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Abstract

Serum amyloid A (SAA) is a plasma protein that transports lipids during inflammation. To explore
SAA solution conformations and lipid binding mechanism, we used hydrogen-deuterium exchange
mass spectrometry, lipoprotein reconstitution, amino acid sequence analysis and molecular
dynamics simulations. Solution conformations of lipid-bound and lipid-free mSAA1 at pH~7.4
agreed in details with the crystal structures but also showed important differences. The results
revealed that amphipathic a-helices h1 and h3 comprise a lipid-binding site that is partially pre-
formed in solution, is stabilized upon binding lipids, and shows lipid-induced folding of h3. This
site sequesters apolar ligands via a concave hydrophobic surface in SAA oligomers. The largely
disordered/dynamic C-terminal region is conjectured to mediate promiscuous binding of other
ligands. The h1-h2 linker region is predicted to form an unexpected p-hairpin that may represent
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an early amyloidogenic intermediate. The results help establish structural underpinnings for
understanding SAA interactions with its key functional ligands, its evolutional conservation, and
its transition to amyloid.

Graphical Abstract

SAA SAA T {1
o , ‘

TR0 SRS e—— _—
sk:wﬁ-b%_g _  ———
’}: lipids T N —_—

;é»,- TR

SAA SAA __ mallm o Wy x o« @ W n

Keywords

Hydrogen-deuterium exchange mass spectrometry; molecular dynamics simulations; lipoprotein
nanoparticle; intrinsically disordered protein; B-hairpin misfolding intermediate; inflammation and
immunity

INTRODUCTION

Serum amyloid A (SAA) is a major acute-phase protein that is a biomarker of inflammation
[1, 2] and the protein precursor of amyloid A (AA) that causes AA amyloidosis, a life-
threatening complication of chronic inflammation [3, 4]. Elevated SAA is a causative factor
for atherosclerosis [5]. SAA comprises a family of ~12 kDa proteins that have been highly
evolutionally conserved for at least 5,000,000 years, and is proposed to play an essential role
in the inflammatory response [6, 7] (Figure 1). In humans and other mammals, SAA is
secreted by the liver into plasma and is also produced by various extrahepatic tissues at the
inflammation sites [8, 9]. Hours after the onset of infection or injury, plasma levels of
inducible SAA increase nearly a thousand-fold, reaching up to 3 mg/ml, and then rapidly
decrease [1, 7, 10, 11]. The beneficial role of these spikes in SAA levels is unclear and
probably relates to lipid transport.

Most circulating SAA binds to plasma high-density lipoproteins (HDL) and reroutes HDL
transport [12, 13]. Like other HDL proteins, SAA is water-soluble and is transiently released
in a structurally labile metabolically active free form [14] that probably is a protein
precursor of amyloid [15-17]. /n vitro at pH~7, free SAA solubilizes vesicles containing
diverse phospholipids, cholesterol, and their mixtures [17-23], the products of lipid
oxidation [24], and a lipophilic vitamin retinol [25, 26]. Binding of diverse lipids suggests
that SAA can act as a lipid scavenger. Moreover, /n vitro SAA can spontaneously solubilize
phospholipid bilayers to form HDL-size particles (8—10 nm) that are hydrolyzed by another
acute-phase reactant, secretory phospholipase A,. SAA also sequesters toxic products of
lipolysis, compelling us to propose that SAA and secretory phospholipase A, act in synergy
to remove cell membrane debris from the sites of injury [27]. In summary, compelling
evidence indicates that lipids are the major functional ligands of SAA which regulate its
activity and metabolic fate, and that SAA preferentially binds to HDL-size particles /n vivo
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or forms them de novo [27-29]. The current study establishes the structural basis for SAA-
lipid interactions in such particles.

In addition to lipids, SAA binds various cell receptors involved in lipid homeostasis and host
defense, including CD36, SR-BI, LOX1, RAGE, TLR2 and TLR4, along with other diverse
ligands ([9, 11, 29] and references therein). Such promiscuous ligand binding, as well as
amyloid formation, probably stem from the dynamic conformation of SAA [21, 23]. In fact,
SAA is an intrinsically disordered protein that is substantially unfolded at near-physiological
conditions in the absence of bound ligands [30].

Remarkably, x-ray crystal structures of lipid-free human SAA isoform 1.1 (hRSAA1.1) and
murine SAA isoform 3 (MSAA3) have been determined to ~2 A resolution in four different
crystal forms [25, 26, 31]. All forms present a similar Y-shaped helix bundle with ~75%
helical content, comprised of a-helices hl through h4 followed by a 3/10 helix h* (Figure
2A). Hooper and colleagues noticed that the protein interior is polar, and proposed that this
atypical fold has been evolutionally conserved to bind retinol [25]. The current study
determines how the crystal structures relate to the partially disordered protein conformations
in solution and in lipoproteins.

Previous studies using SAA truncations and antibody binding have implicated the N-
terminal ~10 residues in lipid binding and self-association [18, 31-33]. However, deletion of
these residues did not completely eliminate lipid binding, suggesting that other protein
regions are involved. We observed that in the crystal structures, the two amphipathic a-
helices, h1 and h3, form a large concave hydrophobic surface in SAA monomer (Figure 2B)
and proposed that this surface binds HDL and lipids [21]. Recent crystallographic studies
supported this idea and showed that a hydrophobic pocket created by h1 and h3 in the well-
ordered SAA oligomer binds retinol [26]. The current study combines experimental and
computational approaches to elucidate the lipid-binding mechanism of this intrinsically
disordered protein. The results provide key insights into the conformation of lipid-free SAA
in solution (the structurally labile and metabolically active transient form that is the likely
precursor of amyloid) and in model HDL-size lipoproteins (the major circulating form of
SAA in vivo).

HDX MS of lipid-free SAA at 5 °C reveals local tren ds that parallel the crystal structures

We used recombinant full-length murine SAA isoform 1 (mSAA1, or SAA for brevity); this
major isoform binds HDL and forms amyloid /7 vivo. The residue numbering throughout
this paper corresponds to human SAA1 that has an additional N-terminal Gly. The protein
was obtained as described in Methods; the amino acid sequence marked “SAA1 mouse” is
shown in Figure 1E. The protein was characterized for self-association, secondary structure,
and stability using gel electrophoresis, size-exclusion chromatography, mass spectrometry
(MS) and circular dichroism (CD) spectroscopy (Figures S1, S2). Lipid-free mSAAL was 25
+ 5% a-helical at 5 °C and unfolded upon heating to 25 °C with a midpoint T,=18 °C
(Figure S2) [19]. Hydrogen-deuterium exchange (HDX) MS data were recorded as described
in Methods using 0.5 mg/ml protein in standard buffer (10 mM sodium phosphate, pH 7.5).
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The HDX data summary and experimental conditions are reported in Table S1. Linear
sequence coverage was 95-100 % with ~5-fold redundancy (Figure S3), facilitating a
rigorous analysis by HDX MS.

The HDX MS results at 5 °C revealed large variation s in deuteration across the molecule, as
shown in the deuterium uptake plots for representative regions (Figure 3), and in the data
summary for all regions (Figure 4A, Supplemental dataset 1). Most regions from the N-
terminal half of SAA, which contains h1, h2 and the N-terminal part of h3, showed
relatively slow exchange, indicating high protection consistent with the presence of ordered
structure. Except for the N-terminal portion of h4 discussed below, the rest of the molecule
showed much lower protection from exchange, especially in the C-terminal part of h3 and
the C-terminal tail. Therefore, at 5 °C the helical structure in free pr otein must be located
mainly in its N-terminal half.

Despite large difference in the a-helical content of free SAA in solution (~25% at 5 °C) and
in the crystals (70-75%) [25, 26, 31], x-ray crystallography and HDX showed very similar
trends in the local ordering of the helical and interhelical regions. In the crystals, helices hl
and the h2-h3 segment were substantially more ordered/less dynamic (had lower B-factors)
than the C-terminal ~35 residues (Figure 1D). This parallels the relative protection observed
by HDX in these regions (Figure 4A).

The four interhelical linkers observed in the crystal structures (Figure 2A), including h1-h2
(apex 1), h2-h3 (vertex 1), h3-h4 (apex 2), and h4-h" (vertex 2), showed distinct HDX
protection in solution. Notably, the h1-h2 linker region of free SAA, which is best
represented by the peptide 25-35 (marked A, in Figure 4A), showed more deuteration (less
protection) than the adjacent segments from h1 and h2 at early deuterium-labeling times.
The crystal structures also show the h1-h2 linker to be less ordered than its adjacent helices
(Figure 1C, D).

The h2-h3 linker (represented by peptides 44-53 and 45-53, marked V1 in Figure 4A)
showed comparable or greater protection than the adjacent well-protected segments from h2
and h3. Similarly, the crystal structures showed uniformly low B-factors in h2, h3 and the
h2-h3 linker (Figure 1D), including the GPGG motif that formed a tight interhelical turn
(Figure 2A) [21]. Hence, despite its potential flexibility, the GPGG motif was well-ordered
both in the crystals and in solution.

Unexpectedly, the h3-h4 linker region, which is also potentially flexible due to the presence
of conserved G70 and G72, showed greater HDX protection in solution than the adjacent
segments from h3 and h4. In our HDX MS analysis, this region (marked A, in Figures 3 and
4) was best represented by peptides 69-78 and 70-76, which also contains the beginning of
h4. The crystal structures showed an opposite trend: the h3-h4 linker, which forms apex 2,
together with the beginning of h4 formed the least ordered region in SAA (Figure 1D).
Notably, the h3-h4 linker has variable length and composition in SAA proteins (Figure 1E),
and the beginning of h4 contains the major cleavage site after residue 76 that generates the
N-terminal fragments found in AA amyloid deposits /n7 vivo [3, 34]. Therefore, high
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structural protection observed in this region by HDX MS was a surprise; MD simulations
described below help explain this unexpected observation.

Finally, the h4-h’ linker in residues 89-90 (contained within the peptide 79-94 and marked
V5 in Figure 4A) showed slightly greater protection than its adjacent segments. This is
consistent with the relatively well-ordered structure in this linker observed in the crystals
(Figure 1D), which forms vertex 2 packed against vertex 1 in the middle of the molecule
(Figure 2A). However, such packing requires ordered helices h4 and h’, which is apparently
not the case in solution given the relatively high deuteration of residues in the C-terminal
half of SAA. In free protein in solution the C-terminal half lacks a stable helical structure.
Nevertheless, substantial protection in vertex 2 observed by HDX, combined with lower but
still meaningful protection in the rest of the C-terminal region of SAA (Figure 4A), indicates
that this region is not entirely disordered.

In summary, HDX results at 5 °C indicate that for f ree SAA in solution, most helical
structure is located in the N-terminal half, while the C-terminal half is relatively disordered/
flexible, except for the beginning of h4. Importantly, despite the large difference in the
helical content of free SAA in solution (25-30% a-helix at 5 °C) and in the crystal (70—
75%), HDX of free SAA at 5 °C and x-ray crystallography s how similar trends in the local
ordering of a-helical and linker regions. Consequently, the x-ray crystal structures depict
key aspects of the solution conformation of free SAA. The only discrepancy between the
local structural ordering in solution and in the crystals was observed in the h3-h4 linker
region at apex 2 (Figure 4A), suggesting that the local solution conformation near this apex
deviates from the crystal structure.

Insights from HDX MS analysis of free SAA at 15 °C and 25 °C

To analyze the solution conformation of SAA at temperatures closer to physiological
conditions and to monitor protein unfolding, HDX MS was performed at 15 °C where free
SAA is in the middle of thermal unfolding, and at 25 °C wh ere thermal unfolding is nearly
complete (Figure S2). For any protein, temperature can influence HDX both because the
intrinsic rates of exchange go up with temperature [35] and because the protein becomes
more dynamic/flexible — and therefore more easily deuterated — as temperature increases.
While one cannot use HDX to compare the structural effects of exchange at two
temperatures without compensating for changes in the intrinsic HDX rates, one can compare
differences in exchange between two states at one temperature (e.9. 5 °C lipid-free vs 5 °C
lipid-bound) to difference s in exchange at another temperature (e.g. 15 °C).

The results in Figures 4, S4 and S5 showed that HDX was progressively greater going from
5 °C to 25 °C. When the intrinsic rates of exc hange were considered, by adjusting
mathematically the measured exchange at 5 °C to wha t it would be at 15 °C and 25 °C, or
by adjusting measured exchange at 15 °C and 25 °C to w hat it would be at 5 °C (see
Supplemental Dataset 1), calculated exchange was found to be slower at 15 °C and 25 °C
than could be explained by temperature correction alone. That is, SAA was more protected
at 15 °C and 25 °C than one would predict mathematically based on t he 5 °C HDX data.
This makes sense in light of the CD melting curves (Figure S2) which show that SAA is
partially (at 15 °C) or totally (at 25 °C) unfolded, which may influence its oligom erization
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(see below). HDX was progressively greater, particularly in the h2-h3 region, suggesting its
unfolding. In free SAA at 25 °C, most regions showed little protection (Figure S 5 A),
consistent with the CD results indicating decreased helical structure (Figure S2). The only
regions retaining substantial protection from deuteration at 25 °C were: i) residues 7-35,
which encompass parts of h1, h2 and the h1-h2 linker at apex 1, and ii) residues 69-80,
which encompass the h3-h4 linker and the beginning of h4 at apex 2. Consequently, high
structural protection in these two regions in solution was consistently observed at 5-25 °C, /.
e. both below and above thermal unfolding of free SAA. The structural basis for this local
protection emerges from our MD simulations below.

A caveat in our experimental analysis of free SAA is its propensity to form oligomers of
various sizes in a broad range of solvent conditions and temperatures ([20, 30, 38] and
references therein), including those used in our HDX experiments (Figure S1). Since the N-
terminal end of hl is implicated in self-association of free SAA in solution [30, 33], this
may contribute to high protection observed in hl by HDX (Figure 4A). However, since SAA
self-association competes with lipid binding at pH~7 [16, 21, 33], it is not expected to
significantly influence our HDX MS analysis of SAA-POPC complexes. In fact, binding to
lipids stabilizes the structure of SAA, which likely makes it less prone to aggregation. This
hypothesis is directly supported by HDX results for SAA-POPC as described next.

HDX MS analysis of SAA-POPC complexes at 5 —25 °C

SAA-POPC particles differing in size from ~10 nm to ~20 nm were reconstituted using 1:10,
1:30 or 1:80 protein:lipid molar ratios as described previously [29]; all particles showed
similar secondary structure, thermal stability, and intrinsic Trp fluorescence that reports on
SAA-lipid interactions. HDX MS analysis of SAA-POPC in 1:10, 1:30 or 1:80 particles
showed that deuterium uptake plots were identical for the particles of different sizes (Figure
S6), suggesting a similar protein conformation.

For detailed HDX studies, we selected 1:10 particles, henceforth termed SAA-POPC, which
showed the highest temporal stability and were 8-10 nm in size like HDL [29]. The structure
and stability of these SAA-POPC particles were characterized by gel filtration and CD
spectroscopy (Figures S1, S2). HDX SAA-POPC was measured at 5 °C (Figure 3, Figure
4B), 15 °C, and 25 °C (Figure S4 and Supplemental dataset 1). As described above for free
SAA, HDX at higher temperatures would be expected to be faster due to the intrinsic rates
of exchange. In fact, the results showed that, while the overall deuteration rate progressively
increased from 5 to 25 °C, the site-specific trends remained invariant (panel B in Figures 4,
S4, and S5). This was in line with the CD data showing that the protein conformation in
SAA-POPC remained invariant upon heating from 5 to 25 °C (Fi gure S2). At all
temperatures, the greatest protection in SAA-POPC was detected in two segments, one
containing the central part of h1 (residues 7-24) and the other extending from the C-terminal
end of h2 to the end of h3 (panel B in Figures 4, S4 and S5). Consequently, these two
segments contained the most helical structure in SAA-POPC.

J Mol Biol. Author manuscript; available in PMC 2021 March 27.
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Comparison of HDX MS data of free SAA and SAA-POPC reveals the lipid binding site

Comparison of HDX data for SAA-POPC and free SAA showed that the structural
protection increased non-uniformly across the protein molecule upon lipid binding. At 5 °C,
the greatest increase was observed in the central and C-terminal part of h3 that showed low
protection in free SAA but very high protection in SAA-POPC (Figure 3E, F; Figure 4). At
15 °C and 25 °C, when progressive helical unfolding was o bserved by CD spectroscopy in
free SAA but not in SAA-POPC (Figure S2), this difference between SAA-POPC and free
SAA was further amplified (Figures S4, S5; Supplemental file 1). These results suggest that
the large lipid-induced increase in protection of h3 observed by HDX at 5-25 °C reflects
coupled helical folding and lipid binding. Lipid binding stabilizes the helices greatly: h3
unfolds upon heating free SAA from 5 to 25 °C but remains helical on POP C.

The interhelical linkers in SAA-POPC, like in free SAA, showed distinct trends in local
protection from HDX at all temperatures explored (Figure 3; panel B in Figures 4, S4 and
S5). Interestingly, the h1-h2 linker (A1), which in free SAA showed more exchange (less
protection) than the adjacent segments from h1 and h2, showed even more exchange (lower
protection) than the adjacent segments in SAA-POPC. Another unexpected finding was that
the h1-h2 linker consistently showed a meaningful lipid-induced deprotection (rather than
protection) at all temperatures explored (pink regions in panels C of Figures 4, S4 and S5).
These results suggest that a more ordered solution conformation in the h1-h2 linker forms in
free protein compared to SAA-POPC. The nature of this ordered conformation emerges
below from our MD simulations.

Furthermore, lipid binding increased the protection in the h2-h3 linker (V1) at 5 °C (Figure
3D, Figure 4C), and this increase was greatly amplified at higher temperatures. Other protein
regions showed small lipid-induced changes in protection at 5-25 °C (Figures 4, S4, S5).

Taken together, these results revealed that both helical and interhelical regions observed by
x-ray crystallography show distinct structural protection in free protein in solution as
compared to SAA-POPC. Therefore, key aspects of the monomer fold seen in the SAA
crystal structure must be retained in solution and on the lipid. Interestingly, h1-h2 linker
showed more protection in free SAA as compared to SAA-POPC at 5 — 25 °C (Figures 4,
S4, S5), even though free SAA but not SAA-POPC underwent helical unfolding at the
higher temperatures (Figure S2). A likely origin of this paradoxical observation emerges
below in our MD simulations. Notably, of all linkers, the h2-h3 turn at vertex 1 showed the
largest increase in protection upon lipid binding at 5 — 25 °C (Figure 3E, F; panel Cin
Figures 4, S4 and S5). The structural basis for this observation is described below.

HDX suggests lipid-induced conformational selection at vertex 1

The mass spectra for each peptic fragment were analyzed for the presence of EX1 and EX2
kinetics, the two kinetic extremes in proteins that are easily observed by HDX MS [37, 38].
In EX2, which is predominant in well-folded globular proteins, local refolding is faster than
the HDX reaction, and progressive deuteration occurs upon multiple unfolding and refolding
events. EX2 manifests itself as a unimodal spectrum with an isotope distribution that
gradually shifts toward higher mass as a function of deuteration time. In EX1, the
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deuteration occurs after a cooperative or coordinated unfolding event where local refolding
is slower than HDX. EX1 manifests itself as a bimodal spectral distribution (when the
alternative conformations are separated on the m/z scale) or as spectral broadening (when
the two populations are close in m/z), with the lower-mass peak corresponding to the
protected conformation and higher-mass peak to the unprotected one. EX1 generally
indicates coexistence of alternative conformations.

At 5 °C, most short peptides in free SAA and in SAA -POPC showed EX2 exchange
behavior. However, in free SAA, all peptides encompassing the middle of h1 (e. g. peptide
7-18) and a region from the middle of h2 to the middle of h3 (e. g. peptides 45-53 and 54—
64) showed EX1 (Figure 5). In SAA-POPC, the mass spectra showed a dominant lower-
mass peak representing a large population of well-protected species, while in free SAA the
spectra also showed a higher-mass peak representing the unprotected species (Figure 5). At
15 °C, which is close to T,~18 °C of free SAA (Figure S2), EX1 in these region s of free
protein was even more obvious, with two well-resolved peaks suggesting high populations
of at least two distinct conformations, one poorly protected (fast exchange) and another
more protected (slow exchange) (Figure S7). Upon temperature increase from 5 to 15 °C in
free SAA, there was a large shift from a highly protected to the poorly protected
conformation (Figures 5, S7), but in SAA-POPC at 15 °C only the highly protected conform
ation was observed (Figure S7). These trends continued at 25 °C: in free SAA, HDX MS
showed further population shift towards the poorly protected conformation (Figure S7),
while CD data showed a largely unfolded helical structure (Figure S2). At all temperatures
explored, the highly protected conformation was selectively stabilized in SAA-POPC
(Figures 5, S7).

Importantly, segments from h1 and h2-h3 that clearly showed EX1 for free SAA in solution
pack against each other at vertex 1 in the crystal structure (Figure 5, right), which helps
explain the coupled conformations of these segments in solution. We conclude that in free
SAA at 5-25 °C, the region around vertex 1 displays at least two distinct conformations.
During thermal unfolding of free SAA, the poorly protected conformation becomes
predominant at the expense of the highly protected conformation (Figures 5, S7). The latter
is selectively stabilized upon lipid binding (Figures 5, S7), leading to a lipid-induced
increase in the overall structural protection in h1l and h2-h3 region observed at all
temperatures explored (Figures 4, S4, S5). We propose that these distinct conformations
reflect alternative states of the GPGG motif, one unfolded as expected of this Gly-rich motif,
and the other one well-folded and perhaps resembling vertex 1 packing in the crystal
structure.

MD simulations of SAA monomer in solution and on the POPC micelle

To gain additional insights into the SAA conformation in solution and on the lipid surface,
MD simulations were performed as described in Methods and illustrated in Figure S8. The
starting configuration of full-length mSAA1 monomer, termed SAAgg, was 68% a-helical
and was modeled based on the x-ray crystal structure of hNSAAL (Figure S9 C). To promote
helical unfolding and thereby approximate the solution conformation of lipid-free protein,
SAAgg was simulated at 370 K for 3.8 ps. We observed a progressive unraveling of h4, h2,
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N- and C-terminal ends of hl, and the C-terminal part of h3 (Figure 6). This result was
supported by experiment as similar regions in free SAA showed low protection from HDX
(panel A in Figures 4, S4 and S5), except for the N-terminal end of h1 the protection of
which was probably influenced by the protein self-association.

During the last microsecond of the high-temperature trajectory, the average a-helical content
was ~30%, approaching that estimated from the CD spectra of free SAA at 5 °C. This last
microsecond was used to extract representative structures to assess the protein
conformational ensemble at ambient temperatures. Three structures, collectively termed
SAA3q, were extracted based on a clustering analysis; each structure was simulated at 310
K, either lipid-free (denoted SAAR1 — SAAR3) or on a POPC micelle (denoted SAA-
POPCR1 — SAA-POPCR3) as described in Methods. Figure S10 shows the time evolution for
the secondary structure in each simulation.

Figure 7A illustrates external H-bonding between the main chain nitrogens of SAA and
water molecules in SAAgg and SAAg, averaged over R1 — R3 runs, and Figure S11A shows
such external H-bonding for individual runs of SAA3q. The results consistently show that,
unlike the rest of the molecule, the central part of hl (residues 6-24), as well as the h2-h3
linker and most of h3 (residues 50-64) except for its C-terminal part, are protected from the
main chain H-bonding with water. This result agrees with HDX MS showing high protection
from HDX in h1 and in the N-terminal half of h3 in free SAA (panel A in Figures 4, S4 and
S5).

Figure 7B depicts the secondary structural propensity in SAAR; — SAAR3 and SAA-
POPCR1 — SAA-POPCRs. Lipid-free SAA shows two major highly a-helical regions: the
central part of h1 and the residue segment encompassing the h2-h3 linker and most of h3
except for its C-terminal part. Our MD simulations suggest that experimentally observed
high protection from exchange in these regions of free SAA results from their stable helical
structure. Moreover, MD simulations predict substantial helicity in the h3-h4 linker and at
the beginning of h4 spanning residues 71-77 (Figure 7B). This helps explain why this region
shows relatively high protection from exchange (e.g. peptide 69-78 in Figures 3G, 4A, S4A,
and S5A), even though in all available x-ray crystal structures this variable region is
substantially disordered/dynamic (Figure 1D).

Unlike free protein whose average secondary structural content changed little in simulations
of SAA3g at 310 K, the helical content in similar simulations of SAA-POPC increased,
suggesting lipid-induced helical stabilization (Figure 7). A clear increase was seen in the h2-
h3 linker and in the C-terminal part of h3, which regained complete helicity in SAA-
POPCRrs. This trend agreed with the HDX data showing a large lipid-induced increase in the
structural protection of the C-terminal part of h3 upon POPC binding at all temperatures
explored (Figures 4C, SAC, S5C). As the helical content in our simulations of SAA-POPCR;
— SAA-POPCR3 has not yet reached the ~50% level observed in SAA-POPC complexes by
CD spectroscopy, a direct quantitative comparison of computational and experimental results
was not possible. However, the trends predicted in our MD simulations were validated by the
CD and HDX MS data. Taken together, these data demonstrate that interactions with the
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lipid surface stabilized the a-helical structure throughout the SAA molecule and induced
helical folding in the C-terminal part of h3.

To identify protein regions that interact with the POPC surface, SAAgg was randomly
oriented 5 nm away from the micelle surface and allowed to diffuse and interact with a
preformed POPC micelle at 310 K for 1 ps. In the initial orientation, helices h1 and h3 were
not facing the micelle. During the first ~50 ns of the simulation, the protein explored various
orientations with respect to the micelle before converging to a stable orientation after ~90 ns
(Figure 8A). In this orientation, the protein contacts with the phospholipid head groups and
acyl chains were formed largely by helices h1 and h3, with minimal contributions from h2
and no contributions from residues 70-104 (Figure 8B). Figure 8C illustrates the protein
orientation on the micelle; the protein-lipid contacts involve mainly the hydrophaobic faces of
h1 and h3. This result, combined with our comparative HDX studies of SAA and SAA-
POPC (Figures 4, S4, S5, 5, and S7), supports the conjecture that the hydrophobic faces of
h1 and h3 form the lipid binding site in SAA.

The h1-h2 linker region can form a p-hairpin

Although the SAA crystal structures contain no B-sheet, our MD simulations predicted an
unexpected B-hairpin with p-strands in residues 28-30 and 33-35 encompassing the h1-h2
linker and the beginning of h2 (Figures 7B, S10-S12). The B-hairpin first formed in the 370
K simulations (Figure 6) and was partially retained at 310 K in SAAR1, SAAR and SAA-
POPCR, (Figure S10). Structural analysis of SAAR1 and SAAR, suggests a network of
fluctuating interactions including aromatic ring stacking W29-W35 and W29-F36, a cation-
v interaction between K30-Y 35, formation of ion pairs D33-K34 and K30-D33, and charge-
dipole interactions, e. g. K30-G32 carbonyl oxygen (Figure S12). The combined effect of
these and other weak interactions confers marginal stability to the observed p-hairpin. The
nascent formation of the B-hairpin helps explain why peptide 25-35 in free SAA is better
protected from HDX than its adjacent segments (Figure 4A), even though in the crystal
structure this region has higher B-factors than the adjacent segments (Figure 1D). Moreover,
peptide 25-35 is the only region showing greater protection from exchange in free SAA as
compared to SAA-POPC (orange in Figures 4C, S4C, S5C). This experimental observation
suggests that the p-hairpin is more likely to form in free SAA than in SAA-POPC.

Additional support for B-sheet formation in this region comes from the fibril structure of
mSAAL determined by cryo-electron microscopy [34]. Strands p4 and B5 in this structure
overlap the B-hairpin strands predicted in our simulations (Figure 1A, B). Moreover, a sharp
bend between B4 and B5 at residues G32, D33 observed in the fiber structure overlaps the
tight turn in the B-hairpin seen in SAAR; and SAAR, (Figures S10, S12).

In conjunction, our MD simulations and HDX MS data suggest that residues 27-35 can form
a p-hairpin in mSAA1 monomer, while cryo-electron microscopy shows that similar -
strands are retained in amyloid fibrils of this protein. Therefore, this f-hairpin may represent
a previously unknown misfolding intermediate on pathway to amyloid formation.
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DISCUSSION

Crystal structures depict key aspects of the solution conformations of SAA and SAA-

POPC

This study reports solution conformations of SAA ligand-free and in model HDL-size
lipoproteins. It establishes the structural basis for understanding how this intrinsically
disordered protein binds lipids, and proposes an early step in the amyloidogenic a-helix to
B-sheet transition in mMSAAL monomer. Our studies of MSAAL free in solution or in SAA-
POPC complexes agree in remarkable detail with the crystal structures of lipid-free hSAA1
and mSAAS, but also reveal important differences. Structural protection determined by
HDX MS in free SAA and in SAA-POPC (Figure 4) shows local trends similar to those in
the crystallographic B-factors (Figure 1D). The sole exception is the variable h3-h4 linker
discussed below. This similarity was unexpected given large differences in the a-helical
content of free SAA (~25% at 5 °C, <10% at 25 °C), SAA-POPC (~50% a-helix at 5-25
°C) (Figure S2), and the crystals (7 0-75% a-helix). We conclude that the crystal structures
depict essential aspects of the local conformation of SAA free in solution and bound to
lipoproteins. Therefore, the crystal structure serves as a useful starting model for MD
simulations, which provide additional insights into the solution conformation of free SAA,
its interactions with the lipid surface, and its misfolding and formation of p-structure.

Helical structure in the N- and C-terminal regions

Previous amino-acid sequence analyses predicted that residues 1-70 contain the most stable
helical structure in SAA [21, 39]. Our experiments and simulations verify this prediction and
show that in free SAA in solution, most helices are located in two segments, one including a
large part of h1 and the other spanning from the end of h2 to the middle of h3. These
segments show the greatest protection from HDX in free protein at 5 °C (Figure 4A) and
form particularly stable helices in MD simulations (Figure 6, Figure 7). In the crystal
structure, these segments are packed together at vertex 1 (Figure 2, Figure 5), perhaps
nucleating the native fold.

Unlike the N-terminal region, most of the C-terminal third of SAA lacks a stable secondary
structure free in solution and on POPC; the only exception is the h3-h4 linker and the
beginning of h4 at apex 2 (Figures 4, S4, S5, Figure 7B). Unexpectedly, both free SAA and
SAA-POPC show relatively high HDX protection in peptides 69—78 and 70-76
encompassing apex 2 region (A, in Figure 3G, Figures 4A, S1A, S2A). In contrast, the
crystal structures show high B-factors in this variable region (Figure 1D). MD simulations
reveal a likely basis for this discrepancy and predict high helicity in the linker residues 71—
77 (RGHEDTM in mSAAL) in free protein and, particularly, in SAA-POPC, while the
adjacent segments are unfolded (Figure 7B). This helix is not expected to block the cleavage
at the 76—77 junction to release the major AA fragment found in amyloid fibrils /n vivo.
Direct observation of this short helix and its functional role remain to be determined; this
and other conclusions from our MD simulations remain to be verified in future studies. We
speculate that such an a.-helix may provide a recognition motif for cell receptors and other
ligands that are implicated to bind SAA via its C-terminal ~30 residues [21]. It is possible
that two strictly conserved acidic residues from this short helix, E74 and D75, attract the
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electropositive ligand-binding site in cell receptors such as CD36, LOX-1 or SR-BI [40, 41],
facilitating SAA-receptor interactions.

Amphipathic a-helices hl and h3 form an evolutionally conserved lipid binding site

Our results revealed that POPC binding leads to increased protection from HDX across the
SAA molecule, most strikingly in the C-terminal half of h3 that shows poor protection in the
free protein but high protection in SAA-POPC (Figure 3E, F; Figures 4, S4, S5). This
parallels increased helical content in SAA-POPC observed by CD spectroscopy (Figure S2).
MD simulations support the observation that, while the helical structure across the SAA
molecule increases upon POPC binding, the most substantial increase occurs in the C-
terminal part of h3, which is unfolded in free SAA in solution but acquires a-helical
structure in SAA-POPC (Figure 7). Consequently, lipid binding induces helical folding in
the C-terminal part of h3.

SAA-POPC shows the greatest protection from HDX in h1, h2-h3 linker and h3 (Figures 3E,
F; 4B; S4B; S5B). In free SAA, parts of hl and h2-h3 segments show on average relatively
high protection from HDX at 5 °C (Figure 4A) but di splay alternative conformations
differing in protection, as indicated by the EX1 exchange kinetics (Figures 5, S7). By
contrast, in SAA-POPC this region shifts towards a highly protected conformation,
suggesting its involvement in lipid binding (Figures 5, S7). Moreover, MD simulations of
SAAgg in the presence of a POPC micelle suggest that the amphipathic helices hl and h3
directly interact with the lipid via their hydrophobic faces (Figure 8). Additional evidence
for lipid binding via these helices comes from the intrinsic fluorescence of the three Trp in
mSAA1, which are located in the hydrophobic faces of h1 (W18) and h3 (W52) or in the hl-
h2 linker (W29). A blue shift in the wavelength of maximal emission indicates that these
tryptophans shift from a largely aqueous to a largely apolar environment upon POPC
binding [29]. Taken together, these findings clearly show that the lipid-binding site in SAA
contains both h1 and h3, and not just the N-terminal end of h1 as previously thought.
Moreover, the hydrophobic cavity in SAA oligomer formed by h1 and h3 was recently
shown to bind retinol [26]. These findings substantiate the idea that this site binds diverse
apolar ligands of SAA [21].

Importantly, in the crystal structures, the N-terminal and central parts of h1 as well as the
central and C-terminal parts of h3 in SAA monomer form a concave hydrophobic face that
optimally fits the HDL surface curvature (Figure 2B). This suggests a structural basis for the
preferential binding of SAA to HDL, which is its major plasma carrier [21]. The current
study supports this conjecture and also establishes the structural basis for de novo formation
of HDL-size particles by SAA. This is particularly important as sequestering unprotected
lipids and their degradation products into nanoparticles is proposed to be a major
evolutionally conserved function of SAA [27].

Interestingly, the protection from HDX observed in SAA-POPC parallels the evolutional
conservation in the SAA protein family. Particularly highly conserved is the h2-h3 residue
segment (Figure 1F, G), the packing of which against h1 is necessary to form the concave
hydrophobic lipid-binding face (Figure 2). This conservation parallels high protection from
exchange of the h2-h3 segment observed in SAA-POPC at 5-25 °C (Figures 4B, S4B, S5B).
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This parallel compels us to postulate that the amino acid sequence encoding for the unique
molecular fold of SAA has been evolutionally conserved to encapsulate lipids into self-
assembled nanoparticles.

Structural and functional roles of the N- and C-terminal vertices in SAA

The curvature of the lipid-binding face in SAA monomer is defined by the angle between hl
and h3. In the maximally helical state, this angle is critically hinged upon the GPGG motif
in the h2-h3 linker (Figure 2, Figure 5). This motif, together with several conserved alanines
and glycines located nearby, facilitates a tight packing of h1l against h3 at an angle of ~43°,
with unusually short main chain spacing of 3.6 A between A10 and G50 seen in the crystal
structures [21]. The EX1 data at 5 °C reveal that in free prot ein in solution, the region
around vertex 1 alternates between highly protected and minimally protected conformations
(Figure 5). The population of the latter progressively increases at 15 and at 25 °C upon
helical unfolding in free SAA (Figure S7). This suggests that in SAA in solution, the GPGG
linker and its adjacent helices are either unordered as expected of this Gly-rich maotif, or are
very well-ordered as seen in the crystal structures (Figure 1D, Figure 2).

In SAA-POPC, vertex 1 region shifts towards a highly protected conformation (Figures 5,
S7). This suggests that lipid binding selectively stabilizes the pre-existing well-ordered
structure, reducing the entropic penalty for lipid binding by this intrinsically disordered
protein. Taken together, our findings are consistent with a mixed model for lipid binding by
SAA. The central and C-terminal part of h3 undergoes coupled folding and binding, in line
with a mechanism of “induced fit”. Lipid-induced structural changes in the central part of hl
and the h2-h3 region at vertex 1 are consistent with a “conformational selection” model
wherein the well-ordered conformation has low population in the ligand-free state but is
selectively stabilized in the ligand-bound state.

Helices h4 and h’ mimic the orientation of helices h2 and h3 in the crystal structure (Figure
2). Like the GPGG moatif that forms the h2-h3 turn in vertex 1, the Gly-containing h4-h’ turn
in vertex 2 positions h4 against h’ at an angle of ~45° (Figure 2A, Figure 5). Like the h2-h3
linker at V1, the h4-h’ linker at V5 is relatively well ordered in the crystal structures (Figure
1D) and shows relatively high structural protection in free SAA in solution and in SAA-
POPC (Figure 4). Moreover, like V1, V, shows unusually close interhelical main chain
spacing in the crystal structure, including a 3.3 A distance between C, of Y42 from h2 and
carbonyl O of G86 from h4. Notably, Y42 and G86 are 100% evolutionally conserved, while
other residues from the h4-h’ linker at V/, are also highly conserved (Figure 1). Similarly, the
GPGG linker and other residues facilitating unusually tight helical packing in V4 are 100%
conserved [21]. Together, these findings suggest that V1 and V5 play similar structural roles
in the N- and C-terminal regions of SAA, conferring its unique molecular fold. We speculate
that, similar to the V; region whose ordered structure is stabilized upon lipid binding via h1
and h3, the ordered structure at Vo may be stabilized upon ligand binding via the C-terminal
part of SAA. Future studies of other SAA ligands will test these hypotheses.
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A B-hairpin in SAA monomer may initiate amyloid formation

Our MD simulations have predicted an unexpected p-hairpin in mSAA1 monomer in
solution (Figures 7B, S10-S12). The HDX MS results at 5-25 °C suggest strongly that the
population of this B-hairpin decreases when SAA is in contact with lipid (orange in Figures
4C, S4C, S5C). In other amyloidogenic proteins such as Ap peptide or a-synuclein, early
misfolding intermediates are thought to involve activated protein monomers [42, 43] that can
contain transient p-sheet structure such as solvent-exposed B-hairpins [44, 45]. These
aggregation-prone conformations can be stabilized upon protein oligomerization and are
ultimately converted into intermolecular cross-B-sheet in amyloid. Therefore, sequestering
B-hairpin intermediates has been proposed as a strategy to block amyloid formation by
various proteins [44, 45].

Our MD simulations suggest the transient formation of a p-hairpin in residues 28-36, with
two short B-strands separated by a tight turn at G32, D33 (Figures 7B, S10-S12). In the
crystal structure, which lacks B-sheets, residues 28-36 encompass an interhelical linker h1-
h2 and the beginning of h2 at apex 1. Several lines of experimental evidence provide support
for B-hairpin formation. Firstly, the lipid-induced decrease (rather than increase) in
protection from HDX, which was consistently observed only in this region of SAA (pink in
Figures 4C, S4C, S5C), suggests that, unlike the helical structure that is stabilized upon lipid
binding, the ordered structure at apex 1 is destabilized. Secondly, h1-h2 region is part of the
fibril-forming N-terminal segment found in AA deposits /n vivo. Thirdly, the two B-strands
connected by a tight turn identified in our MD simulations overlap p-strands p4 and 5
(residues 27-29 and 33-38) observed in the amyloid fibril structure formed by a fragment of
mSAA1.1 [34] (Figure 1B).

Together, these findings suggest that local helical unfolding around the h1-h2 linker, which
is more likely to occur in free SAA than in SAA-POPC, may lead to a transient p-hairpin
formation in this region. This is consistent with previous finding that at pH~7, SAA binding
to HDL [16] or formation of SAA-POPC complexes protects the protein from forming
amyloid [18, 23]. Although the aromatic cluster involving W29, Y35 and F36 probably
contributes to the transient stability of the p-hairpin in mSAAL (Figure S12), the hairpin
residues, GWKDGDKYF, have a high charge content. Therefore, this residue segment is not
assigned high amyloidogenic propensity by sequence-based bioinformatics tools, such as
AmylPred2 or PASTA2, which are used to predict amyloidogenic segments in soluble
proteins (Figure 1, top) [15]. However, if formation of this hairpin in monomeric SAA is
confirmed, it may represent an aggregation-prone N* state and amyloidogenic intermediate
[42, 43] and initiate amyloid formation [44, 45]. If so, our study reveals a limitation in the
existing sequence-based amyloid prediction tools. Since h1-h2 linker regions in hSAA1 and
mSAAL differ in their primary sequence (Figure 1) and fibril structure [34], the role of this
region in B-structure formation in human vis-a-vis murine protein remains to be determined.
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MATERIALS and METHODS

Protein, lipid and lipoproteins

Recombinant full-length murine SAA isoform 1.1 (11.6 kDa, 103 amino acids) was used in
all experiments. This isoform is termed mMSAAZ2 in the nomenclature based on the gene
sequence [46]. SAA was expressed in £. coliand purified under denaturing conditions to
95% purity as described previously [47]. Protein purity and integrity were assessed by SDS
PAGE and by mass spectrometry. Lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC; C16:0, C18:1) was 97%+ pure from Avanti Polar Lipids. All other chemicals were
of highest purity analytical grade.

Lyophilized mSAAL, which was stored at 4 °C, was di ssolved in double-distilled H,O; the
stock solution was diluted into 10 mM sodium phosphate at pH 7.5 (standard buffer) prior to
use. Protein concentrations were determined by UV absorbance at 280 nm using Varian
Cary-300 UV-vis spectrophotometer.

Lipoprotein reconstitution and characterization

SAA-containing lipoproteins of controlled size were reconstituted by a cholate dialysis
method as previously described [29]. Briefly, POPC film was dispersed in standard buffer
and solubilized by adding 1 M sodium deoxycholate. The cholate-solubilized POPC was
incubated with SAA at 37 °C for 1 h; SAA to POPC molar ratios in the incubation mixture
ranged from 1:10 (to obtain lipoproteins ~10 nm in size) to 1:80 (to obtain lipoproteins ~20
nm in size). The lipoprotein solution was dialyzed extensively against the standard buffer.
Lipoprotein size and homogeneity were characterized by non-denaturing PAGE and size-
exclusion chromatography, and protein and lipoprotein structure and stability were
characterized by CD spectrometry as previously described [29]. The results for SAA and
SAA-POPC used in the current study are shown in Figures S1 and S2.

Hydrogen-deuterium exchange mass spectrometry

HDX MS data for free SAA and SAA-POPC were obtained under conditions similar to
those previously described [48]. To initiate deuterium labeling of free SAA, 1 ul of 0.5
mg/ml protein in standard buffer (10 mM sodium phosphate, pH 7.5) was diluted 18-fold
with labeling buffer (10 mM sodium phosphate, pD 7.5, 99.9% D,0) at 5, 15 or 25 °C. The
labeling was quenched by a 2-fold dilution with ice-cold quench buffer (150 mM sodium
phosphate, pH 2.3, H,0), at time points ranging from 5 seconds to 4 hours. A similar
labeling protocol was followed for SAA-POPC. Other HDX experimental parameters, as
agreed upon in [49], are provided in Supplemental Table S1.

Deuterated and control samples were digested with pepsin (10 mg/mL, Sigma P6887;
Lot#SLBL1721V) for 5 minutes on ice, and then injected into an M-class Acquity UPLC
with HDX technology (Waters). The cooling chamber of the UPLC system, which housed
all the chromatographic elements, was held at 0.0 = 0.1 °C for the entire time of the
measurements. Peptides were trapped and desalted on a VanGuard Pre-Column trap [2.1 mm
x5 mm, ACQUITY UPLC BEH C18, 1.7 um (Waters, 186002346)] for 3 minutes at 100
pL/min, eluted from the trap using a 5%-35% gradient of acetonitrile over 6 minutes at a
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flow rate of 100 uL/min, and separated using an ACQUITY UPLC HSS T3, 1.8 um, 1.0 mm
x 50 mm column. The back pressure averaged ~12,950 psi at 0 °C and 5% acetonitrile : 95%
water. The error of determining the deuterium levels was + 0.30 Da in this experimental
setup. The trap column and analytical column were washed with a blank run before each
sample. Mass spectra were acquired using a Waters Synapt G2-Si HDMSE mass
spectrometer. The mass spectrometer was calibrated with direct infusion of a solution of glu-
fibrinopeptide (Sigma, F3261) at 200 femtomole/uL at a flow rate of 5 pL/min prior to data
collection. A conventional electrospray source was used, and the instrument was scanned 0.4
scans/second over the range 50 to 2000 m/z with ion mobility engaged. The instrument
configuration was the following: capillary was 3.2 kV, trap collision energy at 4 V, sampling
cone at 40 V, source temperature of 80 °C and desolvation temperature of 175 °C. All
comparison experiments were done under identical experimental conditions such that
deuterium levels were not corrected for back-exchange and are therefore reported as relative.
Analyses of SAA alone versus SAA-POPC 1:10 (particles prepared using 1:10 SAA:POPC
molar ratio) at 5 °C were performed 4 times, 2 technical replicates each of two different
protein batches. Analyses comparing SAA with SAA-POPC 1:10 at 15 °C and 25 °C were
performed once at 15 °C and once at 25 °C. Analyses of SAA-POPC lipoproteins obtained
using 1:30 or 1:80 SAA:POPC molar ratios were each recorded once at 5 °C for comparison
with those obtained using 1:10 mo lar ratio (Figure S6).

Peptides were identified using PLGS 3.0.1 (Waters, RRID: SCR_016664, 720001408EN)
using multiple replicates of undeuterated control samples. Raw MS data were imported into
DynamX 3.0 (Waters, 720005145EN) and filtered as follows: minimum consecutive
products of 2; minimum number of products per amino acid of 0.2, 10 ppm error. Those
peptides meeting the filtering criteria were further processed automatically by DynamX
followed by manual inspection of all processing. The relative amount of deuterium in each
peptide was determined by subtracting the centroid mass of the undeuterated form of each
peptide from the deuteratered form, at each time point, for each condition. The error bars in
all the deuterium uptake plots represent variation supplied by DynamX software, which is
determined for each peptide using different charge states for all technical and biological
replicates. Deuterium uptake values were used to generate uptake graphs and difference
maps. All HDX MS data have been deposited to the ProteomeXchange Consortium via the
PRIDE [50] partner repository with the dataset identifier PXD016391.

Calculations to adjust for changes to the intrinsic rates of exchange at different temperatures
were performed as described in [35]. The measured relative percent deuteration at each
timepoint for each peptide at 5 °C was adju sted mathematically to what it would be at 15 °C
or 25 °C by multiplying by the correction factor s of 2.4087 or 5.4696 (respectively). These
calculations and the results are found in Supplemental Dataset 1. Alternatively, the measured
exchange at 15 °C and 25 °C was adjusted mathematic ally to what it would be at 5 °C by
dividing by the correction factors of 2.4087 or 5.4696 (respectively), also shown in
Supplemental Dataset 1. The correction factors for the temperature differences in this study
were determined using the Arrhenius equation found in [35].
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Molecular dynamics simulations

SAA monomer alone or with a POPC micelle was simulated as outlined in Figure S8. All
simulations were performed using the GROMACS 2018.3 package [51], employing the
CHARMM36m force field for proteins [52] and CHARMM36 force field for lipids [53].
Structures were rendered using VMD [54]. The analyses were conducted with in-house
Python scripts utilizing NumPy, SciPy, and MDAnalysis libraries [55]. Protein secondary
structure was assigned using the STRIDE algorithm in VMD [56]. All-atom protein
simulations were conducted in an aqueous environment, defined by the TIP3P water model
[57], with 150 mM NaCl. Temperature was maintained with the Nosé-Hoover thermostat
[58, 59] and pressure was held at 1 atm and Parrinello-Rahman barostat [60]. The initial
system configurations were constructed and equilibrated according to the CHARMM-GUI
protocols [61]. The 2.2 A resolution x-ray crystal structure of full-length human SAA1
(PDB ID: 41P8) was equilibrated at 310 K for 2 ps, and point substitutions at positions
differing between hSAAL and mSAA1 (shown in Figure S9) were introduced to obtain a
model of mSAAL.

To analyze free SAA in solution, this model was simulated at 370 K for 3.8 s to encourage
helical unfolding, from 68% a-helix in the starting configuration (SAAgg) to under 30%
detected by CD spectroscopy in solution at 5 °C. Th e protein structures from the final
microsecond of the trajectory, where the average helicity was 30%, were clustered
employing GROMOS clustering algorithms [62] to extract three solution structures
corresponding to the most populated clusters, collectively termed SAA3zq. Each of these
three representative structures was simulated for 500 ns, and the results (termed SAAR; -
SAAR3) were used for analysis.

In SAA-POPC simulations, the micelle containing 72 POPC molecules was constructed
using Packmol [63] and equilibrated in an aqueous environment for 200 ns, whereupon the
protein was placed alongside. In one series of studies, each of the three representative
SAAg structures was simulated with the micelle at 310 K for 1 ps. The resulting structures,
termed SAA-POPCRr1 to SAA-POPCRr3, were used to access the lipid effects on the protein
secondary structure (Figure S10; Figure 7B). In other studies, SAAgg was simulated with the
POPC micelle at 310 K for 1 ps, and the resulting model, termed SAA-POPCgg, was used to
assess protein-lipid contacts (Figure 8). The last 500 ns of each simulation were used for
analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
SAA serum amyloid A
AA amyloid A
MSAA1L murine SAA isoform 1
hSAA1 human SAA isoform 1
HDL high-density lipoprotein
POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
CD circular dichroism
HDX hydrogen-deuterium exchange
MS mass spectrometry
MD molecular dynamics
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Highlights

SAA lipid binding mechanism was identified by HDX MS and MD
simulations

Helices h1 and h3 form a novel hydrophobic lipid-binding surface
Lipid encapsulation emerges as an evolutionally conserved function of SAA

A B-hairpin encompassing h1-h2 linker of mSAA1 may contribute to amyloid
formation
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Figure 1.
Predicted and observed secondary structure and amino acid sequence conservation in the

SAA protein family. The residue numbers correspond to human SAAL.

(A) Predicted B-sheet structure. Green arrows show residue segments predicted to initiate p-
aggregation in SAA, or “amyloid hotspots” [15]; brown arrows show the p-hairpin predicted
by MD simulations of the current study.

(B) Linear diagram shows p-sheets observed in the AA amyloid structure, derived from
mSAAL.1 (PDB: 6DSO); arrows represent -strands and lines are turns/loops [34].

(C) Linear diagram depicts secondary structure observed by x-ray crystallography (PDB
41P9) in lipid-free hNSAAL.1 [31]. Rectangles show a-helices h1-h4 and a 3/10 helix h’; first
and last residue numbers in each helix are indicated. Lines show turn/coil regions; dashed
line indicates the variable h3-h4 linker. Apices 1 and 2 (A1, Ay) and vertices 1 and 2 (V1,
V>) are indicated, along with their residue numbers (see Figure 2 for detail). Residues
numbering is according to human SAAL that has an additional N-terminal Gly compared to
murine SAAL.

(D) Temperature factors of the Ca atoms from the crystal structure of hSAA1.1 (PDB:
41P9); the B-factors are color-coding as shown, from low to high (blue to red). Similar B-
factor distribution was observed in all nine symmetry-unrelated SAA molecules from the
four available crystal structures of hNSAAL and mSAA3 (PDB: 41P8, 41P9, 4Q5G, 6PY0) in
four different space groups; therefore, this B-factor distribution was determined by factors
other than lattice contacts. Amino acids are shown for hSAAL. Black arrow shows the major
cleavage site that generates AA fragment found in the in vivo deposits.

(E) The conservation table lists amino acid sequences of 19 SAA proteins. The sequence
alignment was performed using Clustal Omega server [64] and the results were displayed
using Jalview, http://www.jalview.org/ [65]. Conserved residues are color-coded: apolar
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(blue), polar (green), acidic (purple), basic (red), Pro (yellow), Gly (orange). Yellow box
highlights the B-hairpin observed in our MD simulations of mSAAL.

(F) Conservation plot shows more conserved residues in lighter colors; the bar height
represents the number of tabulated SAA sequences wherein each residue is conserved.
(G) Consensus plot shows the predominant residues in each position.
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Figure 2.
SAA monomer x-ray crystal structure and model.

(A) Cartoon representation of the SAA monomer based on the ~2.2 A resolution x-ray
crystal structures of hNSAAL and mSAA3 [25, 26, 31]. Rectangles show a-helices (h1, h2,
h3, h4) and a 3/10 helix (h”), rainbow-colored from the N- to the C-terminus (blue to red).
First and last residue numbers in each helix are in italics. Residue numbering is according to
hSAAL. Two apices and two vertices are indicated. Dashed line shows variable h3-h4 linker
at apex 2.

(B) Space-filling model illustrating surface hydrophobicity of mSAA1 monomer. A
homology model of mMSAAL was obtained using the crystal structure of hNSAAL (PDB ID
41P9) and Swiss model software [66]. Hydrophobic residues are colored yellow. Dotted arc
indicates a concave hydrophobic surface whose radius of curvature, r~4.5 nm, ideally fits the
HDL surface curvature. Crystal structures of hSAA1 and mSAA3A show a similar
hydrophobic surface [21].
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Figure 3.
Deuterium uptake plots for selected regions of lipid-free SAA (blue) and SAA-POPC (red).

Error bars for individual time points represent the range for multiple charge states (varies per
peptide) from the combined results of multiple replicates (described in Table S1 and in
Methods). Residue numbers for representative peptides are indicated. Linear representation
of the SAA secondary structure observed by crystallography is shown at the top. Apices 1
and 2 (A1, Ap), vertices 1 and 2 1 (V1, V), and the C-terminal tail (CT) are indicated;
Figure 2A shows their locations in the crystal structure. Peptide coverage map for lipid-free
SAA and SAA-POPC at 5 °C is shown above the uptake plots. Each bar r epresents a peptic
peptide fragment of SAA detected by MS. Selected fragments whose uptake plots are
displayed are color-coded.
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Figure 4.
Relative deuterium incorporation at 5 °C of all pep tides in lipid-free SAA (A), in SAA-

POPC (B), and their difference (C) where subtraction was performed as Dsaa-popc — Dsaa.
The relative percent deuteration scale for panels A and B is used to color each peptide from
black/violet (low uptake, high structural protection) to red (high uptake, low structural
protection). The deuteration difference scale for panel C indicates less deuteration (negative
numbers and colors) in SAA-POPC. Similar data at 15 °C and 25 ° C are shown in Figures
S4, S5.
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Figure 5.

Mass spectra of selected peptides that display EX1 kinetics at 5 °C. Other peptides that
overlap those shown here (see Figs 3 and 4) also displayed EX1 kinetics. Spectra are shown
for free SAA (left of each pair) and for SAA-POPC (right of each pair) as a function of the
exchange time for peptides 6-17 (blue boxes), 44-52 (green boxes), 53-64 (yellow boxes).
The regions showing EX1 in free SAA, color-coded in blue (residues 6-17), green (44-52)
and yellow (53-64). Each of these peptides is indicated in the linear protein model (top) and

is mapped on the crystal structure (far right). Stars indicate spectra that clearly show two

peaks characteristic of EX1 regime. Spectra for a representative peptide showing only EX2
(residues 79-94, orange boxes) are shown for comparison. Figure S7 shows similar data of

selected peptides that display EX1 Kkinetics at 15 °C and at 25 °C.

J Mol Biol. Author manuscript; available in PMC 2021 March 27.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Frame et al. Page 30

100
90

2.5 S 3.5 US

Figure 6.
Low- and high-temperature simulations of lipid free SAA monomer in solution. The starting

model, denoted SAAgg, was obtained from the x-ray crystal structure of hNSAA1 (PDB ID:
41P8) as shown in Figure S9. The structure was simulated at 310 K for 1 ps and at 370 K for
3.8 s as described in Methods.

(A) Time evolution of the secondary structure showing a-helices (purple/blue) and B-sheets
(orange) over the simulation trajectory at 310 K (left) and 370 K (right panel). The
remaining structure (off-white) was turn/coil. Linear secondary structure model based on the
hSAAL1 crystal structure is color-coded.

(B) Representative molecular structures at indicated simulation times from the 370 K
trajectory, from 0 us (SAAgg) to 3.5 ps. The orientation of h1 is similar in all figures. Color-
coding: hl (blue), h2 (teal), h3 (green), residue segment 70-104 (red), and B-sheet (orange).
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Figure 7.

Mgin chain hydrogen bonding and secondary structure in SAA monomer in solution. Three
representative structures collectively termed SAA3g, which were extracted from the last 1 s
of the 370 K trajectory (shown in Figure 6A), were equilibrated at 310 K in the absence
(SAA) or presence of a POPC micelle (SAA-POPC) for 5 or 10 ps, respectively. The
resulting models, denoted Ry-Rg3, are reported.

(A) Hydrogen bonding of the protein main chain nitrogens to water molecules. Fraction of
frames showing H-bonds with water is plotted versus residue number; darker colors indicate
greater H-bonding probability. The plots represent an average of R1-R3 models; the results
for individual models and their 3D structures are shown in Figure S11. Similar data for the
starting model, SAAgg, are shown for comparison (top panel).

(B) Location of the a-helices and p-strands in the primary sequence of SAA and SAA-
POPC is shown for R1-R3 models. Individual replicates are color-coded.
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Figure 8.
Protein-lipid contacts in SAA-POPCgg model. SAAgg was oriented randomly in respect to

the POPC micelle containing 72 lipid molecules, the system was simulated at 310 K for 1 ps
(for detail see flowchart in Figure S8), and the last 0.5 ps of the trajectory were used for
analysis.

(A) Average protein-lipid distances are plotted as a function of simulation time for
individual SAA helices (color coded). Solid lines show distances involving phospholipid
head groups, and dotted lines those involving acyl chains.

(B) Final configuration of the SAA-POPCgg system. Protein ribbon diagram shows hl
(blue), h2 (teal), h3 (green), h4 (yellow) and residue segment 70-104 (red). POPC head
groups are in pink and acyl chains in grey.

(C) Fraction of frames showing SAA contacts with the POPC head groups (pink) and acyl
chains (grey) per residue. A contact is defined as lipid atoms within 5 A of protein atoms.
Average results from R;-R3 simulations are shown.
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