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Abstract

High-density lipoproteins (HDLs) and their major protein, apoA-I, remove excess cellular
cholesterol and protect against atherosclerosis. However, in acquired amyloidosis, non-variant
full-length apoA-I deposits as fibrils in atherosclerotic plaques; in familial amyloidosis, N-
terminal fragments of variant apoA-I deposit in vital organs damaging them. Recently, we used
the crystal structure of A(185-243)apoA-I to propose that amyloidogenic mutations destabilize
apoA-I and increase solvent exposure of the extended strand 44-55 that initiates B-aggregation.
Here we test this hypothesis by exploring naturally occurring human amyloidogenic mutations,
WH50R and G26R, within or close to this strand. The mutations caused small changes in the
protein’s a-helical content, stability, proteolytic pattern, and protein-lipid interactions. These
changes alone were unlikely to account for amyloidosis, suggesting the importance of other
factors. Sequence analysis predicted several amyloid-prone segments that can initiate apoA-I
misfolding. Aggregation studies using N-terminal fragments experimentally verified this
prediction. Three predicted N-terminal amyloid-prone segments, mapped on the crystal structure,
formed an a-helical cluster. Structural analysis indicates that amyloidogenic mutations or Met86
oxidation perturb native packing in this cluster. Together, the results suggest that structural
perturbations in the amyloid-prone segments trigger a-helix-to-p-sheet conversion in the N-
terminal ~75 residues forming the amyloid core. Polypeptide outside this core can be proteolysed
to form 9-11 kDa N-terminal fragments found in familial amyloidosis. Our results imply that
apoA-I misfolding in familial and acquired amyloidosis follows a similar mechanism that does not
require significant structural destabilization or proteolysis. This novel mechanism suggests
potential therapeutic interventions for apoA-1 amyloidosis.
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INTRODUCTION

High-density lipoproteins (HDLs) are protein-lipid nano-assemblies that transport lipids in
plasma and protect against atherosclerosis [1,2]. Amino acid sequences of the major HDL
protein, apoA-I (243 a. a.), and other apolipoproteins contain 11/22-mer tandem repeats with
high propensity to form amphipathic a-helices whose apolar faces are optimized for lipid
surface binding [5]. Plasma levels of HDL and apoA-I correlate inversely with the incidence
of atherosclerosis [1-3], although this relationship is complex; reduced levels of apoA-1 and
HDL are not always associated with atherosclerosis, while elevated levels do not necessarily
confer additional cardioprotection [6,7]. The cardioprotective effect of apoA-I and HDL is
due mainly to their central role in reverse cholesterol transport whereby HDLSs remove
excess cholesterol from peripheral tissues to the liver [1-3,8,9]. At the critical early step of
this complex process apoA-1 promotes lipid efflux from cells to generate nascent HDL.
Nascent “discoidal” HDL particle is envisioned as a cholesterol-containing phospholipid
bilayer with protein a-helices wrapped around the edge (supplemental Fig. S1) [2-4].
Following maturation, HDL acquires a spheroidal shape with an apolar core of cholesterol
esters and triglycerides (Fig. S1).

Most plasma apoA-I circulates on HDL, providing a flexible structural scaffold and an
important functional ligand [3,4,10,11]. This HDL-bound protein is in dynamic equilibrium
with monomeric lipid-poor or lipid-free protein (further referred to as “free”) that comprises
~5% of circulating apoA-1 [2,12-15]. Free apoA-l is either generated de novo or dissociates
from HDL during metabolic remodeling [12]. This labile transient species is thought to be
particularly cardioprotective, as it provides the primary acceptor of cell cholesterol at the
critical step of reverse cholesterol transport [13-16]. Nevertheless, shifting the population
distribution from HDL-bound to free apoA-1 is not necessarily beneficial [13,16-18]. In fact,
unlike HDL whose structural stability is conferred by high kinetic barriers [19], free apoA-I
has marginal thermodynamic stability [18,20] that not only facilitates its high metabolic
activity [20,21] but also accelerates its proteolysis and clearance [2,13]. Moreover, free
apoA-I can misfold and deposit as fibrils in amyloidosis [22,23].

The most common form of apoA-I amyloidosis is acquired [23]. Extracellular fibrillar
deposits of non-variant apoA-1 containing full-length protein or its N-terminal fragments
have been found in tissues and in atherosclerotic plaques of most patients undergoing
atherectomy [24-26]. Although the physiological role of these deposits is not entirely clear,
they are proposed to be pathogenic [17,23-30]. In vitro studies report that apoA-I fibrils are
cytotoxic [28] and can activate arterial macrophages [22,23], while in vivo studies report
that apoA-1 deposition correlates with increased vulnerability of atherosclerotic plaques
[17,29,30]. Importantly, mild oxidation, which is proposed to contribute to atherogenesis,
can induce amyloid formation by non-variant full-length human apoA-1 in vitro and,
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probably, in vivo [31]. Together these findings indicate that apoA-I deposition in acquired
amyloidosis is pro-atherogenic [23,27].

Familial apoA-1 amyloidosis (AApoAl) is an autosomal dominant disorder in which mutant
apoA-I deposits as fibrils in vital organs (kidney, liver, heart, etc.) leading to organ damage
and ultimate failure [22,32-34]. There is no cure for AApoAl and the only available
treatment is end-stage organ transplant. In contrast to many other amyloid diseases that
involve protein overproduction, AApoAl patients have lower than normal plasma levels of
apoA-1l and HDL [6,32] resulting from reduced secretion and/or enhanced degradation of
apoA-I [35-37]. Paradoxically, AApoAl is not associated with cardiovascular disease
[34-36], suggesting that low levels of HDLs may be compensated by their improved
function. Wide variation in the clinical presentation of the disease associated with the same
mutation, from relatively mild to severe symptoms [34], suggests that AApoAl is influenced
by additional factors such as lipids [38-40]. To identify these factors and to establish the
much-needed therapeutic targets for this life-threatening disease, it is necessary to elucidate
the molecular mechanism of apoA-I misfolding, from highly a-helical (up to 80% helix on
HDL and nearly 60% helix in solution [3,10,20]) to the predominantly cross-p-sheet
conformation in amyloid.

The prevailing concept in the field is that apoA-1 proteolysis triggers release of the N-
terminal fragments that misfold to form amyloid in AApoAl. This concept is based upon
proteomic analysis of the patient-derived fibrillar deposits that contained residue fragments
1-83 to 1-100 of variant apoA-I in the amyloid core [22,32]. Of the ~20 known AApoAl
mutations, most are located within the N-terminal 100 residues (“inside” mutations); in
addition, several “outside” AApoAl mutations are located in residues 170-178 [32].
Heterogeneity of the patient-derived N-terminal fragments suggests multiple cleavage sites
between residues 83 and 100. The origin of this cleavage is unclear, and was proposed to
involve broad-specificity proteases such as matrix metalloproteinases (MMPSs) [22,32]. In
vitro studies of the recombinant 1-93 fragments characteristic of cardiac AApoAl showed
that the mutation-induced differences in the aggregation kinetics do not correlate with the
phenotype of the disease and cannot explain its mechanism [41]. These negative results
prompted Raimondi and colleagues to propose that the main effect of AApoAl mutations is
to promote the release of the N-terminal proteolytic fragments [41]. However, no
experimental data supporting this effect were reported.

The notion that proteolysis of apoA-I precedes its misfolding in AApoAl [32,37,41-43] has
several drawbacks. First, it is unclear why apoA-1 is cleaved between residues 83 and 100.
These residues form well-ordered helical structure in lipid-bound and in free apoA-I
[10,44,45], which is expected and observed to be protected from proteolysis. In fact, broad-
specificity proteases readily cleave free apoA-I at multiple sites, preferentially in its flexible
C-terminal and central regions after residue 120, rather than between residues 83 and 100
[22,46,47]. Second, efforts to detect apoA-1 N-terminal fragments in circulation have been
unsuccessful [32]. Third, apoA-1 proteolysis is not a prerequisite for fibril formation, as
demonstrated by the ability of the full-length protein to form amyloid fibrils in vivo [48] and
in vitro upon Met oxidation [31]. Consequently, it is possible that amyloid formation can
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precede apoA-I proteolysis rather than follow it [31, 49]. Our work addresses the molecular
mechanism of such misfolding.

To elucidate the misfolding mechanism, we used the 2.2 A resolution x-ray crystal structure
of the C-terminally truncated human lipid-free apoA-I, A(185-243)apoA-1 [10], which to-
date provides the only atomic-level insight into the structure and function of apoA-I in
solution and on HDL.™ Importantly, A(185-243)apoA-I contains all sites of known AApoAl
mutations (Fig. 1A), providing an excellent model for understanding the structural
implications of these mutations [38]. Our previous structure-based studies suggested that
AApoAIl mutations may have multiple effects. They can potentially decrease the protein’s
affinity for lipid and thereby promote dissociation of free apoA-I from HDL; they can
potentially destabilize the helix bundle structure in free apoA-I and thereby increase its
susceptibility to proteolysis; in addition, they can increase solvent accessibility of the
extended residue segment 44-55 that, we proposed, may initiate a-helix to 3-sheet
conversion [38].

These proposed effects are consistent with the recent hydrogen-deuterium exchange (HX)
mass spectrometry (MS) studies of full-length apoA-l1 monomer in solution by Phillips and
colleagues who showed that the most common AApoAl mutation, apoA-I lowa (G26R),
greatly reduced protection of the N-terminal ~90 residues, suggesting loss of their a-helical
structure [28]. The authors suggested that this helical unfolding augments proteolysis at
residue 83 [28]. Contrary to this suggestion, proteolytic studies by Ramella and colleagues
reported that recombinant wild type (WT) apoA-1 and its selected AApoAl mutants such as
G26R are degraded to a similar extent by MMP-12 [22]. This result contrasts with a
previous report that G26R mutation promotes processing of the His-tagged apoA-I by non-
specific proteases, chymotrypsin and V8, to produce the N-terminal fragment [42]. In sum,
the effects of the AApoAl mutations on the protein cleavage are not entirely clear. It is also
unclear why all known AApoAl mutants are cleaved between residues 83 and 100, why
some destabilizing mutations in apoA-I are amyloidogenic while others are not
[6,22,32,50-52]), or why Met oxidation promotes amyloid fibril formation by the full-length
non-variant apoA-I [31].

To address these questions, here we report the structural stability, proteolytic susceptibility
and lipid interactions of full-length recombinant human apoA-I containing two common
AApoAI point mutations in the middle of (W50R) or adjacent to (G26R) the extended strand
44-55 (Fig. 1). Previous biophysical studies of full-length AApoAl mutants have been
limited to lipid-free G26R and L178H [22,42,43,53,54]. We report the effects of the
mutations on the stability of the full-length protein in solution and on reconstituted HDL
(rHDL), and map the residue segments predicted to promote or prevent amyloid formation
on the crystal structure of A(185-243)apoA-I. The results explain, for the first time, why the
N-terminal residues form the amyloid core in AApoAl and why oxidation of specific Met
promotes misfolding of the full-length apoA-I. Moreover, we propose a common molecular

*X-ray crystal structures of full-length human apoA-I and other proteins previously published by H. M. Murphy have been discredited
and should be withdrawn from the journals and the Protein Data Bank; for details see [89], http://main.uab.edu/Sites/reporter/articles/
71570/ and http://classic.the-scientist.com/blog/display/56226/.
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mechanism for apoA-1 misfolding in familial and acquired amyloidosis, which has
potentially important therapeutic implications.

Results and Discussion

Effects of G26R and W50R Mutations on ApoA-I Stability and Proteolysis

The structure and stability of full-length lipid-free apoA-I was analyzed by circular
dichroism (CD). Far-UV CD spectra showed that G26R mutation caused only ~3%
reduction in the a-helical content, while W50R mutation did not (Fig. 2A). Both mutations
caused a decrease in the melting temperature by about 3 °C, suggesting a small reduction in
stability (Fig. 2B). This is consistent with the previous studies reporting reduced helical
content and reduced stability of free G26R apoA-1 [22,42,43]. In addition, our melting data
showed that G26R mutation reduced the unfolding cooperativity, which can augment protein
misfolding [55], while W50R did not (Fig. 2B). W50R showed comparable or smaller
effects than G26R on the secondary structure, stability and unfolding cooperativity of free
apoA-I (Fig. 2), suggesting that the W50-K23 t-cation interaction observed in the crystal
structure [10] contributes little to the overall conformation and stability of free protein in
solution. Notably, similar studies of several naturally occurring non-amyloidogenic mutants
[6,50-52], including apoA-I Milano (R173C) and Nichinan (AE235), showed comparable or
larger decrease in the helical content, structural stability and unfolding cooperativity of free
apoA-I [50-52]. Therefore, such a decrease alone does not necessarily lead to amyloidosis.

To test whether AApoAl mutations promote the release of the N-terminal 9-11 kDa
proteolytic fragments, we performed limited tryptic digestion of free protein whose products
have been well-characterized for WT apoA-I [56] but not for its AApoAl mutants. The time
course of proteolysis was monitored by using SDS PAGE (Fig. 3). Trypsin and other broad-
specificity proteases have multiple cleavage sites in apoA-I, and initially process WT at two
flexible sites, one near G185, G186 and another in the central part (so-called helix 5),
producing ~22 kDa and 14 kDa fragments, respectively, followed by generation of shorter
fragments resulting mainly from proteolysis of the flexible C-terminal part [42,46,47,56,57].
Figure 3 shows formation of the major fragments at comparable rates in WT and mutant
apoA-l. There were also subtle differences; perhaps most relevant to AApoAl was the
observation that W50R apoA-I showed a well-defined ~9 kDa band (Fig. 3C, arrow) that
was not detected in WT (Fig. 3A) and was less well-defined in G26R apoA-I (Fig. 3B). This
was the only band matching in size the N-terminal fragments in AApoAl deposits. In sum,
G26R and W50R mutations had little effect on the overall rate of proteolysis, and G26R did
not greatly enhance the release of the 9-11 kDa fragments (Fig. 3A, B), consistent with the
previous proteolytic studies of this mutant using MMP-12 [22].

Effects of G26R and W50R Mutations on the Lipoprotein Formation and Disintegration

To test the ability of free proteins to bind to a phospholipid bilayer and remodel it into
rHDL, we monitored clearance of multilamellar vesicles of the model phospholipid,
dimyristoyl phosphatidylcholine (DMPC), at 24 °C by turbidity (Fig. 4A). Lipid clearance
was slightly retarded for G26R and slightly increased for W50R as compared to the WT
apoA-1. Upon completion of DMPC clearance after 24 h incubation, the final turbidity
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leveled off at the similar value of 0.001 a. u. for the three apoA-I variants, which is
consistent with our observation of similar-size particles formed at this stage (described
below). Therefore, AApoAl mutations did not necessarily decrease the protein’s ability to
bind to a phospholipid surface and form rHDL.

To test the effects of AApoAl mutations on rHDL stability and apoA-1 dissociation, WT and
mutant proteins were reconstituted into complexes with either DMPC or palmitoyl-oleoyl
phosphatidylcholine (POPC) and cholesterol, and structure and stability of these complexes
were analyzed by CD. Figures 4B, C and S2 show the results for apoA-1:DMPC complexes.
Negative stain EM showed that W50R and G26R readily formed rHDL with DMPC (Fig.
4B) which were comparable in size to similar WT-containing complexes. Far-UV CD
spectra of these complexes showed that G26R caused a ~5% reduction in the protein a-
helical content while W50R did not (Fig. 4C). Far-UV CD melting data showed comparable
apparent melting temperatures for the WT and mutant rHDLs (Fig. 4D). Because lipoprotein
stability is subject to kinetic control, we carried out Kinetic temperature-jump experiments
that are particularly sensitive to small changes in lipoprotein stability (see Methods for
details) [19,21]. The results clearly showed that G26R and W50R mutations have no
detectable effect on the stability of apoA-1:DMPC complexes (Fig. S2). Similar studies of
apoA-I complexes with POPC and cholesterol, which better represent the composition of
nascent HDL, also clearly showed that G26R and W50R mutations did not reduce a-helical
content or stability of apoA-1 on rHDL (data not shown). Since rHDL destabilization
involves lipoprotein fusion and apoA-I dissociation [19,21], we conclude that G26R and
W50R mutations do not promote apoA-I dissociation from rHDL.

Summary of the Experimental Studies of G26R and W50R apoA-I

Our results clearly show that AApoAl mutations can either slightly reduce (G26R) or
slightly increase (W50R) protein’s ability to recruit lipids and form rHDL (Fig. 4A).
Further, the mutations do not destabilize apoA-I on rHDL and do not promote dissociation
of free protein (Fig. 4D, S2), suggesting that they do not necessarily shift the population
distribution from HDL-bound to free apoA-1. Moreover, the effects of G26R and W50R
mutations on the conformation and stability of free apoA-1 (Fig. 2) are comparable or
smaller than the destabilizing effects of certain non-amyloidogenic mutations such as
Milano or Nichinan [6,50-52], indicating that such destabilization alone is insufficient to
cause amyloidosis. Finally, G26R mutant shows little increase in the production of the 9-11
kDa fragments that could potentially contribute to amyloidosis; the exact nature of such
fragments will be determined once the proteases involved in apoA-I cleavage in AApoAl
have been clearly identified. Together, our results suggests that the amyloidogenic properties
of the apoA-I mutants result, at least in part, from factors other that their reduced affinity for
lipid, reduced stability of the dissociated proteins, or increased production of their N-
terminal fragments. This unexpected result prompted us to search for additional triggers of
protein misfolding in AApoAl.

Sequence Analysis Predicts Amyloid-Prone Segments in apoA-I

Protein misfolding is commonly initiated by short self-recognition elements that are four- to
ten-residue segments with high propensity to self-aggregate into B-sheets and act as “hot
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spots” in amyloid formation [58-62]. To identify such segments in apoA-I, we used the
consensus algorithms AmylPred and AmylPred2 [63,64] that utilize five and 11 sequence-
based prediction methods, respectively (supplemental Doc. S1, Table S1 and Doc. S3; for
detail see [64]). Using the consensus analysis helps optimize the balance between the
specificity and sensitivity in the hot spot prediction. Here, high specificity means low
probability of predicting too many amyloid-prone segments (few false positives) while high
sensitivity means low probability that such segments are mistakenly omitted (few false
negatives; see [64] for details). In AmyPred2, the prediction specificity is ~85% for
consensus agreement by five out of 11 methods, and increases with increasing the number of
hits [64]. Hence, the hot spots predicted by more than five hits (called “major” in this work)
have better than 85% specificity. Consensus agreement by five or fewer hits can also reveal
potentially important amyloidogenic segments [64], such as the “minor” hot spots described
below. In addition, we used the PASTA server [65] to predict amyloidogenic segment
pairings in a parallel or antiparallel B-sheet (Table S2, Fig. S3).

The application of AmylPred and AmylPred2 to apoA-1 sequence predicted two major and
two minor amyloid hot spots containing residues 14-22 (LATVYVDVL), 53-58 (VTSTFS),
69-72 (QEFW) and 227-232 (VSFLSA), in the following rank order: (14-22) > (227-232) >
(53-58) > (69-72) (Fig. 5, Table S1). Each of these segments is rich in large hydrophobic
residues, contains at least one aromatic residue in the middle, may contain an acidic group
but hardly any basic groups, and has other characteristics of amyloidogenic sequences.
PASTA predicted three strongest hot spots in the same rank order, (14-22) > (227-232) >
(53-58) (Fig. S3). Similar amyloidogenic segments were predicted in other studies [63,66].
In sum, segment 14-22 was the strongest hit predicted by up to 11 out of 12 methods (Table
S1), suggesting better than 90% prediction specificity. Experimental validation of this N-
terminal hot spot is described below. The fourth and only hot spot located outside the N-
terminal half is predicted in residues 227-232 from the C-terminal part that forms the
primary lipid binding site in apoA-I.

In addition to amyloidogenic segments, the apoA-I sequence contains several short motifs
that are expected to hamper the 3-sheet propagation. The longest of such motifs, EKETEG
(residues 76-81), is predicted to have a p-breaking potential resulting from the Coulombic
repulsion among three proximal Glu located on the same side of the B-strand, followed by
the B-breaking Gly. This repulsion is expected to diminish at acidic pH upon Glu
protonation and potential carboxyl pair formation. In sum, the sequence analysis suggests
that the N-terminal part of apoA-I has high propensity to form amyloid that encompasses the
first 75 residues but may not readily propagate beyond the -breaking segment 76-81 at
near-neutral pH.

Validation of the Predicted Amyloid Hot Spots

Several lines of experimental evidence support the predicted amyloid-forming segments in
the N-terminal part of apoA-I. First, the AmylPred2 and PASTA profiles of apoA-I suggest
that the amyloid-forming propensity resides largely within the first ~100 residues (Fig. 5,
S3). This prediction is validated by the ability of the recombinant apoA-I fragment 1-83 and
1-93 to readily form amyloid fibrils in cell culture and/or in vitro [41,66], and is consistent
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with the finding of residue fragments 1-83 to 1-100 in patient-derived AApoAl deposits
[22,32]. Second, synthetic apoA-I fragment 46-59, which contains a minor predicted hot
spot 53-58, forms amyloid fibrils in vitro [67], validating this prediction. Third, recent
studies report that fragment 1-43 that contains the major predicted hot spot, 14-22, readily
forms amyloid fibrils in vitro at pH 7.4 [66]. In comparison, fragment 44-65 that contains a
minor hot spot 46-59 is less prone to amyloid formation, while fragment 66-83 that contains
the predicted pH-dependent B-breaking motif in residues 76-81 does not form amyloid at pH
7.4 [66]. There results are in excellent agreement with the sequence-based predictions.

To further validate the major predicted hot spot 14-22, we explored amyloid formation by a
synthetic 20-residue peptide fragment containing apoA-I residues 9-28, which is centered on
segment 14-22 and is predicted to have the highest amyloid propensity in the N-terminal
half of apoA-I (Fig. 5B, double line). Peptide solutions of 0.1-0.5 mg/ml concentrations in
100 mM Na phosphate buffer at pH 7.4 were incubated at 22 °C for up to 17 days. Negative
stain EM showed fibril formation after 6 days, followed by visible precipitation after 10
days. The fibrils were approximately 10 nm in width and hundreds of nm in length, and
often formed clusters (Fig. 5C, left). Binding of a diagnostic dye, thioflavine T (ThT),
followed by fluorescence measurements showed a large increase in ThT emission upon the
peptide aggregation leading to fibril formation (Fig. 5C, right). In sum, electron microscopy
and ThT binding / fluorescence indicate amyloid fibril formation by apoA-1 fragment 9-28
that encompasses the major predicted amyloid hot spot, 14-22, further validating this
prediction.

Notably, the two major hot spots, 14-22 and 227-232, are predicted strongly to form parallel
intermolecular B-sheet in amyloid (Doc. S2, Table S2). In agreement with this prediction,
FTIR spectra of fibrils formed by fragment 1-43 lack the diagnostic peak near 1690 cm™1
(66) and hence, are indicative of a parallel B-sheet, validating the parallel B-sheet predicted
in this region of apoA-1 (Table S2, Fig. S3). Spectroscopic data show that parallel in-register
[3-sheet is the major structural motif in protein fibrils containing -strands longer than four
residues [68,69], such as those predicted for apoA-I. Notably, parallel 3-sheet was observed
by EPR and by solid-state NMR in the fibrils of two related proteins, apoC-I1 [70] and a-
synuclein [71,72], that contain lipid surface-binding 11-mer sequence repeats homologous to
those in apoA-I [5]. These observations support the prediction of the parallel B-sheet as the
preferred structural motif in all these apolipoprotein amyloids.

Mapping Amyloid Hot Spots on the Crystal Structure of A(185-243)apoA-I

The three N-terminal amyloid hot spots predicted by AmylPred, together with the f3-
breaking segment, were mapped on the proposed structure of apoA-lI monomer (Fig. 6),
which was derived from the crystal structure of A(185-243)apoA-I via the domain swapping
around the dimer two-fold axis [10]. In the crystal structure all these segments are a-helical,
except for the second hot spot, 53-58, that partially overlaps with the extended strand, 44-55,
and the following a-helix, 56-64. The first and strongest hot spot, 14-22, forms an a-helix
kinked at Y18, and is packed against the second hot spot. The third hot spot, 69-75, and the
following the B-breaker, 76-81, form a short helix at the bottom of the bundle. In the crystal
structure, this well-ordered region forms extensive interactions in the “bottom” hydrophobic
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cluster [10] (Fig. 6, oval). All three predicted N-terminal hot spots are located in or near this
cluster. We propose that such tertiary packing, together with the predominantly a-helical
conformation of these amyloid-prone segments, helps protect free apoA-I from misfolding.
Similarly, the amyloid hot spots in other proteins often adopt native a-helical structure
protecting them from misfolding [60].

The C-terminal region containing the fourth hot spot, 227-232, was truncated from
A(185-243)apoA-I to facilitate crystallization. This region forms the primary lipid binding
site in apoA-I ([10,45] and references therein) and is largely a-helical on the lipid. In the
low-resolution crystal structure of the N-terminally truncated apoA-I, which is thought to
represent the lipid-bound conformation, residues 228-232 form the beginning of the C-
terminal a-helix [44]. We posit that this highly a-helical conformation, together with the
rapid protein adsorption via the C-terminal end to the phospholipid surface [18], help protect
the C-terminal hot spot from initiating apoA-I misfolding.

The extended strand 44-55 observed in the crystal structure of A(185-243)apoA-1 [38]
partially overlaps with the minor hot spot, 53-58, suggesting that this strand has modest
amyloid-forming propensity, consistent with the relatively polar character of residues 44-55,
LKLLDNWDSVTS. X-ray crystallography and HX/MS studies indicate high solvent
accessibility of residues 44-55 in the free protein [10,28,45] (Fig. S4). This contrasts with
the amyloid-prone segments in globular proteins, which are usually protected by extensive
native packing [60]. We propose that, despite its native strand-like geometry [38], segment
44-55 has limited amyloidogenic propensity which, together with the W50-K23 rt-cation
interaction that may restrict conformational mobility of this segment in free apoA-1 [10],
helps protect it from -aggregation.

Previous studies reported that AApoAl mutations reduce the a-helical propensity of apoA-I
[32] and perturb the radial distribution of charged and apolar residues characteristic of
apolipoprotein a-helices [38]. Sequence-based prediction algorithms including AmylPred2
and PASTA showed no significant increase in the amyloid-forming propensity upon W50R,
G26R or other AApoAl mutations. This suggests that the primary effect of such mutations is
on the native conformation of apoA-I.

Revised Mechanism of Misfolding in AApoAl Mutants

The results reported here, together with the previous HX/MS analyses of WT and G26R
apoA-I [45] and in vitro amyloid formation by apoA-I fragments [66, 67], suggest that
protein misfolding in AApoAl is triggered by perturbations of the native structure in the N-
terminal amyloid hot spots, increasing their solvent exposure and/or mobility. In the crystal
structure of free protein, G26 is juxtaposed to W50 in the middle of the extended segment
44-55 (Fig. 1A). This segment is loosely packed and forms few specific interactions with the
rest of the protein molecule. These interactions probably contribute little to the overall
protein stability, as suggested by minimal effects of W50R mutation on the structure and
stability of free protein (Fig. 2). Notably, W50R mutation replaces the w-cation attraction,
W50-K23 (Fig. 1A), with the Coulombic repulsion, R50-K23, which is expected to perturb
the local conformation and dynamics of the strand 44-55. This perturbation can propagate
from the mutation site at residue 50 to the nearby hot spot, 53-58, perturbing its interactions
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with the adjacent major hot spot, 14-22. We propose that this perturbed hot spot packing
triggers amyloid formation by W50R apoA-I.

A similar mechanism probably contributes to amyloid formation by G26R apoA-I1. In G26R
mutant, Coulombic repulsion between K23 and R26, which are adjacent in the a-helix (Fig.
1A), would also disrupt the wt-cation interaction, W50-K23, and once again perturb the local
conformation and dynamics of the extended segment 44-55 and the nearby hot spots.
Importantly, HX/MS studies of free apoA-1 by Phillips and colleagues showed that G26R
mutation greatly increases solvent accessibility and dynamics in the first ~90 residues [45].
We note that residues 1-90 encompass all predicted N-terminal amyloid hot spots (Fig. 5,
S4). Hence, we propose that the destabilization of the helical structural in the N-terminal
amyloid hot spots triggers the misfolding of G26R apoA-I. In addition, G26R slightly
reduces the overall structural stability [22,28] and cooperativity of free apoA-I (Fig. 2B) and
eliminates Gly26 that may be B-blocking [42]. Finally, both G26R and W50R reduce the net
negative charge on apoA-I, particularly on its acidic N-terminal part, which generally favors
[-aggregation [60,73]. A combination of these factors probably contributes to amyloid
formation by G26R and W50R apoA-I.

We speculate that other AApoAl mutations promote amyloid formation via a combination of
similar factors. In fact, 11 out of 14 known sites of AApoAl point mutations are located in
the bottom half of the helix bundle in direct contact with one or more N-terminal hot spots
(Fig. 1A, oval; Fig. 6). Close inspection of the sites of these mutations suggests that they
perturb native packing in these hot spots. Of the remaining three AApoAl point mutations,
two (G26R and W50R) are located near the middle of the helix bundle (Fig. 1A, boxed
region); structural perturbations caused by these mutations are described above. The
remaining AApoAl point mutation, E34K, is unusual as it is located near the top of the helix
bundle distant from the predicted hot spots (Fig. 1A). E34K decreases the net negative
charge by 2, the largest decrease among AApoAl mutations, which is expected to favor 8-
aggregation [60,73]. Other AApoAl mutations involve deletions and frame shifts [32,34,38]
that potentially alter the helix registry in the bundle or truncate it, which can be detrimental
to protein stability [74].

Of the nearly 20 known AApoAl mutations, only one most conservative substitution, F71Y,
is located in the middle of the minor predicted hot spot, 69-72. This raises a possibility that
the disruptive mutations inside the hot spots promote apoA-I misfolding and sequestration in
inclusion bodies [63,75,76] and thereby interfere with the secretion of the mutant protein

[36]).

In sum, of the 14 known AApoAI point mutations, at least 13 are expected to perturb local
packing in the N-terminal hot spots in free apoA-I. Such a perturbation was observed by
HX/MS in G26R, the most common AApoAl mutant [45] (Fig. S4). This observation
strongly supports our hypothesis that local perturbations of the native structure and
dynamics in the N-terminal hot spots in free apoA-I trigger its misfolding in AApoAl. These
perturbations can be synergistic with other factors, such as reduced overall structural
stability and cooperativity (Fig. 2B), but do not require them. Hence, our proposed
mechanism helps uncouple apoA-I destabilization from misfolding and explain why many
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mutations, such as Milano or Nichinan, reduce structural stability of free apoA-I but do not
cause amyloidosis [6,22,32,50-52].

Role of Methionine Oxidation in Amyloid Formation by ApoA-I

Our mechanism helps explain why Met oxidation causes misfolding of full-length non-
variant apoA-1 [27,31]. Apolipoprotein methionines are thought to serve as natural
antioxidants for lipids, since these residues are highly susceptible to oxidation [77,78]. Met
oxidation can alter protein function, stability, and propensity to form amyloid [31,78].
ApoA-I contains three methionines, M86, M112 and M148, that are located in the apolar
lipid-binding faces of the a-helices, and can be converted into Met sulfoxides (MetO) in
vivo. Replacement of the apolar Met with polar MetO in these locations is expected and
observed to diminish protein affinity for lipid and decrease protein stability in solution
[79-81], probably because of the perturbed hydrophobic core packing in the helix bundle.
The effect of Met oxidation on the structural stability and lipid binding of apoA-I is
expected to resemble certain AApoAl mutations, such as L60R, L64R or L178H, that also
replace apolar with polar or basic groups in the hydrophobic core of the helix bundle [38]
Hence, similar to these mutations, Met oxidation is expected to augment amyloid formation
by apoA-I. In fact, full-length non-variant human plasma apoA-I forms amyloid upon Met
oxidation in vitro, suggesting that mild oxidation in vivo can promote apoA-1 deposition in
atherosclerotic plaques [31].

The role of individual Met oxidation in apoA-I misfolding is unclear. To clarify this role, we
examined Met packing in the crystal structure of A(185-243)apoA-I (Fig. 7). M86 is located
in the “bottom” hydrophobic cluster, with the Met side chain forming extensive interactions
with the amyloid hot spots. First, well-ordered Ss and C, atoms of M86 are only 4-5 A away
from Cg of Y18 in the middle of the major hot spot, 14-22 (Table S3). Second, Sg in M86 is
packed in the predominantly hydrophobic region close to carbonyl carbons from residues
173, 174 and 177 located in the helical segment 170-178 (Table S2) that contains “outside”
point mutations in AApoAl (Fig. 7). This segment interacts directly with all N-terminal hot
spots. Polar MetO in this well-ordered hydrophobic region is expected to perturb these
interactions and thereby promote apoA-I misfolding.

In contrast, M112 and M148 are located at the top of the helix bundle, remote from the
amyloidogenic point mutations or hot spots (Fig. 7). M112 and M148 sulfurs are less than 6
A apart. Unlike M86, M112 and M148 side chains are not well ordered in the crystal
structure, as evident from the electron density map (Fig. 7 left) and the temperature factors
of S5 (B=60 A2 in M86 as compared to ~95 A2 in M112 and M114). These details help
explain several reports that M112 and M148 are more susceptible to oxidation in vivo and in
vitro than M86 ([80,82] and references therein). They also explain why in apoA-1 isolated
from plasma of hyperglycemic patients, M112 and M148 correlate in their oxidation degree
[82]. We propose that spatial proximity of the M112 and M148 sulfurs in the free protein
explains correlation in their oxidation degrees, while sequestration of the M86 side chain in
the well-ordered hydrophobic cluster explains its reduced susceptibility to oxidation.

In sum, our structural analysis shows that in free apoA-I, M86 is located near the bottom of
the helix bundle where it forms extensive hydrophobic interactions with Y18 and other

FEBS J. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Das et al.

Page 12

groups from the major amyloid hot spot, 14-22 (Table S3). M86 oxidation is expected to
perturb these interactions. In contrast, oxidation of M112 and M148, which are located at the
top of the helix bundle, probably has little direct effect on the packing of the hot spots near
its bottom. Therefore, we propose that oxidation of M86 is the likely trigger of apoA-I
misfolding in atherosclerotic plaques.

Common Mechanism of apoA-I Misfolding in Familial and Acquired Amyloidosis

Taken together, the results reported here suggest that apoA-1 misfolding in familial and in
acquired amyloidosis is triggered by perturbed native structure in the amyloid hot spots,
increasing their mobility and solvent accessibility. On HDL, all hot spots are protected from
misfolding by the protein-lipid interactions, with additional protection conferred by the
helical packing in the antiparallel “double-belt” conformation of apoA-I dimer on HDL
[4,10,11,44]. This antiparallel helical packing (Fig. 1) must be disrupted prior to formation
of the parallel intermolecular $-sheet predicted for apoA-I amyloid (Fig. 8, Table S2). This
underscores the importance of free monomeric apoA-I as a direct progenitor of amyloid.

In free apoA-1, the N-terminal hot spots are normally protected from misfolding by the
interactions within the helix bundle [10,45] (Fig. 6). The C-terminal hot spot located in the
primary lipid binding site is probably protected by its helical native conformation and by the
bound lipids [18]. We propose that AApoAl mutations or Met86 oxidation perturb native
packing in one or more of the N-terminal hot spots in free apoA-I, and thereby lessen their
protection from misfolding. This local perturbation can be synergistic with other
amyloidogenic factors such as reduced protein affinity for lipid, reduced stability and
cooperativity of free protein structure, increased susceptibility to oxidation and proteolysis,
reduced net charge and solubility, removal of the B-breaking groups such as Pro or Gly, etc.
[73].

Our hypothetical mechanism is supported by multiple lines of experimental evidence and
helps resolve several important issues. First, it uncouples structural destabilization of free
apoA-1 from local perturbations in its amyloid-prone segments, and explains why some but
not all destabilizing apoA-I mutations are amyloidogenic [6,32]. A similar concept may
apply to other globular proteins whose amyloidogenic propensity correlates with the
structural stability but is not tightly coupled to it [73,76].

Second, the proposed mechanism explains why patient-derived AApoAl deposits contain N-
terminal proteolytic fragments cleaved between residues 83 and 100 [22,32,41], even though
in native apoA-I these residues form ordered a-helical structure that is protected from
proteolysis [10,44,45]. We propose that the intermolecular parallel 3-sheet readily
propagates through the N-terminal 75 residues that are predicted and observed to be
amyloidogenic. At near-neutral pH, the gate-keeping motif EKETEG in residues 76-81 is
expected to impede the propagation of the B-zipper. Hence, the N-terminal ~75 residues
form the protease-resistant amyloid core; polypeptide outside this core can be readily
proteolyzed. In sum, we propose that apoA-I cleavage can occur after the amyloid core
formation in AApoAl, although the current proteolytic studies cannot exclude the accepted
pathway in which apoA-I is partially cleaved prior to misfolding. The former mechanism
explains why the attempts to find the 9-11 kDa N-terminal fragments of apoA-I in
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circulation have been unsuccessful [32], and suggests that the proteolytic environment at the
site of the amyloid deposition determines the cleavage site in AApoAl.

Third, the proposed mechanism suggests why arterial deposits in acquired amyloidosis
commonly contain full-length apoA-I. At acidic pH reaching pH 5.5 in deep atherosclerotic
plaques [83], partial protonation of the adjacent Glu in the EKETEG residues 76-81 is
expected to reduce their p-breaking propensity and facilitate the 3-sheet propagation from
the N- to the C-terminus, to encompass all four amyloid hot spots in the full-length apoA-I
(Fig. 8D).

Potential clinical implications

The concept that amyloid core formation is the primary event that does not necessarily
involve proteolysis suggests, for the first time, that apoA-I misfolding in familial and in
acquired amyloidosis proceeds via similar molecular mechanisms and, hence, is potentially
influenced by similar factors. We hypothesize that HDL proteins, lipids and other factors
that affect apoA-I dissociation from HDL can contribute to apoA-1 misfolding in amyloid.
Such contributing factors may possibly include serum amyloid A protein that can displace
apoA-I from HDL during acute inflammation [84,85]; free fatty acids whose increase in
HDL promotes apoA-I dissociation and lipoprotein fusion in vitro and, probably, in vivo
[12,86]; increased HDL triglycerides whose lipolysis promotes apoA-1 dissociation from
HDL in vitro and in vivo [84,87], etc. The latter idea is supported by the observation that
apoA-I fibril deposition in atherosclerotic plaques of patients undergoing atherectomy
correlates positively only with patient’s age and plasma triglycerides [25]. This observation
prompts us to speculate that therapies targeting HDL triglycerides and other factors that
promote apoA-1 dissociation from HDL in vivo may help hamper apoA-1 amyloidosis.

Materials and Methods

Proteins and lipids

Recombinant human WT apoA-1 and its two common naturally occurring AApoAl mutants,
G26R and W50R, were produced by using His6-MBP-TEV expression system in E-coli and
purified by FPLC as previously described [10]. The proteins contained one additional N-
terminal Gly from the TEV cleavage site [10]. The lyophilized proteins were refolded in
standard buffer that was used throughout this work (10 mM Na phosphate, pH 7.4)
containing 0.25 mM Na EDTA. Protein stock solutions were stored in the dark at 4 °C and
used in four weeks. DMPC, POPC and unesterified cholesterol were 95+% purity from
Avanti Polar Lipids (Alabaster, AL, USA). Trypsin was from Sigma (St. Louis, MO, USA).
All chemicals were of highest purity analytical grade.

Lipoprotein reconstitution and lipid clearance

DMPC complexes with apoA-I were obtained by incubating protein solution with the lipid
suspension (1 mg/ml protein, 4 mg/ml lipid in standard buffer) at 24 °C overnight [18].
Complexes of apoA-1 with POPC and unesterified cholesterol were obtained by thin film
evaporation using apoA-1 : POPC : cholesterol molar ratio of 1:80:4 as previously described
[18]. Lipoprotein formation was confirmed by negative stain EM using a CM2 transmission
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electron microscope (Philips Electron Optics, Eindhoven, the Netherlands) as previously
described ([18,19] and references therein).

Clearance kinetics of DMPC multilamellar vesicles by WT or mutant apoA-I was monitored
at 24 °C by turbidity at 350 nm using a Varian Cary-300 UV/Vis spectrophotometer as
described [18]. The final sample concentration was 200 ug/ml DMPC and 50 pg/ml apoA-I
in standard buffer. Lipid-free apoA-I is monomeric under these conditions.

Circular Dichroism Spectroscopy

Far-UV CD and 90° light scattering data were recorded using an AVIV 400
spectropolarimeter as described ([18,88] and references therein). Briefly, melting and kinetic
temperature-jump data were recorded from protein or lipoprotein solutions of 50 pg/ml
protein concentration in standard buffer, placed in 2 mm path length cell. In the melting
experiments, the samples were heated at a rate of 80 °C/h and a-helical unfolding was
monitored at 222 nm. Thermal unfolding of free apolipoproteins in this and other studies
was thermodynamically reversible, as evident from full superimposition of the heating data
recorded at various scan rates and the overlap between the heating and cooling data
[20,21,81,88]. To avoid overlap, only the heating data are shown for free proteins (Fig. 2B).
In contrast, thermal unfolding of reconstituted HDL in this and the previous studies showed
hysteresis (Fig. 4D) and a scan rate dependence indicative of a kinetically controlled
transition with high activation energy [19,21,81,88]. Previously, we showed that the kinetic
barriers in this transition are involved in the heat-induced apolipoprotein unfolding and
partial dissociation from the lipid accompanied by lipoprotein fusion ([21,88] and references
therein). In the kinetic experiments using model HDL, the unfolding was triggered by a
rapid increase in temperature from 25 °C to a constant value ranging from 75 to 95 °C, and
was monitored at 222 nm. The CD data were normalized to protein concentration and are
reported as molar residue ellipticity, [©], in units of deg-cm2.dmol-L. Apolipoprotein helical
content was estimated from the measured ellipticity at 222 nm, [©,25] [20].

Proteolysis time course

Limited proteolysis was performed by incubating lipid-free WT or mutant apoA-I with
trypsin (substrate:enzyme weight ratio 500:1) in standard buffer at 25 °C in a shaking water
bath. Aliquots were collected at various time points during the first hour of incubation. To
stop the reaction, SDS gel loading buffer was added to each aliquot, followed by immediate
heating and incubation at 100 °C for 2 min. The proteolytic products were separated on SDS
PAGE using 10-20% Tris / Tricine system. The gels were stained with Denville blue protein
stain.

Fibril formation by a peptide fragment of apoA-|

The peptide fragment corresponding to apoA-1 residues 9-28
(DRVKDLATVYVDVLKDSGRD), which encompassed the major predicted amyloid hot
spot residues 14-22, was used in fibril growth experiments. The peptide was obtained
commercially by solid state synthesis and purified by HPLC to 95%+ purity as previously
described [88], followed by buffer exchange to remove organic solvent. The N- and C-
termini of the peptide were not blocked. The amino acid sequence was confirmed by mass
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spectrometry. Freshly prepared stock solution (5.0 mg/ml peptide in 100 mM Na phosphate
buffer, pH 7.4) was diluted to prepare samples varying in peptide concentration (0.1- 0.5
mg/ml), pH (6.8-7.4) and salt (0-150 NaCl). The samples were incubated without stirring for
up to 17 days and were monitored for amyloid formation by EM and ThT binding /
fluorescence. Fibril formation was consistently observed after several days of incubation at
pH 7.4.

For negative stain EM, a 4 pl aliquot of peptide solution was incubated for 10 sec on a glow-
discharged carbon formvar-coated copper grid, excess liquid was removed by blotting, the
samples were stained with 1% wi/v sodium phosphotungstate at pH 7.4, blotted, and air-
dried. Images were recorded by using a CM2 transmission electron microscope.

For ThT binding, the peptide aliquots were diluted and ThT solution was added to the final
concentration of 100 uM peptide, 10 uM ThT in standard buffer. After 10 min incubation,
the emission spectra were recorded at 25 °C using Fluoromax-5 spectrofluorimeter. The
probe was excited at 444 nm and the spectra were recorded from 450 to 550 nm with 5 nm
excitation and emission slit widths.

All experiments in this study were repeated at least 3 times to ensure reproducibility.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Locations of the AApoAl mutations in the structure of free apoA-1. (A) X-ray crystal

structure of human lipid-free A(185-243)apoA-1 (PDB 1D 3R2P) solved by Mei and
Atkinson [10] with the sites of all known AApoAl mutations mapped [38]. The structure is a
crystallographic dimer stabilized by two symmetry-related four-helix bundles. Dimer-
forming molecule 1 (gray) and 2 (teal) and the crystallographic two-fold axis relating them
are shown. Residues that are mutated in AApoAl are shown by spheres: point mutations
(yellow), deletions (green), and frame shifts (pink). Oval encircles the “bottom” half of the
helix bundle where most of the AApoAl point mutations are located. Boxed region contains
the sites of all known AApoAl point mutations located in the middle (G26R and W50R) or
near the top (E34K) of the helix bundle. Insert shows zoomed-in structure in this boxed
region; side chains of G26, W50 and K23 are shown. (B) Proposed structure of lipid-free
apoA-1 monomer obtained from the dimer structure via the domain swapping (indicated by
circular arrows) of residues 121-184 (in teal) from molecule 2 to molecule 1 around the 2-
fold axis [10]. Thin irregular line represents C-terminal residues 185-243 that are largely
unfolded in solution and have been deleted from A(185-243)apoA-1 to facilitate
crystallization [10]. Extended segment in residues 44-55 is in red. The cleavage sites
between residues 83 and 100, which are characteristic of the protein fragments found in
patient-derived AApoAl deposits, are indicated; X indicate major cleavage sites upon
processing of free apoA-1 by the broad-specificity proteases. Locations of the two mutations
studied in this work, G26R and W50R, are shown.
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Figure 2.

Secondary structure and stability of lipid-free apoA-I analyzed by far-UV CD. (A) Far-UV
CD spectra of recombinant human WT, G26R and W50R apoA-I, recorded at 25 °C. The a-
helix content estimated from these spectra is 52% for WT, 51% for W50R, and 49% for
G26R, with approximately 3% accuracy. (B) Heating data of free proteins recorded at a rate
of 80 °C/h show a small but significant decrease in the melting temperature, Ty, upon
mutations. In addition, G26R shows a more gradual heat-induced change in CD signal
indicating reduced cooperativity. Heating and cooling data (not shown to avoid overlap)
superimpose.
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Figure 3.
Time course of limited tryptic digestion of lipid-free WT and mutant apoA-I. The proteins

were incubated with trypsin for 0-40 min (indicated on the lanes), the products were
separated on SDS PAGE using Tris-Tricine system, and the gels were stained with Denville
blue protein stain. Molecular weight standards (St) are indicated. Full-length apoA-I (28
kDa) and its two major proteolytic fragments, 22 kDa (cleaved near G186) and 14 kDa
(cleaved in the middle of the molecule between residues 121 and 142) are indicated. Bracket
shows the range where the acidic N-terminal 9-11 kDa fragments are expected to migrate.
Arrow in panel C shows a band that may contain such a fragment.
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Figure4.

Effects of mutations on apoA-1 affinity for lipid. (A) Time course of DMPC clearance by
WT and mutant apoA-1. The proteins were added to aqueous suspensions of DMPC
liposomes at t=0, and the remodeling of these liposomes into smaller lipoproteins was
monitored by turbidity. (B) Electron micrographs on negatively stained “discoidal”
complexes reconstituted from apoA-l and DMPC. The complexes are seen face-up or
stacked on edge in rouleaux (bottom). (C) Far-UV CD spectra of apoA-1:DMPC complexes
at 25 °C. The a-helix content estimated from these spectra is 74% for WT, 73% for W50R,
and 67% for G26R, with ~3% accuracy. (D) Heating and cooling data of apoA-l1:.DMPC
complexes recorded at a rate of 80 °C/h show a thermodynamically irreversible transition
that was previously shown to involve protein dissociation and unfolding and lipoprotein
fusion [19,21]. The apparent transition temperature, T app, Which corresponds to the first
derivative maximum in the heating data, d©,,/dT, is within 2 °C for the complexes
containing WT, G26R and W50R apoA-I1, suggesting similar structural stability. Kinetic
temperature-jump studies strongly support this conclusion and show that G26R and W50R
mutations do not significantly change structural stability of apoA-1:DMPC complexes (Fig.
S2).
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Figureb5.
Amino acid sequence of apoA-I and its segments predicted and observed to promote

amyloid formation. (A) Residues 1-43, encoded by exon 3, form N-terminal G-repeats (dark
grey). Residues 44-243, encoded by exon 4, form ten 11/22-mer tandem repeats with high
helical propensity, 1-10, punctuated by Pro or Gly. Repeats 1-7 are in dark grey and 8-10 are
in white. Positions of Pro and Gly are indicated. Green boxes show amyloid “hot spots”
formed by residues 14-22 (LATVYVDVL), 53-58 (VTSTFS), 69-72 (QEFW), and 227-232
(VSFLSA) predicted by using AmylPred [63,64] (B). Violet box shows the putative f-
breaking motif (EKETEG) in residues 76-81. Green double arrow shows the amyloid core in
the N-terminal fragments forming AApoAl deposits. Dashed box shows cleavage sites
between residues 83 and 100 characteristic of AApoAl deposits. X show cleavage sites
characteristic of free apoA-I in solution. Positions of G26R and W50R mutations are
indicated. Red diamonds show methionines. Black double arrow indicates A(185-243)apoA-
I construct whose 2.2A resolution crystal structure [10] is shown in Figure 1. (B) Output of
AmylPred2 consensus sequence analysis of human apoA-I plotted as a number of algorithms
predicting f-aggregating propensity (from the total of 11) versus residue number. Segments
predicted by a consensus of more than five hits (above the blue dotted line) are termed
“major amyloid hot spots”; those predicted by three to-five hits (between the two dotted
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lines) are termed “minor hot spots”. Double line indicates 20-residue peptide fragment 9-28
predicted to have the highest amyloid-forming propensity. (C) Amyloid fibrils formed by
synthetic fragment 9-28 observed by negative stain EM and ThT fluorescence. Fibrils were
formed upon incubation of peptide solution in 100 mM Na phosphate buffer at pH 7.4, 22
°C for 6 days, and were analyzed as described in Methods. Fluorescence was measured from
buffered solutions containing 10 uM ThT alone [1] or in the presence of 100 uM peptide that
was either freshly dissolved (2) or formed fibrils (3) upon incubation at 22 °C for 17 days as
described in Methods.
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Figure®6.

Residue segments predicted to promote or prevent amyloid formation mapped on the
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structure of lipid-free apoA-1 monomer. Three N-terminal amyloid hot spots predicted in

residues 14-22, 53-58, and 69-72 are mapped on the crystal structure of free

A(185-243)apoA-I [10]. The fourth predicted “hot spot”, 227-232, is in the flexible C-

terminal region (irregular line) that forms the primary lipid binding site in apoA-I driving its

adsorption to phospholipid surface [18]. Residues 76-81 that are expected to form a -

breaking motif at pH 7 are in purple. Extended segment 44-55 is in red.
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Figure7.
Locations of the thee methioines in free apoA-1. Positions of M86, M112, and M148 (red

diamonds) are mapped on the crystal structure of A(185-243)apoA-I. Polypeptide chain is in
rainbow colors from N- to C-terminus (blue to red). Circles indicate sites of all known
“outside” point mutations in AApoAl, including L170, R173, L174, A175 and L178 (top to
bottom). Main chain of Tyr18 located in the middle of the major spot, 14-22 (blue), and its
selected nearest neighbors that include Met86 side chain are indicated. Inserts: Electron
density map showing M86 (bottom) and M112 and M148 (top). The 2F,-F; map was
generated by using the x-ray diffraction data (observed amplitudes, F,,) and the refined 2.2A
crystal structure of A(185-243)apoA-I [10] (calculated amplitudes, F¢). Stick model shows
atomic structure. Sulfur positions are in yellow-green, electron density is in blue.
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Figure8.
Hypothetical pathway of apoA-I misfolding in familial and in acquired amyloidosis. (A)

Free apoA-lI monomer, generated de-novo or dissociated from HDL, forms a four-helix
bundle containing residues 1-184 (helix ribbon) followed by the partially unstructured C-
terminal residues 185-243 (thin line) containing the primary lipid binding site. Four
predicted amyloid hot spots are color-coded. AApoAl mutation in familial amyloidosis or
M86 oxidation in acquired amyloidosis may perturb native structure in these hot spots and
initiate 3-aggregation. This leads to formation of the protease-resistant amyloid core in the
first 75 residues containing N-terminal amyloid hot spots (in blue, teal and green) (B). In the
parallel in-register B-sheet predicted for apoA-1, each hot spot (color-coded) stacks in
register against its counterparts from the adjacent molecules. At pH~7, the B-breaking
EKETEG residues 76-81 probably impede the amyloid core propagation towards the C-
terminus and hamper the in-register stacking of the similarly charged groups. As a result,
amyloid core stops at residues 76-81, leading to protein cleavage shortly thereafter. This
explains why amyloid core in the patient-derived AApoAl deposits contains residue
segments 1-83 to 1-100 (C). (D) At acidic pH, partial protonation of the adjacent Glu is
expected to diminish the B-breaking potential of the EKETEG motif. This facilitates the f-
sheet propagation towards the C-terminus and formation of fibrils containing full-length
apoA-1, such as those found in atherosclerotic plaques. In the resulting parallel in-register p-
sheet structure, different hot spots within the molecule act in synergy (D), while similar
secondary structural elements from different molecules (in different shades of gray, E) are
stacked in register.
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