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ABSTRACT

SARS CoV-2 infection can affect a surprising number of organs in the body and cause symptoms
such as abnormal blood coagulation, fibrinolytic disturbances, and neurodegeneration. Our study
delves into the intricate pathogenic potential of a SARS-CoV-2 envelope protein peptide, shedding
light on its implications for multi-organ effects and amyloid formation. Specifically, we focus on
the peptide SK9 or **SFYVYSRVK® derived from the C-terminus of human SARS coronavirus 2
envelope protein. We demonstrate that SK9 containing peptides readily form classic amyloid
structures consistent with predictions of amyloid aggregation algorithms. /n vivo, overexpression
of proteases such as neutrophil elastase during inflammation can potentially lead to C-terminal
peptides containing SK9. We also demonstrate that SK9 can promote the fibrillization of SAA, a
protein marker of acute inflammation. Our investigations reveal that the aromatic residues Phe2
and Tyr3 of SK9 play a pivotal role in its amyloidogenic function. We show that the primary sites
of SK9-SAA binding lie in the amyloidogenic hotspots of SAA itself. Our results highlight two
possible complications of SARS CoV-2 infection in individuals with hyper-inflammation either
due to amyloids arising from SK9 containing peptides or SK9-induced AA amyloidosis.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a highly transmissible and
pathogenic coronavirus that emerged in late 20192, The outbreak of this virus caused a global
pandemic (Coronavirus disease 2019, COVID-19) with over 3.4 million deaths and 670 million
infections  (https://www.who.int/data/stories/the-true-death-toll-of-covid-19-estimating-global-
excess-mortality). Although the majority of patients recover, a significant fraction experience post-
acute sequelae (long-COVID), with neurological, respiratory and other symptoms persisting weeks
to years post-infection®*. Tissue damage in multiple organs, including the lung, brain, heart, and
kidney, has been observed in patients with long-COVID, however little is known about the
underlying molecular mechanisms®~!?. Current estimates suggest about 10-40% of people infected
with SARS-CoV-2 experience long COVID,!!1? with the majority of affected individuals also
experiencing underlying chronic inflammation due to conditions such as diabetes, obesity, or
cardiovascular disease with elevated levels of cytokines as IL-1p, IL-6, and TNF-a!'*!4, These
cytokines are known to participate in the SARS-CoV-2 induced cytokine storm during acute
infection, where they contribute to a vicious cycle of inflammation, and may also play roles in the
onset and ongoing effects of long-COVID!3:13,

Proinflammatory cytokines also promote the overexpression of an acute phase apolipoprotein
called serum amyloid A (SAA)'S. SAA is well characterized as a marker of inflammation and is
expressed in the liver as part of the response to stress, infection, and injury!’'. During the acute
phase of inflammation, SAA is primarily bound to circulating high-density lipoprotein (HDL) and
has numerous proposed roles in innate immunity, pro-inflammatory response and tissue repair?®-
23, However, in individuals with chronic inflammation the levels of SAA are persistently high and
there are increases in both the fraction of lipid-free SAA, and in non-hepatic expression of SAA%*
26, In addition to exacerbating the underlying chronic inflammatory condition, long-term
expression of SAA can result in the misfolding and aggregation of this protein, leading to systemic
AA amyloidosis?’*As reported for other inflammatory conditions,'®2°! serum levels of SAA
have been positively associated with higher COVID-19 severity and mortality!®-32-33

Due to its role in inflammatory processes, SAA has been proposed to play a role in COVID-19
associated hyperinflammatory syndrome34. Increased SAA levels during SARS-CoV-2 infection
have also been shown to increase platelet adhesion, linking it with abnormal clotting and
thrombosis in COVID-19 patients®>-¢, In patients with chronic inflammation, additional infection
with COVID-19 can further increase their risk of AA amyloidosis due to covid-induced expression
of proinflammatory cytokines and SAA, adding to their existing high levels*>¥’. The organs and
tissues affected by systemic or localized AA amyloidosis are in many instances overlapping with
those afflicted by COVID-19%%. Therefore, it has been hypothesized that AA amyloidosis is an
important factor causing systemic complications after COVID-19%.

In addition to acute phase proteins such as SAA, a heightened and prolonged inflammation can
lead to increased expression of extracellular proteases such as neutrophil elastase (NE)?>4041, A
growing body of evidence correlates NE to the pathogenesis of COVID-19 disease*’. Recent
studies have shown that protease cleavage of several SARS-CoV-2 proteins (spike, ORF-10, ORF-
6) results in the release of amyloidogenic peptides****. Adding to recent hypotheses linking viral
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infection and amyloid diseases,*® SARS-CoV-2 is able to promote amyloidogenesis of human
proteins**. For example, the SARS-CoV-2 N protein accelerates fibrillization of human a-
synuclein through an electrostatic interaction,*® and viral induction of surfactant protein
amyloidosis in the lung has been proposed as a contributor to acute respiratory distress syndrome
(ARDS) in COVID-19 patients*’. Molecular dynamics simulations have been used to identify a
putative interaction between SAA and a peptide from the C-terminus of the SARS-CoV-2 envelope
(E) protein, >*SFYVYSRVK®? (SK9)*. SK9 binding was proposed to trigger SAA amyloid fibril
formation by destabilizing the oligomeric state of SAA and increasing the population of
aggregation prone monomeric SAA*. Interestingly, these amyloidogenic sequences may act as
inflammatory stimuli that upregulate cytokines and the ACE2 receptor, increasing viral uptake by
cells*.

In the current study we used Thioflavin T (ThT) fluorescence, circular dichroism (CD)
spectroscopy and transmission electron microscopy (TEM) to show that the SK9 fragment of
SARS-CoV-2 E forms amyloid fibrils. NMR spectroscopy and peptide arrays were used to show
binding of SK9 to amyloidogenic regions located in helices 1 and 3 of SAA. SK9 binding was
found to trigger formation of SAA amyloid fibrils in vitro, and key aromatic residues required for
SK9 or SK9-induced SAA fibrillization were identified. These properties were largely retained by
a longer 20-residue fragment of the E protein, suggests that proteolysis of E has the potential to
release amyloidogenic peptides in vivo. Based on our findings, we suggest two possible
mechanisms of amyloid formation that can lead to tissue damage following COVID-19 infection.
Peptides derived from the E protein through proteolysis may self-assemble into amyloid fibrils,
with potential cytotoxic effects. In addition, amyloidogenic E protein peptides may promote SAA
aggregation, resulting in systemic AA amyloidosis. Both mechanisms depend on the increased
inflammatory and immune response characteristic of COVID-19 to increase levels of NE and/or
SAA at the sites of viral infection.

Materials and Methods

Peptides. The SARS-CoV-2 E protein derived peptides SFYVYSRVK (SK9), SAAVYSRVK
(SK9AA), SFYVYSAVK (SK9RA), and LVKPSFYVYSRVKNLNSSRV (LV20) were obtained
as HPLC-purified and lyophilized material from Genscript. All peptides were ordered with
amidated C-termini and acetylated N-termini to mimic their position in the full-length E protein.
For peptide array experiments the fluorophore-tagged peptide dansyl-GSGSGGSFYVYSRVK
(dansyl-SK9GS) and a scrambled variant, dansyl-GSGSGGVKYSFRVYS (dansyl-SCR), were
obtained from Genscript. The added GS residues provide a flexible linker to avoid fluorophore
interference with SAA binding and fibril formation. Peptide solutions were prepared by weighing
the lyophilized powder and dissolving it in the appropriate aqueous buffer at room temperature.

Serum amyloid A expression and purification. Recombinant SAA2.1 (11.7 kDa) was expressed
in BL21 (DE3) E. coli with an N-terminal Hiss tag. SAA was purified from inclusion bodies using
nickel-affinity chromatography run under denaturing conditions (6M GuHCIl, 250mM NacCl,
50mM sodium phosphate pH 8.0) at room temperature. The purified SAA was dialyzed into a
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refolding buffer (400mM L-Arginine, 1.1M GuHCIL, 21mM NacCl, 0.88mM KCI, ImM EDTA,
55mM Tris pH 8.2) overnight at 4 °C followed by dialysis into a second stage refolding buffer
(1M urea, 21mM NaCl, 20mM sodium phosphate pH 7.5) overnight at 4 °C. Refolded SAA was
dialyzed into 20 mM Tris (pH 8.0) buffer containing 150mM NaCl, concentrated, and further
purified using size exclusion chromatography (Superdex 200 10/300 GL). Under these conditions,
SAA forms a stable, soluble octamer in the absence of phospholipids *°.

Sequence analysis. The sequence of SARS-CoV-2 S, E, N, and M Proteins (Protein IDs: PODTC?2,
PODTC4, PODTC9, PODTCS) were subjected to the WALTZ  algorithm
(https:waltz.switchlab.org/) 3°. The algorithms was set to high selectivity to avoid false positives.
The sequence of the E protein (Protein ID: PODTC4) was analysed using the AGGRESCAN server
(http:bioinf.uab.es/aggrescan/) °! to identify regions with high aggregation propensity. Expasy
PeptideCutter (https://web.expasy.org/peptide cutter/) 32 was used to predict neutrophil elastase
cleavage sites within the E protein.

Formation of lipid-bound SAA. Dimyristoyl phosphatidylcholine (DMPC) and dimyristoyl
phosphatidylserine (DMPS) in chloroform were dried using nitrogen gas and residual solvent was
evaporated by lyophilization. Lipids were suspended in water, subjected to several freeze-thaw
cycles, lyophilized overnight, and then resuspended in 20 mM Tris buffer (pH 8.0) to form
multilamellar vesicles (MLVs). MLVs were bath sonicated and extruded using 0.2 um filtration
membrane to form small unilamellar vesicles (SUVs), and stored at 37°C. The extruded SUVs
were incubated with freshly purified SAA at mass ratio of 1:1 protein: lipid for 3 hours at 26°C to
form lipid-bound SAA nanodiscs, as previously reported*’. Nanodisc formation was confirmed
using negative stain TEM. To test the effect of lipid headgroup charge, SAA nanodiscs were
prepared with a varying ratio of DMPS: DMPC.

Wide-angle X-ray scattering (WAXS). Peptide solutions (4mg/ml in 20mM Tris, pH=8) were
incubated for a week at 37 °C until mature fibrils formed. Amyloid Fibrils were lyophilized and
tightly packed into a paste cell. An Anton Paar SAXSpace instrument with SAXSDrive software
was used to collect scattering data. The sample to detector distance was 121.7579 mm. The data
was collected at 25 °C. The one-dimensional data contain the scattered intensity as a function of
the scattering vector magnitude g = (4n/A)sin® or S = (2m/A)sin®, where 20 is the scattering angle
and A is the X-ray wavelength.

Transmission electron microscopy. Samples were adsorbed to glow-discharged carbon-coated
copper grids. Grids were subsequently washed with deionized water and stained with freshly
prepared 2% uranyl acetate. Electron micrographs for all specimens were obtained with a Hitachi
HT7800 transmission electron microscope operating at 80 keV. For single particle analysis of the
negative stain TEM data, Relion (version 2)3 2D classification was used for 200 particles,
resulting in 3 class averages.

Circular dichroism (CD) spectroscopy. Far-UV CD spectra were recorded using a Jasco J-810
spectropolarimeter. Samples were prepared contained 0.2 mg/mL protein in 20 mM Tris buffer,
pH 8.0. Spectra were acquired at 4 °C in a 0.1 cm path length quartz cuvette and represent an
average of three scans from 190-260 nm.
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Nuclear magnetic resonance spectroscopy. Solution 'H NMR data were obtained using a Bruker
Avance III spectrometer with a 'H frequency of 600 MHz and a TXI triple resonance probe. NMR
experiments were performed at 10 °C on samples containing 133 uM SAA in 20mM Tris buffer
(pH 8.0). Peptide samples contained SK9, SK9AA or LV20 at 266 uM and mixed samples
containing peptide and SAA were prepared at multiple peptide:protein ratios. NMRPipe>* was
used to process the data and figures were generated using the Python libraries nmrglue and
Matplotlib.

Thioflavin T (ThT) fluorescence. A thioflavin T (Sigma-Aldrich) fluorescence assay was used
to follow protein or peptide fibrilization using 96 well plates in a Synergy Neo2 multi-mode
microplate reader. Aliquots of 10 pl of the incubated protein solution or peptide in powder form
were added to 75 puL of PBS buffer pH 8.5 and 25 pL ThT pH 7.4. The plate was maintained at
37°C with 2 seconds of shaking before each read, with hourly measurements to 72 hours of total
time. Excitation and emission wavelengths were 450 nm and 485 nm, respectively. The
experimental conditions and controls (ThT and PBS buffer) were done in triplets.

SAA peptide arrays. Peptide libraries were produced by automatic SPOT synthesis with standard
Fmoc chemistry on continuous cellulose membrane supports using a Multipep 2 (CEM
Corporation) peptide synthesizer. The presence of the peptides on the array was confirmed using
Fast Green staining (0.1% Fast Green, 95% Ethanol) for 5 min. The stain was subsequently
removed using 100% Methanol followed by PBS. The peptide binding assay was performed by
rinsing the membrane with PBST (1x PBS, 0.1% TWEEN 20) three times for 5 mins. The
membrane was then blocked for 1 hr with 5% milk powder in PBST at room temperature, then
washed with PBST (2x5 mins) and PBS (5 mins). The array was incubated with 0.2 uM tagged
peptides for 1 hr at 4 °C in dark. Unbound peptide was washed with PBST (3x5 mins). The
interaction of supported SAA peptides with either dansyl-GSGSGGSFYVYSRVK or dansyl-
GSGSGGVKYSFRVYS was determined (excitation at 335nm, emission monitored at 518nm)
using an Odyssey imager (LI-COR Biosciences).

(a)  Envelope Protein

NTD ™ CTD

YSFVSEET GTLIVNSVLLFLAFVVFLLVTLAILTALRL CAYCCNIVNVSLVKPSFYVYSRVKNLNSSRVPDLLV

Figure 1. Predicted amyloidogenic regions of the SARS-CoV-2 envelope protein. (a) Amino
acid sequence of SARS-Cov2 envelope protein. Sequences predicted to be amyloidogenic by the
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Waltz amyloid prediction algorithm (https:waltz.switchlab.org\)>® are highlighted in red. (b)
Pentameric structure of the envelope protein (PDB: 5X29)%. The N-terminal domain is light grey,
the C-terminal domain is dark-grey, and the transmembrane helices are orange.

Results
Regions of the SARS-COV-2 E protein predicted to form amyloid fibrils

The WALTZ algorithm® was used to identify putative amyloidogenic segments within the spike,
envelope, nucleocapsid and matrix proteins from SARS-CoV-2 (Fig. 1, Supplementary Fig. S1).
Given that amyloid formation by spike protein peptides has already been experimentally
established *4, we focused on the E protein since it contains an exposed C-terminal domain (CTD)
capable of interacting with serum proteins and potentially susceptible to proteolysis and release of
peptides®®%. Supplementary Fig. S2 shows predicted sites of proteolytic cleavage of the E protein
by NE, highlighting the likelihood of producing fragments containing the SK9 sequence previously
shown to form amyloid fibrils in silico*®. Only two segments with high amyloidogenic propensity
were found within the exposed CTD: #'YCCNIVNVS# and **SFYVYSR (WALTZ). The 41-49
segment is unlikely to be released through proteolysis due to its proximity to the viral membrane,
so we focused our study on peptides containing the **SFYVY SR’ segment.

SK9 self-assembles into amyloid fibrils and two aromatic residues play a vital role

Upon incubation at relatively high concentrations (3.4 mM), TEM images show formation of
amyloid-like aggregates of SK9 (Fig. 2). At shorter incubation times and lower peptide
concentrations (0.4 mM), fibrillar assemblies composed of paired twisted filaments were observed,
with small spherical objects decorating the surface of the fibrils (Fig. 2a). Class averaging of these
beaded structures revealed a hollow centre with lower electron density within the bead-like
structures suggesting the formation of protofibrillar oligomers in combination with mature fibrils
under this condition. Similar annular protofibrils have been observed for numerous other amyloid
peptides and are frequently associated with cytotoxicity >-6!.

Longer incubation and higher peptide concentrations resulted in samples containing only mature
amyloid fibrils, suggesting that either the protofibrillar aggregates are metastable and convert to
mature fibrils over time, or that the fibrillar form is kinetically favored at high peptide
concentrations. Class averaging of the mature SK9 fibrils (Fig. 2b) further reveals internal details
of the twisted paired-filament structure, which is consistent with an amyloid-like internal structure.
The low degree of ThT binding to SK9 fibrils is similar to prior reports of fibrils formed by the S
protein #*. The amyloid nature of SK9 was also confirmed using WAXS (Supplementary Fig. S3)
where SK9 fibrils give rise to a Bragg peak at 4.7 A which corresponds to the interstrand hydrogen
bond distance typically observed in amyloid fibril structures®?.

To test the role of specific amino acids in SK9 fibril formation, we replaced the first two aromatic
amino acids with alanine (SK9AA; SAAVYSRVK), a sequence that is not predicted by the
WALTZ algorithm to form amyloid®. In a second modified peptide an arginine to alanine
substitution was made to reduce the ability to form stabilizing intermolecular cation-m interactions
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(SK9RA; SFYVYSAVK)®4 A 20 amino acid long sequence containing additional naturally
occurring residues flanking SK9 was used to test the amyloid propensity of longer segments of the
E protein containing an amyloidogenic core sequence (LV20; LVKPSFYVYSRVKNLNSSRYV).

The modified SK9 peptides were incubated in pH 8 buffer, 37 C, for two weeks and imaged by
negative stain TEM (Fig. 3). Substitution of aromatic residues in SK9 (Phe2 and Tyr3) completely
abolished fibrillization, with only some non-specific aggregation observed. Similarly, SKORA also
showed substantially reduced fibril formation relative to the wild-type sequence, with a small
number of short, irregular fibrils observed. The longer 20-residue peptide LV20 retained the ability
to form fibrils, although there were notable differences from SK9. LV20 fibrils displayed a
different morphology and appeared as needle-like crystalline assemblies accompanied by
protofibrillar oligomers (Fig. 3d). The peptides were monitored for in vitro amyloid formation
using ThT and SK9 resulted in the highest signal (Supplementary Fig. S4). Further, CD
spectroscopy on SK9 and variant peptides (Supplementary Fig. S5) shows that all peptides are
disordered in solution prior to aggregation, with the highest degree of disorder is seen for the non-
fibrillogenic SK9AA.

Figure 2. SK9 forms twisted multi-filament fibrils and protofibrillar oligomers. Negative
stain TEM images of (a) SK9 fibrils formed by incubating 0.4 mM peptide in 20 mM pH 8 Tris
buffer at 37 °C for 3 days (magnification=70000x), and (b) SK9 fibrils formed after 1 month of
incubation at 4 °C. 3.4 mM peptide was incubated in 20 mM pH 8 Tris buffer (magnification =
30000x). Class averages shown on the right were obtained through averaging of 200 particles in
each case, showing detail of the protofibrillar oligomers (a) and mature fibrils (b).
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SAAVYSRVK

SFYVYSAVK :  LVKPSFYVYSRVKNLNSSRV

Figure 3. Amyloid fibril formation by SK9 peptide variants. Negative stain TEM images of (a)
wild-type SKO fibrils (magnification = 30000x), (b) SK9AA (magnification = 30000x), (¢) SKORA
(magnification = 30000x) and (d) LV20 (magnification = 50000x). All peptides were incubated at
37 °C for two weeks prior to imaging.

SK9 promotes the fibrilization of lipid-free SAA

To test the hypothesis that SK9 might trigger amyloid fibril formation by human SAA *, we
incubated SK9 with recombinant SAA octamers or SAA-lipid nanodiscs for 2 days at 37 °C. The
latter were used to mimic the predominant HDL-bound form of SAA found during acute phase
inflammation. ThT fluorescence and TEM microscopy were used to track the formation of amyloid
fibrils by SAA at varied peptide: protein ratios (Fig. 4). A very low ThT fluorescence intensity
was observed after addition of SK9 to SAA-lipid nanodiscs, regardless of DMPC:DMPS ratio,
while addition of SKO9 to lipid-free SAA gave a high ThT signal following 12 hrs of incubation.
Under these conditions, SAA alone did not form amyloid fibrils, and any ThT signals expected for
SK9 (Fig. S4) would be much weaker than observed, indicating that the signal arises from SAA
fibrillization in the presence of peptide. ThT data obtained at varied ratios of SAA:SK9 (Fig. 4c),
shows a peptide-dependent increase in fibrillization, further supporting a direct role for this E
protein fragment in initiating formation of SAA amyloid fibrils. TEM data (Fig. 4a) show that
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SK9-induced SAA fibrils have a relatively irregular morphology that is distinct from the twisted
pair fibrils formed by SK9 alone.
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Figure 4. SK9 amyloid fibril formation by lipid-free SAA. (a) Negative-stain TEM image of
fibrils formed after incubation of lipid-free SAA with SK9 peptide (magnification=30000x). (b)
ThT fluorescence emission at 485nm recorded for 36 hours after addition of SK9 to samples
containing lipid-free SAA, SAA-lipid nanodiscs made with either 100%DMPC,
15%DMPS:85%DMPC, 30%DMPS:70%DMPC, or 80%DMPS:20%DMPC. (c) ThT data
following addition of increasing amounts of SAA to a sample containing 40 ug/mL SKO9. (d) Shows
similar data for samples containing 50 ug/mL SAA following addition of increasing amounts of
SK9. All ThT fluorescence data were recorded at 37 °C.

SK9 binds to lipid-free SAA prior to inducing fibril formation

To determine whether the SK9 peptide binds to SAA prior to initiating fibrillization, we performed
trypsin digestion of SAA following incubation with SK9 or derivative peptides (Fig. 5). At
incubation times shorter than the lag phase for fibril formation (data for 30 minutes are shown),
addition of SK9 reduced SAA cleavage by trypsin (Fig. 5a). After 1 day of incubation amyloid
fibrils were formed, resulting in significant protection from cleavage due to the stability of the
fibril structure (Fig. 5b). SK9RA and LV20 also protected SAA from trypsin after 30 min
incubation, although complete proteolysis was observed after 30 min digestion, suggesting a
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weaker interaction than observed for SK9. SK9AA (Fig. 5d) did not prevent trypsin digestion of
SAA, consistent with the fibrillization results in Fig. 4. Bovine serum albumin (BSA) was used as
a control, with SK9 incubation having no effect on tryptic digestion.

SAA protein and peptides were only incubated for a short period of 30 minutes at 37 °C to assay
for protection due to binding and not fibrillization. Figures 5a,d-f show that the addition of wild-
type SK9 results in the highest level of protection against trypsin digestion relative to the other
peptide variants, followed by SK9RA or LV20. Interestingly, no protection against trypsin
digestion is observed in SK9AA. Further, prolonged incubation of lipid-free SAA with SK9 (Fig.
5b) results in even greater protection likely due to the formation of amyloid at the 1 day time point
which exceeds the 12 hr lag phase. We also performed the assay using bovine serum albumin
(BSA) to determine if the protective effect due to the presence of the SK9 peptide is specific to
SAA. Figure 5c shows that the presence of SK9 has no effect on the digestion of BSA by trypsin.
These data were further confirmed using '"H NMR to monitor free vs bound SK9 peptides in the
presence of increasing concentrations of SAA (Fig. S6), with only SK9AA retaining sharp methyl
signals associated with free peptide.

To identify the specific segments of SAA that interact with SK9, a peptide microarray was
synthesized containing 49 overlapping 10-residue peptides covering the entire SAA sequence. The
array was probed with either dansyl-SK9GS or a scrambled control peptide (dansyl-SCR). In each
case, the dye was attached using an extended GS sequence as a flexible linker. Figure 6a shows
the presence of three primary hotspots for SK9 binding, while very little signal is observed in the
control experiment (Fig. 6b), suggesting specificity of the native SK9 sequence for interaction with
SAA. The strongest binding region is located in SAA helix 1 and contains a well-established
amyloidogenic hexapeptide, SFFSFL?8. A second interaction hotspot in helix 3 contains the
sequence WAAEVI, which is known to form amyloid fibrils, albeit less readily than helix 1
peptides?®>. This is consistent with the greater degree of SK9 binding to helix 1. Further, both of
these SAA segments are predicted to be aggregation prone (Supplementary Fig. S7). An additional
interaction hotspot in helix 4 lacks amyloid or aggregation-prone sequences and is therefore less
likely to play a role in fibrillization.
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Figure 5. SK9 protects lipid-free SAA from trypsin proteolysis. SDS-PAGE analysis of SAA
alone and in the presence of wild-type SK9 peptide following (a) 30 minutes of protein-peptide
incubation and (b) 1 day of incubation at 37 °C. (¢) Trypsin digestion of BSA and BSA incubated
with SK9 for 30 minutes prior to digestion treatment. Trypsin digestion SDS-PAGE of SAA alone
and in the presence of (d) SK9AA, (e) SKIRA, or (f) LV20. The trypsin reaction time is shown
above each lane.
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(a) Dansyl-GSGSGGSFYVYSRVK

(C) GSRSFFSFLGEAFDGARDMWRAYSDMREA NYIG SDKYFHARGNYDAAKR GP GGAWAAEVISNARENIQ
hi — h2 — h3 |

RLF GHG AEDSLADQAANKWGRSG RDPNHFRPAGLPEKY
h4 |

Figure 6. SK9 binds the amyloidogenic sequences of SAA. A peptide microarray was created
using overlapping 10-residue segments from the full-length human SAA2 sequence, with the
sequences as indicated. Each peptide has an 8 residue overlap with the adjacent peptides.
Fluorescence images were obtained after incubating the microarray membrane with (a) dansyl-
SKO9GS or (b) the negative control peptide dansyl-SCR. (c) Boxed regions show the location of a-
helices along the primary sequence of SAA.

Discussion

SARS-CoV-2 is predominantly a respiratory disease affecting the lungs yet can have wide-ranging
impacts throughout the body such as abnormal blood coagulation, fibrinolytic disturbances,
neurodegeneration in the brain, and AA amyloidosis °%°. While some recent studies have
proposed putative links between SARS-COV-2 proteins and amyloidosis ***, including induction
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of amyloid formation by human proteins such as surfactant protein-C %7, a-synuclein 46, and SAA
48 relatively little is known about the underlying molecular mechanisms that lead to such
complications. Similar links between viral infection and amyloidosis have been made for other
human viruses, including HIV, HSV-1 and Influenza A, both as a direct consequence of
aggregation-prone viral proteins and as a secondary effect of inflammation 3.

Similar to previous reports of amyloidogenic peptides derived from the SARS-CoV-2 S protein
and ORF proteins ***, we have demonstrated in vifro amyloid fibril formation by a sequence
within the viral E protein. This SK9 fragment was initially identified in a prior computational and
molecular dynamics study and proposed to interact with SAA as a potential trigger of AA
amyloidosis *®. Our data show that the SK9 sequence is able to rapidly assemble into amyloid
fibrils that require aromatic residues for stability, likely due to the formation of n-n and cation-n
interactions similar to those seen for other peptide fibrils’®’!. Extending the length of the peptide
did not impair fibrillization, suggesting that longer E protein fragments would also be
amyloidogenic. Annular protofibrillar assemblies were also formed by SK9 and the longer SK20
peptide. Such species have been associated with the cytotoxicity of other amyloid proteins,>*-¢!
making this a potential mechanism for increased tissue damage and inflammation in COVID-19.

We have shown that SK9 and LV20 are capable of forming long-lived interactions with helices 1
and 3 of SAA, initially protecting the protein from tryptic digestion and subsequently resulting in
formation of SAA amyloid fibrils. This interaction is similar to the one predicted by an earlier MD
study *%, and required the same SK9 sequence elements as formation of peptide-only amyloid
fibrils. In vivo, the amyloidogenic sequences in SAA are likely protected from misfolding through
native packing which includes either protein-protein or protein-lipid interactions. In the absence
of lipids, SAA self-associates and forms either hexameric or octameric oligomers to protect its
amphipathic helices and prevent aggregation 272, For SAA to form fibrils, it must first dissociate
from its multimeric alpha helical form and form extended B-sheet structures’. Our data suggest
that interaction of SK9 with the amyloidogenic hotspots of SAA is sufficient for oligomer
destabilization and subsequent aggregation.

Notably, SK9 did not promote fibrillization of SAA bound to lipid nanodiscs that mimic the
naturally occurring HDL-bound form of the protein. The most likely SK9 binding site in helix 1
of SAA is known to be a key HDL-binding site, which could explain why lipid-bound SAA is
largely protected from SK9 interaction and amyloid formation’. This observation suggests that
the presence of phospholipids protects the hydrophobic surfaces of SAA that may play a role in its
fibrillization and that conditions which increase the levels of lipid-free SAA in vivo such as chronic
inflammation may increase the risk of amyloidosis. SAA is normally bound to HDL in the serum
during the acute inflammatory response, interacting with the lipoprotein surface via amphipathic
helices 22237, However, the levels of lipid-free SAA in serum have been shown to increase in vivo
during periods of prolonged inflammation, as might be expected in long-term viral infection or
long-COVID?®. This is also consistent with the higher risk of secondary complications from
COVID-19 in patients with underlying medical conditions that result in a long-term elevation of
SAA in multiple tissues.
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The ability of SK9 to interact with multiple segments of SAA which do not share sequence
similarity but instead share a predicted potential for aggregation or formation of extended beta-
strand structures suggests that this peptide may be capable of binding to many other amyloid
forming sequences. In combination with the reported amyloidogenic potential of several regions
of the SARS-CoV-2 S protein and viral accessory proteins ***#*, there is a strong potential for
amyloidosis to contribute to the systemic damage caused by COVID-19.

In conclusion, our results suggest two possible pathways of fibrillization due to SARS-CoV-2
infection that are both fueled by a heightened innate inflammatory response. 1) Overexpression of
extracellular proteases in response to inflammation leading to the production of amyloidogenic
peptides from the CTD of the viral E protein. 2) Overexpression of SAA during the inflammatory
response, in particular the increased levels of lipid-free SAA that occur in chronic inflammation,
with subsequent interactions with the E protein promoting AA amyloidosis. Each of these
pathways would result in increased local inflammation, potentially contributing to the long-term
effects of COVID-19 infection.
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