ).  

 The lack of correlation between the in vitro 
rate of SAA fi bril formation and pathogenicity is 
further supported by studies showing that patho-
genic hSAA1.1 forms aggregates and protofi bril- 
like species, but does not form mature amyloid 
fi brils in vitro upon incubation at 37 °C (Fig.  5.4 ) 
(Lu et al.  2014 ; Patke et al.  2013 ). In contrast, 
recombinant Met-hSAA1.1 protein expressed in 
 E. coli , which contains an additional methionine 
at position 1, does form fi brils in vitro (Fig.  5.4 ), 
suggesting that fi bril formation is importantly 
modulated by the N-terminal methionine (Patke 
et al.  2013 ). It is  possible the pathologically 
relevant property is the relative amyloidogenicity 
of the N-terminal fragments and not of the full-
length protein. This would explain the lack of 
correlation between the in vitro amyloid formation 
of full-length SAA isoforms and their pathoge-
nicity. Alternatively, it may be that the timescale 
of in vitro experiments is biologically irrelevant 
because in vivo formation of the hSAA1.1 amy-
loid nucleus is probably a much slower process. 
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  Fig. 5.3    Kinetics of mSAA1.1 and mSAA2.2 fi brillation 
at 37 °C probed by ( a ) Thiofl avin-T fl uorescence and ( b ) 
atomic force microscopy (AFM). Error bars correspond to 
normalized standard deviation from three independent 
experiments. AFM images show mSAA2.2 and mSAA1.1 
samples incubated at 37 °C for 24 h and 48 h, respectively. 

The images are shown as height traces, and the scale bar 
corresponds to 1 μm (The panels in this fi gure were origi-
nally published in  The Journal of Biological Chemistry  
(Srinivasan et al.  2013 ) © the American Society for 
Biochemistry and Molecular Biology)       

  Fig. 5.4    Atomic force microscopy images of fi brils and 
aggregates formed by MetSAA1.1 and hSAA1.1, respectively. 
MetSAA1.1 is recombinant hSAA1.1 with an additional 
methionine at position 1. The samples (0.24 mg/mL) were 
incubated at 37 °C for the designated amount of time. AFM 
images correspond to ( a ) MetSAA1.1, 3 h; ( b ) MetSAA1.1, 

72 h; ( c ) hSAA1.1, 3 h; ( d ) hSAA1.1, 200 h. The  insets  
show expanded regions, and the three  black arrows  in 
( c ) outside the inset point to assemblies of spherical 
aggregates. The images are shown as height traces, and 
the scale bar corresponds to 1 μm (This fi gure was originally 
published in  PLOS One  Patke et al.  2013 )       
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Here, we are using the kinetics of fi bril formation 
to defi ne amyloidogenicity. However, in the 
years-long timescale of individuals with chronic 
infl ammatory conditions, the biologically rele-
vant defi nition of amyloidogenicity may not be 
“how fast”, but rather “how persistent/stable”. In 
summary, it may not be the rate of full-length 
SAA fi ber formation in vitro, but perhaps other 
properties of SAA and other in vivo factors that 
determine the fi bril accumulation in AA 
amyloidosis.   

5.4.2     Stability of SAA Amyloid 

 The accumulation of SAA deposits is the main 
histopathological feature in AA amyloidosis. 
Therefore, the dynamic equilibrium between the 
accumulation of amyloid and its clearance is of 
paramount importance. It is clear from mouse 
model studies that if the fi brillation of SAA is 
decreased or inhibited, amyloid deposits can be 
cleared, and AA amyloidosis can be averted 
(Simons et al.  2013 ). However, the rate of amy-
loid clearance depends not only on the robustness 
of the protein degradation system, but also on the 
stability of the amyloid fi brils. At one end of the 
spectrum, marginally stable amyloid fi brils may 
never accumulate enough to cause the disease, 
even if they form during acute infl ammation. At 
the other extreme, the formation of kinetically 
stable, degradation-resistant fi brils will stress the 
protein degradation system, thereby increasing 
the risk of disease. 

 Although most amyloid fi brils formed by 
 different proteins and peptides are known to be 
very stable, recent studies have shown that 
 amyloid fi brils formed in vitro by non-pathogenic 
mSAA2.2 are marginally stable (Ye et al.  2011 ). 
Although at infl ammation-relevant concentration 
(≥0.3 mg/mL), mSAA2.2 quickly fi brillates upon 
incubation at 37 °C, the resulting fi brils dissociate 
upon modest increase in temperature (over 45  ° C) 
and urea concentration (>1.0 M) (Ye et al.  2011 ). 
Fibrils formed by pathogenic mSAA1.1 appear to 
be similarly unstable (unpublished results). Thus, 
the mSAA1.1 fi brils formed in vitro may not be 
the same as the pathogenic fi brils formed in vivo. 

 It is instructive to consider two possible sce-
narios in which the stability of SAA fi brils may 
or may not contribute to AA amyloidosis. First, 
one can envision two distinct types of SAA fi brils 
differing in stability and morphology. Fibrils of 
one type may be intrinsically unstable in vivo and 
be easily degraded, thereby explaining the poorly 
understood low incidence of AA amyloidosis in 
humans with chronic infl ammatory conditions. 
Fibrils of the other type, which are more stable 
and pathogenic, may not be kinetically favored, 
requiring a long time to form. The latter fi brils 
may have similar morphology to AEF, thereby 
explaining the persistence of the AEF and its 
ability to catalyze the formation of stable patho-
logically relevant SAA fi brils. Second, the devel-
opment of AA amyloidosis may require other 
ligands or factors to either accelerate the forma-
tion of stable SAA fi brils or to stabilize the 
already formed fi brils. Either effect could poten-
tially overwhelm the degradation of SAA fi brils 
and result in increased amyloid deposition. Thus, 
understanding the intrinsic stability of amyloid 
fi brils accessible to different SAA isoforms, and 
the effect of ligand binding and the cellular envi-
ronment, will be critical for better understanding 
the AEF effect, SAA isoform pathogenicity, and 
species susceptibility in AA amyloidosis.  

5.4.3     SAA Can Form Fibrils 
of Different Morphology: 
Effects of GAGs 

 Over the past 15 years there has been an increased 
appreciation for the morphological differences 
among amyloid fi brils, including the ability of 
certain peptides and proteins to form fi brils of 
different morphologies depending on the solution 
conditions (Jahn and Radford  2008 ; Kodali and 
Wetzel  2007 ). These morphological disparities 
may result in (or refl ect) different biochemical 
and biophysical properties of fi brils that may 
determine the preference for amyloid deposition 
in certain tissue, its resistance to degradation, and 
prion-like transmissibility (Meyer-Luehmann 
et al.  2006 ; Seilheimer et al.  1997 ; Tanaka et al. 
 2006 ). 

5 Intrinsic Stability, Oligomerization, and Amyloidogenicity of HDL-Free Serum Amyloid A



128

 Recent studies showed that lipid-free non-
pathogenic mSAA2.2 and pathogenic mSAA1.1 
form amyloid fi brils with different morphologies 
(Fig.  5.5 ). Longitudinal atomic force microscopy 
(AFM) experiments showed that the morphologi-
cal differences arose from formation of different 
pre-fi brillar oligomers and amyloid seeds result-
ing in different fi brillation pathways (Fig.  5.6 ) 
(Srinivasan et al.  2013 ). This is consistent with 
earlier studies revealing morphological diversity 
in ex vivo SAA amyloid deposits (Jimenez et al. 
 2001 ). Due to the marginal stability of SAA at 
37 °C and its high tendency to quickly aggregate, 
kinetic factors are likely to play an important role 
in determining the morphologic outcome of fi bril 
formation (Pellarin et al.  2010 ). The ability of 
SAA to form fi brils of different morphologies is 
consistent with the observation that different 
amyloid-forming  peptides/proteins can serve as 

an AEF in mouse models of AA amyloidosis 
(Westermark et al.  2009 ).   

 In addition to the amino acid sequence of 
SAA, in vivo factors, including the concentration 
of SAA and binding to ligands, may affect the 
morphology of SAA fi brils. Of the potential 
ligands, GAGs are of particular importance 
because of their role in the etiology of AA amy-
loidosis (Ancsin and Kisilevsky  1999 ; Elimova 
et al.  2004 ; Li et al.  2005 ; Snow et al.  1991 ; Wang 
et al.  2012 ). The importance of GAGs, in particu-
lar HS, in amyloid diseases is not limited to AA 
amyloidosis, as it is well known that HS are 
 ubiquitously present in nearly all amyloid depos-
its (Zhang and Li  2010 ). In addition, in vitro 
studies with many proteins have shown that HS 
can accelerate amyloid formation (see Bourgault 
et al.  2011 ; Martin and Ramirez-Alvarado  2011 ; 
Solomon et al.  2011 ). Concerning SAA, it has 
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  Fig. 5.5    AFM data showing that mSAA1.1 and mSAA2.2 
form amyloid fi brils of different morphologies. ( a ) AFM 
images of mSAA1.1 and mSAA2.2 aggregates after incu-
bation at 37 °C for 70 h and 10 h, respectively. ( b ) Plot of 
early fi bril (i.e. protofi bril) cross-section was obtained 
from the corresponding height traces in ( a ). ( c ) AFM 
images of mSAA1.1 and mSAA2.2 full-length fi brils 

formed after incubation at 37 °C for 150 h and 50 h, 
respectively. ( d ) Plot of the fi bril cross-section was 
obtained from the corresponding height traces in ( c ) (This 
fi gure was originally published in  The Journal of 
Biological Chemistry  (Srinivasan et al.  2013 ) © the 
American Society for Biochemistry and Molecular 
Biology)       
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been shown that GAGs affect the biophysical 
properties of SAA, including its aggregation 
kinetics and aggregate morphology (Aguilera 
et al.  2014 ; Elimova et al.  2009 ). Interestingly, 
the aggregation of mSAA1.1 in vitro may be 
modulated by the presence of GAGs (Fig.  5.7 ) 
(Aguilera et al.  2014 ). When HS, hyaluronic 
acid, and heparosan (these sugars have similar 

backbone moeities) were individually incubated 
with refolded mSAA1.1 at 37 °C, SAA1.1 fi bril 
morphology was largely unaffected. In contrast, 
mono-sulfated chondroitin sulfate A (CSA) 
blocked SAA fi bril formation and enabled the 
formation of spherical aggregates of various 
sizes. Heparin – the most sulfated GAG – was not 
only the most effective GAG in accelerating the 
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  Fig. 5.6    Model of mSAA1.1 and mSAA2.2 fi bril forma-
tion in vitro. At 37 °C mSAA2.2 misfolds and forms 
oligomers that self-assemble into curvilinear fi brils. They 
further grow and intertwine into mature fi brils that may 
self-assemble into braided bundles. mSAA1.1 quickly 
forms spherical oligomers larger than those formed by 
mSAA2.2, which slowly give rise to rod-like protofi brils 

or short fi brils that assemble into straight fi brils. Mature 
mSAA1.1 fi brils seem more rigid than those formed by 
mSAA2.2, and appear to interact laterally with each other 
rather than intertwine (This fi gure was originally pub-
lished in  The Journal of Biological Chemistry  (Srinivasan 
et al.  2013 ) © the American Society for Biochemistry and 
Molecular Biology)       

  Fig. 5.7    Effect of different GAGs on the aggregation and 
fi brillation of mSAA1.1 at 37 °C. The central pathways 
( green arrows ) show prototypical mSAA1.1-like fi bril 
formation indicating minimal effect of HS on fi bril mor-
phology. Hep ( red curve ) caused formation of abundant 
mSAA1.1 protofi brils that appear to be capped and unable 

to grow into mature fi brils. mSAA1.1 fi bril formation was 
completely inhibited by interactions with chondroitin sul-
fate ( blue curve ), which mostly produced spherical spe-
cies of various size (Reprinted from Aguilera et al.  2014 , 
Copyright (2014), with permission from Elsevier)       
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aggregation of mSAA1.1, but also resulted in the 
formation of vast amounts of thin protofi brils 
that were latent in converting to mature fi brils 
(Fig.  5.7 ). Thus, Hep catalyzes the in vitro aggre-
gation of mSAA1.1 along a different pathway 
(Aguilera et al.  2014 ).  

 Numerous studies have probed the effect of 
GAGs on SAA fi brillation (Elimova et al.  2004 , 
 2009 ; Kisilevsky and Fraser  1996 ; Li et al.  2005 ; 
Noborn et al.  2012 ). The results are not in consis-
tent agreement with each other, which is likely a 
result of differences in experimental design, 
including in vitro versus in vivo experiments, 
various SAA isoforms or peptides, differences in 
the solvent pH, SAA concentrations, etc. 
Nevertheless, overall these studies suggest that 
HS and Hep exert a major infl uence on the aggre-
gation and fi brillation pathway of SAA in vivo.   

5.5     Conclusions 

 A better understanding of the biological func-
tions and pathogenicity of SAA across different 
species will require a better understanding of the 
biochemical and biophysical properties of SAA 
isoforms. In particular, questions related to dif-
ferent pathogenicity of SAA isoforms, the low 
disease incidence in individuals at risk, the role 
of ligands (such as HDL and GAGs) in SAA 
function and in AA disease, and the prion-like 
transmission potential of SAA are directly 
related to the biophysical properties of SAA. The 
current picture emerging from biophysical stud-
ies is that, depending on the environmental con-
ditions, SAA proteins have many structural 
options with distinct functional and pathological 
implications. At low temperature, SAAs are 
marginally stable proteins that can fold into vari-
ous oligomeric structures, whereas at 37 °C SAA 
behaves like an IDP that is highly prone to aggre-
gation into higher-order species, including fi brils 
of different morphologies. These morphological 
differences could be relevant to disease onset 
and transmissibility and deserve further investi-
gation. In addition, due to the marginal stability 

of SAA and its inherent oligomeric and aggre-
gate plasticity, the fi brillation of SAA seems 
particularly susceptible to modulation by extrin-
sic factors, in particular HDL and GAGs. Further 
biophysical studies are needed to explore 
whether the development of AA amyloidosis is 
mostly determined by the competition between 
SAA fi bril formation and its degradation. The 
recently determined atomic structures of SAA 
have provided much needed biophysical insight, 
and future structural studies will be essential to 
understand the biophysical properties of SAA 
that determine the diverse pathogenicity of SAA 
isoforms.     
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