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Abstract

Signal peptide (SP) plays an important role in membrane targeting for inser-
tion of secretory and membrane proteins during translocation processes in pro-
karyotes and eukaryotes. Beside the targeting functions, SP has also been
found to affect the stability and folding of several proteins. Serum amyloid A
(SAA) proteins are apolipoproteins responding to acute-phase inflammation.
The fibrillization of SAA results in a protein misfolding disease named amyloid
A (AA) amyloidosis. The main disease-associated isoform of human SAA,
SAA1.1, is expressed as a precursor protein with an N-terminal signal peptide
composed of 18 residues. The cleavage of the SP generates mature SAA1.1. To
investigate whether the SP affects properties of SAAl.1, we systematically
examined the structure, protein stability, and fibrillization propensity of pre-
SAAL1.1, which possesses the SP, and Ser-SAA1.1 without the SP but contain-
ing with an additional N-terminal serine residue. We found that the presence
of the SP did not significantly affect the predominant helical structure but
changed the tertiary conformation as evidenced by intrinsic fluorescence and
exposed hydrophobic surfaces. Pre-SAA1.1 and Ser-SAA1l.1 formed distinct
oligomeric assemblies in which pre-SAA1.1 populated as tetramer and octa-
mer, whereas Ser-SAA1.1 existed as a predominant hexamer. Pre-SAA1.1 was
found significantly more stable than Ser-SAA1.1 upon thermal and chemical
unfolding. Ser-SAA1.1, but not pre-SAAl.1, is capable of forming amyloid
fibrils in protein misfolding study, indicating a protective role of the
SP. Altogether, our results demonstrated a novel role of the SP in SAA folding
and misfolding and provided a novel direction for therapeutic development of
AA amyloidosis.
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1 | INTRODUCTION

Abbreviations: AA, amyloid A; ANS, 8-anilino-1-naphthalenesulfonic

acid; AUC, analytical ultracentrifugation; CD, circular dichroism;
DMSO, dimethyl sulfoxide; DTT, dithiothreitol; IAEW, intensity-
averaged emission wavelength; PICUP, photoinduced crosslinking of
unmodified proteins; SAA, serum amyloid A; SP, signal peptide; TEM,
transmission electron microscopy; ThT, thioflavin T; UV, ultraviolet.

A signal peptide (SP) is a short segment normally resided
at the N-terminus of newly synthesized polypeptides for
secretory pathways. Both prokaryotic and eukaryotic pro-
teins rely on SPs to direct them to the target sites for
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cytoplasmic transportation. The process of protein trans-
portation typically involves targeting to and translocating
across one or several membrane bilayers."* Most of the
secretory proteins are synthesized as precursors, that is,
pre-proteins with an additional N-terminal sequence
served as SP. SPs are highly variable in length. They usu-
ally consist of 15 to >50 amino acids and share low pri-
mary sequence homology.>* SPs possess a typical
characteristic tripartite pattern: a positively charged N-
terminus (N-region), a central region composed of 7-15
hydrophobic residues (H-region), and a more polar C-
terminal domain containing the signal peptidase cleavage
site (C-region).” In eukaryotic cells, most secretory pro-
teins are co-translationally translocated to endoplasmic
reticulum (ER).° Some proteins can also enter ER post-
translationally.” The signal recognition particle recog-
nizes and binds to SP of a newly synthesized protein, and
targets the nascent protein to ER.® After or during trans-
location, SP are then removed by the signal peptidase
complex.®

Earlier studies on SPs focused on their direct interac-
tion with membrane for protein insertion to or across the
membrane. Later, some studies reported the involvement
of SPs in folding of precursor proteins. It has been shown
that the presence of SP leads to folding retardation of
Escherichia coli (E. coli) precursor maltose binding pro-
tein (preMBP) when compared with the corresponding
mature protein (MBP).>'° Thermodynamic studies fur-
ther demonstrated that preMBP has a reduced stability in
comparison with MBP."' The slow folding and destabili-
zation caused by the SP likely maintain MBP in an
unfolded, translocation-competent conformation and
thus facilitate the interactions between the protein and
the translocation machinery.!' Other studies on E. coli
MBP and thioredoxin both showed that the presence of
SP reduces the protein activity and increases the aggrega-
tion propensity of the proteins.'*"* In contrast to MBP,
propeptide of caspase-3 has been shown to facilitate the
reassembly of caspase-3 and stabilize the native structure,
but not to change the assembly.'*">

Serum amyloid A (SAA) refers to a highly conserved
family of proteins involved in multiple biological processes
including cholesterol transport and various immunological
responses. Recently, it has also been reported being associ-
ated with several cancers.'®*' SAA is mainly produced by
hepatocytes and secreted into blood.”* Among four family
members, SAA1 and SAA2 are acute-phase proteins which
are known as acute-phase SAA (A-SAA).**> Upon inflam-
matory responses, the blood level of A-SAA elevates signif-
icantly up to 1,000-fold when compared with the basal
level.** Prolonged high level of A-SAA associated with
chronic inflammation sometimes leads to a systemic disor-
der called amyloid A (AA) amyloidosis.** AA amyloidosis

is characterized by extracellular accumulation and deposi-
tion of insoluble amyloid fibrils derived from misfolded
SAA proteins. Previous studies have revealed that human
SAA1, specifically SAA1.1 (also known as SAAla), is the
predominant component of AA amyloid deposits.>>** Dur-
ing synthesis in liver cells, SAA1.1 is expressed as a precur-
sor protein (pre-SAA1.1) which consists of 122 amino
acids including a SP with 18-residues at the N-terminus
(Figure 1a).”” This SP directs pre-SAAL.1 to the ER, and is
cleaved prior to the extracellular secretion of the mature
SAA1.1 (104 amino acid residues).® The crystal structure
of mature human SAAIl.l revealed that monomeric
SAA1.1 forms a cone-shaped four-helix bundle stabilized
by a relatively unstructured C-terminal tail (Figure 1b).*
This study also showed that SAA1.1 monomers can assem-
ble into a hexamer consisting of two trimers (Figure 1b).
The trimeric SAA1.1 is packed by subunits A, B, and C of
SAA1.1 monomers in a head-to-tail arrangement. The sta-
bilization of the trimer involves a combination of hydro-
gen bonds, salt bridges, and hydrophobic interactions
formed mainly by residues from the first a-helix. Two tri-
mers form hexameric SAA1.1 through the interactions at
the large hydrophobic interface. The hydrophobic face of
each trimer is buried at this dimer interface and the hydro-
philic face is exposed to the solvent (Figure 1C). Low con-
servation of the residues at the dimer and trimer interface
of the SAA1.1 hexamer among different species suggests
that different SAA proteins likely form distinct
oligomers.**~*°

To elucidate the folding and misfolding mechanisms
of SAA and AA amyloidosis as well as the effect of the SP
on SAA, in the present study we investigated the role of
the SP in pre-SAA1.1. We first used multiple biophysical
methods including far-UV circular dichroism (CD), fluo-
rescence spectroscopy, analytical ultracentrifugation
(AUC), photoinduced crosslinking of unmodified pro-
teins (PICUP), and temperature and chemical denatur-
ation to examine folding properties of pre-SAA1.1 and
SAAL.1. Then, the misfolding properties of pre-SAA1.1
and SAA1.1 were further examined by thioflavin T (ThT)
assay and transmission electron microcopy (TEM). Our
results revealed a stabilization role of SP in SAA and pro-
vided a potential therapeutic target for amyloid fibril for-
mation of SAA and AA amyloidosis.

2 | RESULTS

2.1 | Pre-SAAl.1 and Ser-SAA1.1 adopt
helical structures

To improve the efficiency of his-tag removal from SAA1.1
protein during the purification, a complete TEV cleavage
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Primary sequence and structure of human SAA1.1. (a) Primary sequence and secondary structure of human SAA1.1. The

helices and lines above the sequence indicate a-helices and loops, respectively. The 18-residue signal peptide is indicated. Tyrosine and
tryptophan residues are shaded in yellow. (b) Cartoon representation of the crystal structure of monomeric and hexameric human SAA1.1.
The figures were generated by PyMOL using PDB code 4IP8 and 4IP9 for monomer and hexamer, respectively.?’ The four o-helices of the
monomer are indicated in blue (helix 1, residues 1-27), green (helix 2, residues 32-47), yellow (helix 3, residues 50-69), and cyan (helix

4, residues 73-88) and the C-terminal tail (residues 89-104) is colored in pink. (c) The hydrophobicity of the two surfaces on SAA1.1 trimer.
The hydrophobic residues are indicated in red and the shades of color are based on the hydrophobicity scale®

site sequence ENLYFQS was inserted between His-tag
and the mature SAA1.1. Therefore, our purified SAA1.1
possesses an additional serine residue at the N-terminus
and is so referred to as Ser-SAA1.1 to distinguish it from
the natural human SAA1.1. To understand the influence
of the SP on the conformation of SAA1.1, we first charac-
terized the secondary structures of pre-SAA1.1 and Ser-
SAA1.1. Pre-SAAl1.1 and Ser-SAAl.l1 at 20 pM were

subjected to far-UV CD spectroscopy. Both pre-SAA1.1
and Ser-SAA1.1 displayed spectra with two minima at
208 and 222 nm, which is characteristics of a-helical pro-
teins (Figure 2a). The spectra were then subjected to sec-
ondary structure prediction by K2D3.*' The prediction
showed that pre-SAA1.1 possessed 83.13% «-helices and
0.29% p-strands, and Ser-SAA1l.1 possessed 92.33%
a-helices and 0.13% f-stands. This result is consistent
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Far-UV CD and fluorescence spectra of pre-SAA1.1 and Ser-SAA1.1. All the spectroscopic measurements were conducted on

20 uM pre-SAA1.1 (blue circle), Ser-SAA1.1 (red triangle), and synthetic SP (green square) in 50 mM sodium phosphate buffer, at pH 7.0.
(a) Far-UV CD spectra of pre-SAA1.1 and Ser-SAA1.1. (b) Intrinsic fluorescence spectra of pre-SAA1.1 and Ser-SAA1.1 with an excitation
wavelength at 280 nm. (c) Intrinsic fluorescence spectra of pre-SAA1.1 and Ser-SAA1.1 with an excitation wavelength at 295 nm. (d) ANS
binding of pre-SAA1.1 and Ser-SAA1.1. ANS at 200 pM was added into the protein samples. The ANS fluorescence was excited at 375 nm

with the previous study that showed crystallized mono-
meric human SAAI1.1 has an all-helical structure without
detectable p-strands.”® Our far-UV CD result indicated
that the presence of SP did not change the helical confor-
mation of SAAl.l. We also examined the secondary
structure of 20 uM synthetic SP alone. Due to the pres-
ence of DMSO, the spectrum of SP cannot be further
measured below 222 nm. However, the spectra showed
that SP did not possess significant secondary structure.

2.2 | The presence of the SP results in an
altered tertiary structure of SAA1.1

Next, we employed intrinsic and 8-anilino-
1-naphthalenesulfonic acid (ANS) fluorescence spectros-
copy to examine the tertiary structures of pre-SAA1.1 and
Ser-SAA1.1. Human SAAI1.1 possesses three tryptophan
residues, that is, Trpl8, Trp53, and Trp85, in helix 1, 3,
and 4, respectively, and five tyrosine residues, that is,
Tyr21, Tyr29, Tyr35, Tyr42, and Tyrl04, mainly within
helix 1 and 2 (Figure 1a). No tryptophan and tyrosine are
in the SP region. The proteins were excited at 280 or
295 nm for intrinsic fluorescence. The fluorescence spec-
trum of pre-SAAl.1 excited at 280 nm displayed a

fluorescence emission maximum (Fy,,,) at ~324 nm with
lower quantum yield when compared with the F,,, of
Ser-SAA1.1 at ~337 nm (Figure 2b). When excited at
295 nm, pre-SAA1.1 showed a F,,, at ~328 nm whereas
the Fp.x of Ser-SAA1.1 located at ~338 nm (Figure 2C).
In comparison with Ser-SAA1.1, the blue-shifted F,,, of
pre-SAA1.1 suggests that the tryptophan residues in pre-
SAA1.1 are in a more hydrophobic environment, possibly
been buried. This result showed that the presence of SP
changes the tertiary structure of SAA1.1. We further per-
formed ANS binding assay to examine the exposed
hydrophobic clusters on pre-SAAl.1 and Ser-SAA1.1.
ANS is a fluorescent dye that preferentially binds to the
exposed hydrophobic clusters of proteins and results in
an increased fluorescence quantum yield and a blue-
shifted emission wavelength.**** While free ANS excited
at 375 nm emitted fluorescence at ~540 nm with a low
quantum vyield, the ANS fluorescence spectra of pre-
SAA1.1 and Ser-SAA1.1 showed an increased quantum
yield and the F,x blue-shifted to ~469 and ~475 nm,
respectively, indicating the binding of ANS to both pre-
SAA1.1 and Ser-SAA1.1 (Figure 2D). Ser-SAA1.1 showed
higher ANS fluorescence intensity compared with pre-
SAA1.1 suggesting a difference in their exposed hydro-
phobic surfaces.
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2.3 | Pre-SAAl.1 and Ser-SAA1.1 possess
distinct assemblies

Previous crystal structure study demonstrated that
SAA1.1 associates into a hexameric structure in a crystal-
lization condition (30% [wt/vol] PEG 2000 monomethyl
ether, 0.1 M Tris, pH 8.5, and 0.2 M trimethylamine N-
oxide).” The study also showed that SAA1.1 oligomerizes
as a hexamer in a buffer containing 10 mM HEPES,
pH 7.4, and 150 mM NaCl. Our tryptophan fluorescence
studies showed that the tryptophan residues of pre-
SAA1.1 are buried in a more hydrophobic environment,
suggesting that pre-SAA1.1 and Ser-SAA1.1 may possess
different assemblies. To further examine the assembly of
pre-SAA1.1 and Ser-SAA1.1 in solution, SV-AUC was
employed (Figure 3). Pre-SAA1.1 and Ser-SAAl.1 at
20 pM in 50 mM sodium phosphate buffer, pH 7.0, were
subjected to SV-AUC experiments at 4°C. The data were
analyzed and fitted. Our pre-SAA1.1 and Ser-SAAIl.1l
have theoretical molecular weights of 16,260 and
11,771 Da, respectively. For pre-SAAl.1l, the result
showed two similar intensity peaks, one at 4.83 S and the
other at 7.98S, representing molecular masses of
~64 kDa as pre-SAA1.1 tetramer and ~128 kDa, as pre-
SAA1.1 octamer, respectively. For Ser-SAA1.1, the result
showed a single peak at 3.06 S representing a molecular
mass of ~72 kDa as Ser-SAA1.1 hexamer. This result is
consistent with the previous study that demonstrated
SAAL.1 existing mainly as a hexamer in solution.”” The
SV-AUC results indicated that pre-SAA1.1 and Ser-
SAAL1.1 in solution form different oligomeric assemblies.
Since there is a cysteine residue in the SP region, it is pos-
sible that two pre-SAA1.1 form intermolecular disulfide
bonds in the non-reducing phosphate buffer. To investi-
gate whether there is formation of disulfide bond, we

0.25- — Pre-SAA1.1
6mer
0.20 - Ser-SAA1.1
o015 !
@ '
© o010{ !
0.05- ,"
0.001—
2
Sedimentation coefficient (S)
FIGURE 3 Assembly of pre-SAA1.1 and Ser-SAA1.1 analyzed

by AUC. The assembly of pre-SAA1.1 and Ser-SAA1.1 was analyzed
at a protein concentration of 20 pM in 50 mM sodium phosphate
buffer, pH 7.0, by SV-AUC. Sedimentation coefficient distributions
adopted from AUC for pre-SAA1.1 (blue) and Ser-SAA1.1 (red) are
shown. The calculated assemblies are indicated

performed AUC on pre-SAA1.1 in the phosphate buffer
containing 3 mM DTT. Under the reducing condition,
pre-SAA1.1 showed two peaks with similar intensities,
one at 4.83 S and the other at 8.97 S, representing molec-
ular masses of ~63 kDa as pre-SAAl.1 tetramer and
~136 kDa, as pre-SAA1.1 octamer, respectively
(Figure S1). The result suggested that there is no disulfide
bond formation in pre-SAA1.1.

Next, we employed PICUP assay to crosslink the
assemblies and detected the species by western blot
(Figure 4). PICUP assay is a photo-crosslinking assay that
has been used to examine amyloid- (Ap) in Alzheimer
disease.>**’ The protein samples with or without the
photosensitive dye Ru(bpy);Cl, were subjected to light
irradiation for different lengths of time, from 0 to 30 s,
then subjected to SDS-PAGE for Western blot. Our
results showed that pre-SAA1.1 monomer migrated at
~15 kDa which is consistent with the theoretic molecular
mass of pre-SAA1.1 (~16.3 kDa) in Western blot. The
results also showed that pre-SAA1.1 possessed dimer spe-
cies even in the reducing condition without crosslinking,
while with the increase of irradiation time pre-SAA1.1
formed dimer, trimer, tetramer, pentamer, and high-
molecular-weight species. For Ser-SAA1.1, the monomer
migrated at ~9 kDa which is smaller than the theoretic
molecular mass of Ser-SAA1.1 (~11.8 kDa) in western
blot. This faster migration of Ser-SAA1.1 in SDS-PAGE
may be due to protein hydrophobicity. Based on the
migration of Ser-SAA1.1 around 9 kDa in SDS-PAGE, the
crosslinking result showed that Ser-SAA1.1 may form a
dimer, trimer, tetramer, pentamer, hexamer, heptamer,
octamer, and high-molecular-weight species. Although
the exact molecular mass is difficult to interpret, the band
indicating trimeric Ser-SAA1.1 was more abundant in the
short crosslinking time, such as 1 s, which may suggest a
dominant trimeric species of Ser-SAA1.1. This result is
consistent with SV-AUC result showing that pre-SAA1.1
and Ser-SAA1.1 form different assemblies and the build-
ing units may be different. Altogether, our results demon-
strated that the presence of SP affects the oligomerization
process and assembly of SAA1.1.

24 |
SAAl1l

The presence of SP stabilizes

To investigate the effect of the SP on SAA1.1 stability, we
performed temperature-induced denaturation. Unfolding
of pre-SAA1.1 and Ser-SAA1.1 was induced by melting
from 4°C to 100°C and refolding by cooling from 100°C
to 4°C. The conformational changes were automatically
monitored by far-UV CD at 222 nm. The data were col-
lected, normalized, and plotted against temperature for
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FIGURE 4 Assembly of pre-SAA1.1 and Ser-SAA1.1 crosslinked by PICUP. The assembly of pre-SAA1.1 and Ser-SAA1.1 was analyzed
at a protein concentration of 20 pM in 50 mM sodium phosphate buffer, pH 7.0, by PICUP. Pre-SAA1.1 and Ser-SAA1.1 samples with or
without PICUP were subjected to western blot probed by an anti-SAA antibody. The possible assemblies of pre-SAA1.1 and Ser-SAA1.1 are

indicated by arrows and numbers. HMW, high-molecular-weight

melting curves. The melting curve showed that pre-
SAA1.1 was 50% unfolded with Tm at ~48°C and fully
unfolded at ~80°C (Figure 5a). By contrast, Ser-SAA1.1
was 50% unfolded with Tm at ~23°C and fully unfolded
at a much lower temperature, ~35°C. The relative low
melting temperatures may suggest a marginal stability for
SAA1.1 in physiological temperature. When cooling from
100°C back to 4°C, the signal of pre-SAA1.1 was found to
be irreversible, suggesting that there was no refolding for
pre-SAA1.1 and the conformation of pre-SAA1.1
remained fully unfolded. In contrast to pre-SAA1.1, Ser-
SAA1.1 showed better thermo-reversibility with approxi-
mately 80% signal recovered after cooling (Figure 5a).
The CD spectra of native and refolded pre-SAA1.1 and
Ser-SAA1.1 at 4°C were also shown to depict the revers-
ibility (Figure 5b). The results indicated that the SP
increases the thermal stability of SAA1.1 but affects the
reversibility.

We also examined the stability of pre-SAA1.1 and Ser-
SAA1.1 by chemical denaturation and the changes in sec-
ondary and tertiary structure were monitored by far-UV
CD and intrinsic fluorescence spectroscopy upon urea
unfolding (Figure S2). The fluorescence intensity aver-
aged emission wavelengths (IAEW) were calculated from
the fluorescence spectra and plotted against urea concen-
tration. The far-UV CD and intrinsic fluorescence spectra
of native and unfolded pre-SAA1.1 and Ser-SAA1.1 are
shown in Figure S2A,B. In the intrinsic fluorescence
study, the unfolding curve of pre-SAA1.1 displayed a pat-
tern similar to two-state folding mechanism with a transi-
tion from ~1 to 4.5 M urea (Figure S2C). The mid-point
of the transition, [Urea],,,, was around 2.5 M. The dena-
turation curve obtained from far-UV CD showed a

transition at higher urea concentrations from 2 to 5 M,
indicating the unfolding of pre-SAA1.1 might not be
cooperative. By contrast, both signals detected by fluores-
cence and CD for Ser-SAA1.1 showed a transition from
~0 to 3 M urea with [Urea],/, around 1.5 M and without
an obvious pre-transition state (Figure S2C). These
results together with the temperature melting study
showed that Ser-SAA1.1 is less stable than pre-SAAIl.1
demonstrating the role of SP in stabilizing SAA1.1.

2.5 | SPin pre-SAA1.1 inhibits
fibrillization

To examine whether the SP affects the amyloidogenic
property of SAA1.1, we employed ThT binding assay to
monitor the amyloid fibrillization of pre-SAA1.1 and Ser-
SAA1.1 (Figure 6a). ThT is a classic amyloid dye that
binds to the cross-p structure of amyloid fibrils.*>*' Pre-
SAA1.1 and Ser-SAA1.1, and a SP control were subjected
to ThT assay at 25°C with 40-s agitation every 30 min.
The results showed that only Ser-SAA1.1 exhibited ThT
fluorescence enhancement as a function of time, indicat-
ing a spontaneous fibrillization (Figure 6a). No increase
in ThT fluorescence was detected for pre-SAA1.1 and the
SP control throughout the measurement. This indicated
that pre-SAA1.1 and SP alone was unable to form amy-
loid fibrils. In addition, we added equimolar synthetic SP
to Ser-SAA1.1 to examine the effect of SP in trans. The
results showed that Ser-SAA1.1 in the presence of the
external SP was still capable of forming amyloid fibrils in
similar fashion and kinetics (Figure 6a). However, we
have noticed that the ThT binding curve of Ser-SAA1.1 in
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FIGURE 5 Thermostability of pre-SAA1.1 and Ser-SAA1.1.

Thermal denaturation was performed on 20 pM pre-SAA1.1 and
Ser-SAA1.1 in 50 mM sodium phosphate buffer, pH 7.0.

(a) Temperature melting and refolding curves of pre-SAA1.1 (blue
circle) and Ser-SAA1.1 (red triangle). Temperature melting was
labeled as solid symbols and refolding as empty symbols. The
signals were normalized to indicate unfolded fraction (0 represents
the native state and 1 the unfolded state). Curves are only
presented to show the data trends. (b) CD spectra of native and
refolded pre-SAA1.1 and Ser-SAA1.1 at 4°C. Pre-SAA1.1 and Ser-
SAAL.1 are indicated as blue circles and red triangles, respectively.
Native and refolded proteins are labeled as solid symbols and
empty symbols, respectively

the presence of SP showed larger error bars compared
with Ser-SAA1.1. This may suggest that the addition of
the external SP interferes with the fibrillization process
or the interaction of ThT to the fibrils. To confirm
whether the addition of SP in trans affects quantity of the
fibrils formed, we repeated the ThT assay for Ser-SAA1.1
with or without SP addition and collected the superna-
tants from the end-point products after centrifugation to
remove fibrils (Figure S3). The supernatants were quanti-
fied by western blot and absorbance at 280 nm. The
results showed similar quantities of soluble Ser-SAA1.1
remained in both samples, indicating that fibril forma-
tion was not substantially inhibited by the external

180+
(a) —e— Pre-SAA1.1
150+ —— Ser-SAA1.1
Té 1204 Ser-SAA1.1 + SP
% 90 SP alone
= 60-
s
30
O_Wmm

0 10 20 30 40 50
Time (hr)
(b)
Ser-SAA1.1+SP
FIGURE 6 Amyloidogenicity of pre-SAA1.1 and Ser-SAA1.1.

ThT assay was performed on 20 uM proteins in 50 mM sodium
phosphate, pH 7.0, at 25°C with 40-s agitation every 30 min.
Fibrillization kinetics was monitored by fluorescence of 10 uM ThT
with excitation and emission at 442 and 485 nm, respectively.
Synthetic SP was added to Ser-SAA1.1 in a molar ratio of 1:1.
Symbols represent the average and error bars represent the
standard deviation of three experiments. (a) Fibrillization kinetics
of pre-SAA1.1 and Ser-SAA1.1 with or without the addition of the
synthetic SP. (b) TEM images of the end-point products from the
ThT assay (scale bars, 100 nm)

SP. The morphology of the end-point products from the
ThT assay was further examined by TEM. Consistent
with the results of the ThT assay, the TEM images
showed the presence of long fibrils in the end-point prod-
ucts of Ser-SAA1.1 with or without the addition of the
external SP (Figure 6b). No fibril-like species were
observed in pre-SAAl.1, although some small spherical
aggregates were observed in the end-point product of pre-
SAAL.1. Regarding the potential mis-disulfide bond for-
mation in pre-SAA1l.1, we also performed ThT assay of
pre-SAA1.1 in the presence of DTT. The ThT results
showed no fibril formation for pre-SAA1.1 under the
reducing condition (Figure S4). Taken together, our
results showed that the SP in pre-SAA1l.1 inhibits the
amyloid fibrillization properties of SAA1.1. Moreover, the
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substantial inhibitory effect only exists when the SP in cis
in SAA1.1 protein.

3 | DISCUSSION

AA amyloidosis is a protein misfolding disease occurring
in the peripheral system,** that is different from many
amyloidosis in the central nervous system such as Alzhei-
mer disease, Parkinson disease, and Huntington dis-
ease.”® SAAs, the pathogenic proteins of AA amyloidosis,
form insoluble filamentous amyloids and deposit in many
organs in the peripheral system,* where kidneys, liver,
and spleen are the main sites of SAA amyloid deposi-
tion.** Kidney involvement is a common manifestation
for AA amyloidosis and proteinuria is often the first clini-
cal presentation of the disease.*® For patients who have
sustained high level of SAA attributed from the active
inflammation diseases, the progression of AA amyloid-
osis can lead to severe organ failure and finally death.
For example, SAA deposition in cardiac tissue leads to
significant ventricular hypertrophy and abnormal cardiac
wall motion.*”** A study showed that the estimated
5-year survival was 31.3% in AA amyloidosis patients
with cardiac involvement compared with 63.3% in
patients without cardiac involvement.*’ Hence, elucidat-
ing SAA folding and misfolding mechanisms is essential
for therapeutic development for AA amyloidosis. Previ-
ous SAA studies mostly focused on mature SAA or SAA
peptides; however, to the best of our knowledge, the pre-
cursor protein pre-SAA with the SP has never been exam-
ined. In the present study, we investigated the effect of
SP on structure, stability, and aggregation property of
human SAA1.1 to facilitate the understanding of funda-
mental folding and misfolding mechanisms of SAA and
AA amyloidosis. We found that the presence of the SP
did not affect the helical structure of SAA1.1 but showed
apparent influences on the tertiary and quaternary struc-
ture of SAA1.1. The tryptophan residues of pre-SAA1l.1
are buried in a more hydrophobic environment, indicat-
ing an altered packing of the protein molecules in com-
parison with Ser-SAA1.1 without SP. Consistently, pre-
SAA1.1 also adopted less exposed hydrophobic surfaces
compared with Ser-SAA1.1. Both PICUP and AUC exper-
iments showed that pre-SAA1.1 and Ser-SAA1.1 form dif-
ferent oligomers. SV-AUC experiment showed that in
solution pre-SAA1.1 mainly exists as tetramers and octa-
mers, where Ser-SAA1.1 forms a hexamer. Previous stud-
ies have shown that human SAAI.1 exists as a dimer of
trimers in crystal structure and in solution® and it disso-
ciated to trimers under the treatment of 4 M GdnHCL
The trimeric SAA1.1 is formed mainly by the interaction
of helix] in monomeric SAAl.1 with a head-to-tail

packing.” Since the SP is a distinct extension at the N-
terminus of SAA1.1, it is likely that the steric hindrance
from the SP makes pre-SAA1.1 adapt to the formation of
the oligomers different from the hexamer formed by
SAA1l.1l. In combination with our results from tertiary
structure studies, the more buried tryptophan residues
and less exposed hydrophobic surfaces of pre-SAAIl.1
likely result from the different oligomeric assemblies.

Our intrinsic fluorescence results showed that the
tryptophan residues of pre-SAA1.1 move toward a more
hydrophobic environment in comparison with Ser-
SAA1.1. This generally keeps the tryptophan residues
away from the fluorescence quenching effect of solvent
and leads to an increased fluorescence intensity. How-
ever, the fluorescence spectrum of pre-SAA1.1 displayed
a decrease in the fluorescence intensity compared with
Ser-SAA1.1. In our chemical denaturation studies, the
similar phenomenon was also observed for both pre-
SAA1.1 and Ser-SAA1.1. In the native state (folded state),
the spectra of pre-SAA1.1 and Ser-SAA1.1 both showed
lower fluorescence intensities than in their unfolded
state. The fluorescence quenching in the native state of
protein compared with their unfolded state has been
reported in other proteins such as yD-crystallin.”® This
effect results from the fact that side chains of amino acid
residues can also be quenchers of tryptophan fluores-
cence as reported by Chen and Barkley.”' Therefore,
native pre-SAA1.1 and Ser-SAA1.1 likely fold into confor-
mations in which their tryptophan residues are located
close to the amino acid fluorescence quenchers and the
fluorescence is quenched. Unfolding relieves the quench-
ing effect of these amino acids. Similarly, it is likely that
the amino acid quenchers are in closer proximity to the
tryptophan residues in native pre-SAA1.1 than in Ser-
SAA1.1 and thus quench the fluorescence of pre-SAA1.1
to a larger degree.

In our thermal and chemical denaturation studies, we
found that the 18-residue SP substantially increased the
protein stability of SAA1.1. The increased stability by the
presence of the SP further inhibits the amyloidogenicity
of SAA1.1, in which pre-SAA1.1 was unable to form amy-
loid fibrils but Ser-SAA1.1 could. The major protein spe-
cies found in amyloid depositions of human organs are
the C-terminal truncated fragments of SAA1.>* This is
consistent with the finding that the C-terminal tail stabi-
lizes the helix bundle structure of SAA1.1 by forming
multiple salt bridges and hydrogen bonds with helix 1, 2,
and 4.*° Deletion of the first 11 residues at N-terminal
region in helix 1 resulted in decreased amyloidogenicity
of SAA1.”* The amyloidogenic core of SAA1 was reported
to locate at residues *SFFSFLG® in helix 1 and residues
2VWAAEAIS™ in helix 3.>>°* Since the SP presents in
the N-terminal region of SAAIl.1, that is close to the
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amyloidogenic core, it is possible that the presence of SP
in pre-SAA1.1 leads to a more stable structure of SAA1.1
and/or creates a hindrance for fibrillization that further
reduces the amyloid formation of SAA1.1. It has been
proposed that the helical hexameric SAA1.1 may undergo
dissociation to initiate p-sheet formation of amyloid
fibrillization.*® It is also possible that pre-SAA1.1 assem-
bles into more stable oligomers, that is, tetramers and
octamers, that cannot dissociate easily to monomer to
further prevent fibrillization. Our results showed that the
aggregation of Ser-SAA1.1 cannot be inhibited by the
addition of the synthetic SP. This further suggests that
the inhibitory effect comes from the stabilization of
SAA1.1 rather than interactions between the SP and
SAA1.1.

There are also some limitations of the present study.
First, all our experiments were carried out in vitro and
thus it should be acknowledged that the circumstances
and the conformational states of SAA1.1 can be different
in vivo. At this stage, we do not know the exact structure
and assemblies of SAA1.1 in cell or human body. It has
been shown that other SAA proteins form different oligo-
mers. Previous crystal structure studies reported that free
murine SAA3 forms tetramers>> whereas murine SAA3
arranges as trimers when bound to retinol.>® These find-
ings show that the oligomeric states of SAA proteins are
not invariable and SAA proteins may arrange into the dif-
ferent assemblies to conduct their function. The
biologically-relevant structures and assemblies of SAA1.1
still need further studies to uncover. Since the cleavage of
the SP generates mature SAA1.1 during secretion, pre-
SAA1.1 may not appear outside the secretory pathway.
Even though pre-SAA1.1 is not the functionally relevant
species in human body, by using pre-SAAl.l as a
research model, our results demonstrated that amyloid
formation may be inhibited by the stabilization of
SAA1.1 through targeting its N-terminus.

The current preventative and therapeutic strategy for
AA amyloidosis is to suppress the production of SAA by
cytokine blockers such as antagonists for IL-1, IL-6, and
TNF-o, or by cytotoxic agents and colchicine.”” Small
compounds such as DMSO and eprodisate have also been
shown to prevent amyloid formation and applied to AA
amyloidosis.”®* Besides, peptide inhibitors were
designed based on their similarity and complementarity
to the N-terminal amyloidogenic region of SAA to inhibit
SAA amyloid formation.®>®' Based on our results, we
suggest a potential therapeutic strategy to target the very
N-terminus of SAA1 and stabilize the protein that pre-
vents amyloid formation. The increase of protein stability
to prevent amyloidosis has been successfully delivered to
clinical use in the example of Tafamidis for transthyretin

(TTR) in hereditary TTR amyloidosis.®> The compound
stabilizes the tetrameric assembly of TTR and prevents
the dissociation and misfolding to amyloid fibrils.®?
Another study for Alzheimer disease has also shown that
targeting the N-terminal residues 3-7 of AP, which is
away from the amyloidogenic core, by N-terminal specific
antibodies prevents AP aggregation and rescues the detri-
mental effect in mice.’® In summary, in the present study
we discovered the stabilizing role of SP in SAA and facili-
tated the therapeutic development for AA amyloidosis.

4 | MATERIALS AND METHODS

4.1 | Protein expression and purification
Human pre-SAA1.1 (with SP) and mature SAA1.1 (with-
out SP) were constructed and cloned into pET-14b vec-
tors between the Ndel and BamHTI sites. Pre-SAA1.1 and
SAA1.1 both contained an N-terminal His-tag. A TEV
protease cleavage site (ENLYFQS) was added to the N-
terminus of SAA1.1 sequence for His-tag removal. After
TEV protease cleavage, SAA1.1 retained an additional
serine residue at the N-terminus and is referred to as Ser-
SAA1.1. The pET-14b vectors were transformed into
E. coli T7 expression strain BL21 and the transformed
cells were grown in LB medium at 37°C until the ODgg
reached 0.6-0.8. The expression of recombinant proteins
was then induced by the addition of 1 mM IPTG. Induc-
tion was allowed to proceed for 5 hr, and cells were har-
vested by centrifugation. The cells containing pre-SAA1.1
were resuspended in 20 mM Tris-HCl buffer, pH 8,
150 mM NacCl, containing protease inhibitor cocktail
(Complete, EDTA-free, Roche Applied Science,
Germany). To increase solubility, the cells containing
Ser-SAA1.1 were resuspended in 20 mM Tris-HCI bulffer,
pH 8, containing 5 M urea. Resuspended cells were then
lysed by a microfluidizer (model M110L, Microfluidics,
Westwood, Massachusetts). Pre-SAA1.1 and Ser-SAAIl.1
proteins were purified by HisTrap HP column
(GE Healthcare Bio-Sciences, Piscataway, New Jersey) on
a AKTA FPLC system (GE healthcare Bio-Sciences AB,
Sweden) in the absence or presence of 5 M urea, respec-
tively. The His-tag was removed from Ser-SAAl.1 by
incubation with TEV protease in a TEV:SAA molar ratio
of 1:20 at 30°C for 16 hr. Ser-SAA1.1 after TEV protease
cleavage was purified by passing through a Histrap col-
umn again and collected as the flow-through. The puri-
fied pre-SAA1.1 and Ser-SAAl.l1 proteins were
concentrated and dialyzed into a fresh 50 mM phosphate
buffer, pH 7.0, and stored in aliquots at —80°C for subse-
quent experiments.
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4.2 | Synthesis and preparation of the SP
of SAA1.1

The SP of SAA1.1 was chemically synthesized and pur-
chased from Scientific Biotech Corp. (Taipei, Taiwan).
The peptide sequence is MKLLTGLVFCSLVLGVSS. The
SP stock was freshly prepared prior to the experiments by
dissolving the lyophilized SP in 10 pl of dimethyl sulfox-
ide (DMSO), then diluting 10-fold into a 50 mM phos-
phate buffer, pH 7.0. The dissolved SP was centrifuged at
17,000g at 4°C for 10 min to remove possible precipitates
and quantified using a Pierce BCA Protein Assay kit
(Thermo Fisher Scientific, Waltham, Massachusetts).

43 | Far-UVCD

The protein samples were prepared at a final concentra-
tion of 20 pM in 50 mM phosphate buffer, pH 7.0, then
subjected to Far-UV CD measurement. Far-UV CD spectra
were examined by a Jasco J-815 spectropolarimeter (Jasco
Co., Japan) with a 1-mm path length quartz cuvette
(Hellma, Germany) at 4°C. The spectra were acquired over
a wavelength range of 190-250 nm at a scan rate of
100 nm/min. Data was collected as an average of 10 scans
with 1 nm bandwidth. Averaged CD signals, corrected
with buffer background, were converted to mean residue
ellipticity [®] (deg cm?® dmol ") according to the equation:

[©] = (1006)/(Cnl)

where, 6 is the measured ellipticity (millidegrees, mdeg),
C is the protein concentration (mM), n is the number of
amino acid residues, and [ is the path length (cm).

44 | Intrinsic fluorescence spectroscopy
Fluorescence spectroscopy measurements were conducted
on a FluoroMax Plus spectrofluorometer (Horiba Jobin
Yvon Inc., Edison, New Jersey) at room temperature using
a quartz cuvette of 3-mm path length (Hellma). The excita-
tion wavelengths were 280 and 295 nm and the emission
spectra were recorded from 300 to 450 nm. The slit widths
for excitation and emission were 2 and 1.5 nm, respec-
tively. The final spectra were averaged over 3 scans and
the buffer background were subtracted.

4.5 | ANS fluorescence

ANS stock solution was prepared to a concentration of
20 mM in a 50 mM phosphate buffer, pH 7.0. Each

sample contained 20 pM of pre-SAA1.1 or Ser-SAAIl.1
proteins and a final concentration of 200 pM ANS. ANS
was allowed to interact with any exposed hydrophobic
patches of the proteins at room temperature for 1 hr. The
fluorescence of ANS was excited at 375 nm and the emis-
sion spectra were recorded from 390 to 600 nm. Both
excitation and emission slit widths were 2 nm. Each final
spectrum was an average of 3 scans and the buffer back-
ground were subtracted.

46 | PICUP

Photo-induced crosslinking of pre-SAA1.1 and Ser-
SAA1.1 was performed following previous literature.®*
Briefly, the stock solutions of 1 mM Tris(2,2'-bipyridyl)
dichlororuthenium(II) hexahydrate (Ru(bpy);Cl,) and
20 mM ammonium persulfate (APS) were freshly pre-
pared in 10 mM sodium phosphate buffer, pH 7.4, respec-
tively. Each sample for PICUP included 18 pl of 20 pM
pre-SAA1.1 or Ser-SAA1l.1 protein, 1 pl of Ru(bpy)sCl,
stock, and 1 pl of APS stock. The samples were irradiated
with a blue LED light for 1, 5, 10, and 30 s and quenched
immediately by the addition of SDS-PAGE sample buffer
containing p-mercaptoethanol. The samples were then
boiled at 95°C for 10 min. The controls were prepared
under the same conditions except the addition of cross-
linking reagents or light exposure as indicated. The cross-
linked samples were further analyzed by western blot
with an anti-SAA antibody (ab687, Abcam, Cambridge,
Massachusetts).

4.7 | Analytical ultracentrifugation
Sedimentation velocity (SV) experiments were performed
on a ProteomeLab XL-I analytical ultracentrifuge
(Beckman Coulter, Brea, California). Each sample con-
taining 20 pM protein in 50 mM phosphate buffer,
pH 7.0, was loaded into a double-sector cell with a
12-mm Epon centerpiece. Data was collected at
25,000 rpm using an An-60 Ti rotor at 4°C and the radial
position of protein molecules was detected by UV absor-
bance at 275 nm. The SV absorbance profiles were ana-
lyzed by SEDFIT software using a continuous [c(s)]
distribution model to obtain the apparent distribution of
sedimentation coefficients (s).

4.8 | Thermal denaturation

The temperature melting and cooling of pre-SAA1.1 and
Ser-SAA1.1 at 20 pM were performed at pH 7.0 on a Jasco
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J-815 spectropolarimeter using a PTC 423 S/15 Peltier
temperature controller (Jasco Co.). The protein samples
in a rectangular quartz cuvette (1-mm path length,
Hellma) were heated from 4°C to 100°C and then cooled
from 100°C to 4°C at a rate of 2°C/min and the structural
changes were monitored by CD ellipticity (mdeg) at
222 nm. Data was collected at an interval of 2°C with a
bandwidth of 1 nm. The fraction of the unfolded protein
(fu) was calculated using the following equation:

Ju = Wobs —Yacc)/ W100°c —Yacc)

where y.ps is the observed CD signal at any temperature
along the denaturation; ysc and yigocc are the signals
observed at 4°C and 100°C, respectively.

4.9 | ThT assay

Pre-SAA1.1 and Ser-SAA1.1 were dialyzed into a freshly-
prepared 50 mM phosphate buffer, pH 7.0, centrifuged at
17,000g at 4°C for 10 min to remove possible precipitates,
and re-quantified. Samples were prepared with 20 pM
proteins and 10 pM ThT. After preparation, the samples
were transferred into a 384-well opaque microplate and
sealed with a transparent film. Fibrillization of pre-
SAA1.1 and Ser-SAA1.1 was monitored by the ThT fluo-
rescence measured at 25°C every 30 min with a 40 s agi-
tation prior to the measurement. ThT fluorescence was
excited at 442 nm, and the emission was collected at
485 nm by software SoftMax Pro 6.3 in SpectraMax M3

microplate reader (Molecule Devices, San Jose,
California).
410 | Transmission electron microscopy

The end-point products acquired from ThT assay were
subjected to TEM imaging. Ten microliters of ThT assay
end-point products were placed on glow-discharged,
400-mesh Formvar carbon-coated copper grids (EMS
Inc., Hatfield, Pennsylvania) for 10 min, rinsed by
double-distilled water, and stained with 1% uranyl ace-
tate for 30 s. The samples were then examined by Tecnai
G2 Spirit TWIN TEM (FEI Company, Hillsboro, Oregon)
with an accelerating voltage of 120 kV.
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