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prostaglandin D synthase (L-PGDS)
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Misfolding of Amyloid 3 (A3) peptides leads to the formation of extracellular amyloid plaques.
Molecular chaperones can facilitate the refolding or degradation of such misfolded proteins. Here,

for the first time, we report the unique ability of Lipocalin-type Prostaglandin D synthase (L-PGDS)
protein to act as a disaggregase on the pre-formed fibrils of A3(1-40), abbreviated as A340, and
AB(25-35) peptides, in addition to inhibiting the aggregation of A3 monomers. Furthermore, our
proteomics results indicate that L-PGDS can facilitate extraction of several other proteins from the
insoluble aggregates extracted from the brain of an Alzheimer’s disease patient. In this study, we have
established the mode of binding of L-PGDS with monomeric and fibrillar A3 using Nuclear Magnetic
Resonance (NMR) Spectroscopy, Small Angle X-ray Scattering (SAXS), and Transmission Electron
Microscopy (TEM). Our results confirm a direct interaction between L-PGDS and monomeric A340 and
AB(25-35), thereby inhibiting their spontaneous aggregation. The monomeric unstructured A340 binds
to L-PGDS via its C-terminus, while the N-terminus remains free which is observed as a new domainin
the L-PGDS-AB40 complex model.

Alzheimer’s disease (AD) is a devastating neurodegenerative condition which is projected to be a significant risk
factor for the global population by the year 2050, affecting more than 13.8 million people in the United States
alone'. The ‘amyloid cascade hypothesis, one of the critical theories on AD pathology, postulates that polym-
erization of Amyloid 3 (AB) in the brain is a major pathological event in AD>?. Soluble A§ in the form of small
oligomers, AB-derived diffusible ligands, and protofibrils are among the major toxic contributors towards AD
pathology®. In neuroprotection, the molecular chaperones play an important role by inhibiting protein aggre-
gation in the brain>®. Simultaneously, disaggregation of the pre-formed insoluble aggregates is also crucial to
mediate therapeutic response to AD pathology’. In this context, AB aggregation and accumulation is also a con-
sequence of the deficiency in A specific chaperones which can confer the neuroprotective function®’.

L-PGDS, also known as 3-trace protein, is proposed to be a major endogenous A@3 chaperone capable of inhib-
iting AB40 and APB42 aggregation'. It is a major brain-derived protein abundant in the human cerebrospinal fluid
(CSF), second only to Albumin'"'2. L-PGDS is involved in the regulation of various neurological processes, and
its altered expression levels in the brain lead to many disease conditions'>!*. Endogenous L-PGDS localizes with
amyloid plaques in both Tg2576 AD mice and patient brain and inhibits Af aggregation!®. L-PGDS also plays
a protective role after an ischemic stroke, promotes chemotactic migration of microglial cells and recruitment
of astrocytes at the site of injury and can scavenge the reactive oxygen species (ROS) through the thiol group of
Cysteine residue'>~'”. The expression of the ptgds gene is upregulated in AD phenotypes and positively correlated
with amyloid plaques'®'®. Its expression in the prefrontal cortex of the human brain is associated with clinical and
pathological traits of AD, where its level of expression is higher than in cases of other amyloidogenic diseases like
Amyotrophic Lateral Sclerosis (ALS) and Parkinson’s Disease (PD)'*. The mechanism of the chaperone activity
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of L-PGDS has been examined in this study. Here, we show that in addition to its protective role as a chaperone,
L-PGDS is also a unique extracellular disaggregase capable of breaking down pre-formed A fibrils in vitro.

Intracellular chaperone machinery mainly comprises heat shock proteins (Hsp) which work together as com-
plexes to prevent the aggregation of misfolded amyloids?!. Degradation of amyloids involves the transport of
unfolded proteins to lysosomes or proteasomes by these chaperones’. Proteasomes such as ubiquitin-specific pro-
tease (USP14) and 268 assist in the degradation of amyloids?**. Besides, extracellular chaperones like clusterin,
haptoglobin, and a2 macroglobulin can also bind to misfolded proteins and transport them to the scavenger
receptors promoting their degradation®**. Hsp104 in coordination with Hsp70 and its co-chaperone complex
with Hsp40, as well as Hsp110, utilize energy from the hydrolysis of ATP for disaggregation of aggregated prion
fibrils in yeast systems®>2°.

Similarly, the same co-chaperone complex sans Hsp104 affects the solubilization of amyloid aggregates in
metazoa®”?%. The general mechanism for amyloid disaggregation involves the disruption of non-covalent inter-
actions or requires energy attained through ATP hydrolysis. For therapeutic purposes, antibodies are the most
tested candidates for their potential as protein disaggregases to target the misfolded amyloids and degrade them
into smaller units which can be sequestered out of the body*. Monoclonal antibodies can deteriorate the mor-
phology of AB aggregates and disrupt their fibrillar structure. Unfortunately, one such antibody, Aducanumab
failed to treat AD in the clinical trial recently®®. Here, we report that L-PGDS forms a 1:1 complex with A340
peptide, while its binding site and mode of interaction with monomeric AB40 peptide being different from its
catalytic site®'. AB(25-35), a small fragment of AB(1-42), a fast aggregating peptide which retains its neurotoxic
properties, has shown increased oxidative stress and neuronal damage in rats****. We show that L-PGDS delays
the primary and secondary nucleation of A340 monomers upon binding and prevents the aggregation of A340
and AB(25-35) peptides. TEM images show the localization of L-PGDS at the growing tips of the preformed A3
fibrils followed by their disruption. Our NMR studies together with Molecular Dynamics (MD) modeling provide
a structural model of L-PGDS in complex with A340 highlighting the binding interface and confirming its inter-
action with the residues 25-35 of the amyloid peptide. In this study, we have demonstrated the unexplored func-
tion of L-PGDS as a potential A3 disaggregase and further reinforced its role as a major amyloid-3 chaperone.

Results

L-PGDS is a disaggregase. The potential role of L-PGDS in the disaggregation of AB40 and AB(25-35)
fibrils was investigated by Thioflavin T assay and TEM. ThT fluorescence of amyloid peptides incubated at 37°C
for spontaneous aggregation reached a plateau at the end of 22h and 15h for A340 and A( (25-35), respectively
(Fig. 1A,B). Addition of 5uM WT-L-PGDS and mutant C65A at this time point caused a decrease in fluorescence
intensity, which was further reduced over time compared to the untreated peptide controls. These observations
suggest changes in the fibril morphology associated with a rapid disaggregation process. A similar effect was
observed by a pulse of sonication of the preformed AB340 fibrils resulting in the mechanical fracturing of the
filaments (Fig. 1A). Thus our results demonstrate that both WT-L-PGDS and C65A mutant can alter the mor-
phology of AB40 and AB(25-35) fibrils by fragmenting or dismantling the fibrils.

TEM micrographs of untreated A340 and AP (25-35) samples display long fibrils, characteristic of these
peptides (Fig. 1C,D [left]). When AB340 and A(3(25-35) fibrils were treated with 5uM WT- L-PGDS, smaller
amorphous structures were observed (Fig. 1C,D [right]), indicating that L-PGDS disassembles both A340 and
AB(25-35) fibrils rapidly and efficiently. TEM images were further taken for analysis in Image j software, and
the average length of A340 and AB3(25-35) fibrils with and without L-PGDS treatment were measured and plot-
ted. Fig. 1E shows that the average length of (>150 [no. of fibrils]) untreated AB40 and AB(25-35) fibrils is
~300nm and ~500 nm whereas the average length has reduced to ~35nm and ~190 nm for L-PGDS treated
AB340 and AB(25-35) fibrils, respectively. Normal distribution of fibril length for untreated and treated samples
of AB40 and AB(25-35) is depicted in Supplementary Fig. S1B,C. More representative TEM images are shown in
Supplementary Fig. S2.

To identify the localization of L-PGDS on A(340 fibrils, L-PGDS was first conjugated with magnetoferritin
nanocages, and the size of conjugates was checked using Dynamic light scattering (Supplementary Fig. S3A)*. As
L-PGDS is relatively smaller in size than A340 fibrils, the conjugation of L-PGDS with ferritin is necessary for vis-
ualization. These conjugates are enzymatically active and exhibit chaperoning effect (Supplementary Fig. S3B,C).
Electron micrographs of AB40 fibrils incubated with L-PGDS-ferritin conjugates showed that L-PGDS preferen-
tially congregate at the growing tips of AQ fibrils (Fig. 1F [left]), preventing the fibril growth and possibly contrib-
uting to breaking of the fibrils. The control samples incubated with ferritin alone do not show any binding to the
fibrils or cause any alteration to fibril morphology (Fig. 1F [right]).

Furthermore, AB40 fibrils with and without L-PGDS treatment was injected into High-performance Liquid
Chromatography (HPLC) for quantification of soluble A340. Samples from each peak were collected, and the
molecular weight was estimated by MALDI-TOF MS. The chromatogram for untreated control and L-PGDS
treated sample showed a monomer peak with A,,,=170 mAU and A,,, =275 mAU, respectively (Supplementary
Fig. 4A,B). Additionally, the area under the curve calculated for the monomer peak of untreated and treated
samples are 3880 and 4068, respectively. These results clearly show that the number of monomers in the L-PGDS
treated sample has increased compared to the control because of the disaggregation property of L-PGDS.
Additionally, the size of the aggregates in untreated and L-PGDS treated AB340 fibrils were determined using
Dynamic light scattering (DLS) technique. The size distribution for untreated AB40 fibrils showed peaks at
~2000, 750 and 340 nm, whereas L-PGDS treated fibril sample showed peaks at ~970 and 270 nm (Supplementary
Fig. $4C). The peak at ~4nm in L-PGDS treated sample corresponds to the size of L-PGDS. This demonstrates
that the fibrils are broken down by L-PGDS.

To further confirm the disaggregase role of L-PGDS, insoluble protein aggregates were extracted from
human AD brain. Addition of L-PGDS to the insoluble aggregated protein mass resulted in solubilization of
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Figure 1. Disaggregase activity of L-PGDS on A(340 and A3(25-35) fibrils. (A) Thioflavin T fluorescence
plotted against time for 50 uM A340 control (black) treated with 5pM WT L-PGDS (red) or 5uM C65A mutant
of L-PGDS (blue), or upon sonication (green) after 22 h (black arrow) of aggregation. (B) ThT fluorescence

plot for A3(25-35) fibrils obtained from 50 uM monomers over 20 h. The curves represent A3(25-35) fibrils
(black), fibrils with addition of 5 uM WT-L-PGDS (red) or 5uM C65A mutant of L-PGDS (blue) at 15"

hour (black arrow) of incubation. The shift in the log phase onset of the aggregation might be caused by the
presence of smaller aggregates which remained even after the solubilization in HFIP. (C) Transmission electron
micrographs of mature A340 fibrils alone (left) and upon treatment with WT-L-PGDS (right). (D) TEM
micrographs showing A3(25-35) fibrils alone (left) and AB(25-35) fibrils treated with WT-L-PGDS (right).

(E) Analysis of average length of the AB340 fibrils (blue) and A3(25-35) (cyan) fibrils from TEM images in the
presence or absence of L-PGDS (n~175). S.E.M. were plotted. (F) TEM micrographs (Scale bar: 100 nm) to
identify the localization of L-PGDS to A(340 fibrils. L-PGDS conjugated with ferritin nanocages (left) can be
seen localized along the tips of fibrils whereas ferritin nanocages alone (right) do not interact with the fibrils.

several proteins. Hexafluoroisopropanol (HFIP) and formic acid-treated samples served as positive controls. The
follow-up proteomics analysis identified, at least 187 released proteins from L-PGDS-treated sample, 191 and 365
proteins from HFIP and formic acid-treated samples, respectively, (Supplementary Table. S1). L-PGDS was effec-
tive in solubilizing some critical proteins like synaptotagmin, Malate dehydrogenase, Acetyl-CoA acetyltrans-
ferase, Pyruvate kinase, L-Lactate dehydrogenase, 14-3-3 Protein (/§, 14-3-3 Protein 3/, Dynein, Profilin-2 and
phosphofructokinase which even formic acid and HFIP could not solubilize. L-PGDS treatment has extracted
proteins such as hemoglobin, whose levels are significantly increased in AD brain where it binds to A fibrils
and co-localizes with amyloid plaques®. Proteomic analysis of L-PGDS solubilized aggregates identified proteins
like a-enolase, glyceraldehyde 3-phosphate dehydrogenase, and L-lactate dehydrogenase B chain, which were
previously found to be significantly elevated in AD brain®. Some energy metabolic enzymes such as transketo-
lase, Acetyl-CoA acetyltransferase, malate dehydrogenase, serum albumin, and phosphofructokinase are also
upregulated in the AD brain®**. L-PGDS solubilized all these glycolytic and energy metabolic enzymes from
the protein aggregates of AD. In addition, chaperones like HSP 90 protein, a-crystallin B chain that are com-
monly abundant in AD in the region of senile plaques®; signal transduction proteins such as 14-3-3 §/a, 14-3-3
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Table 1. Comparison of proteins extracted by L-PGDS, Formic acid and HFIP from insoluble protein
aggregates of AD brain to proteins commonly found in AD brain published in literature.

/8, synaptotagmin, Dihydropyrimidinase-related protein 2 and profilin-2; and membrane trafficking proteins
including dynamin, dynein, and clathrin were also identified in L-PGDS-treated extractions of AD brain tissues
(Table 1).

L-PGDS inhibits primary and secondary nucleation. To investigate the inhibitory role of L-PGDS in
AQ aggregation, AB40 and AB(25-35) peptides were incubated at 37 °C with and without L-PGDS in ThT assay.
Both A(340 and A(3(25-35) displayed a characteristic sigmoidal curve indicative of amyloid formation involving
primary nucleation, fibril elongation, and secondary nucleation®. The ThT curve showed increased fluorescence
after 8h and 4h and reached a plateau after 14h and 7h for A340 and AB(25-35), respectively (Fig. 2A,B). The
increased fluorescence intensity of ThT for A3(25-35) is suggestive of more fibrils with extended hydropho-
bic surfaces for better ThT fluorescence*’. AB40 peptide incubated with 5uM WT- L-PGDS and C65A mutant
exhibited significantly reduced fluorescence compared to the untreated control. To calculate the IC50 of WT-
L-PGDS for A340 aggregation, A340 was incubated with different concentrations of L-PGDS, and the end-point
fluorescence intensity was taken for the calculation. The data were normalized and fitted using (Inhibitor vs.
normalized response - Variable slope) non-linear curve fitting in Graphpad prism?7. ThT data used for IC50 cal-
culation is shown in Supplementary Fig. S5C. The IC50 of WT- L-PGDS for A340 aggregation was calculated to
be 0.98 £0.09 uM (Fig. 2C). Both WT- L-PGDS and C65A treated A340 samples showed ~80% and ~60% inhi-
bition of AB40 aggregation respectively compared to the control, indicating that WT-L-PGDS is more effective in
inhibiting aggregation than C65A mutant (Fig. 2D). Kanekiyo et al. stated that the C65A mutant of L-PGDS does
not inhibit A340 aggregation, proposing C65 to be an essential residue in the chaperone function of L-PGDS™.
However, our results indicated that there is residual chaperone activity in the C65A mutant. Similarly, when the
AB (25-35) peptide was incubated with 5uM WT- L-PGDS and mutant C65A, respectively, complete inhibition
of aggregation was observed, suggesting that both WT- L-PGDS and mutant C65A are capable of completely
inhibiting primary and secondary nucleation. A340 peptide incubated with 1 uM WT- L-PGDS and C65A mutant
also showed ~40% inhibition of aggregation and even at such low concentration (Protein: Peptide (1:50)), both
WT-L-PGDS and C65A exhibited complete inhibition of aggregation for A3 (25-35) (Supplementary Fig. S5A,B).

To study the effect of L-PGDS on the microscopic events of aggregation, the ThT curves obtained for A340
in the absence and presence of L-PGDS were taken for analysis using Amylofit"' and the curve fitting was per-
formed using the multistep secondary nucleation dominated model with a mean residual error of 0.00158. The
rate constants for primary nucleation, secondary nucleation, and elongation calculated are 4.36 x 10~ *M~'h™!,
376.9M~'h71 and 3.77 x 10*M~! h™! respectively for A340 control and 3.03 x 10> M~ h~!,59.85M~' h~!and
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Figure 2. Protective role of L-PGDS as a chaperone. (A) Thioflavin T fluorescence plot for 50 uM AB340 (black)
treated with 5uM WT L-PGDS (red), 5uM C65A mutant (blue). (B) Thioflavin T curve for 50 uM AB3(25-35)
(black), treated with 5uM WT-L-PGDS (red) and 5puM C65A mutant (blue). (C) ICs, fitting curve for

L-PGDS on A(340 aggregation (IC5,=0.98 +0.09 uM) (S.E.M calculated for n=3). (D) Inhibition of A340 and
AB(25-35) in the presence of WT-L-PGDS (red) and C65A (blue). (E) Fluorescence microscopy images (Scale
bar: 50 pm) of untreated AB340 (control) and AB340 incubated with 1M, 5uM and 10 uM WT- L-PGDS (left to
right). (F) Quantification of average size of the amyloids from untreated A340 and 1uM, 5uM and 10 pM WT-
L-PGDS treated samples (S.E.M calculated for n~120).

3.6 X 10°M ™" h™! for L-PGDS treated AB340. Fourteen-fold reduction in primary nucleation and six-fold reduc-
tion in secondary nucleation rate constant suggests that L-PGDS inhibits the A340 aggregation by targeting the
monomers, oligomers and fibril surface eventually resulting in reduced fibril content compared to the untreated
control.

Inhibition of AB40 aggregation by L-PGDS was studied morphologically by fluorescence microscopy (Fig. 2E).
AB340 samples incubated with 1, 5, and 10 uM WT- L-PGDS were taken for analysis. Untreated A340 peptide used
as control exhibited long fibrils (Fig. 2E [left]) whereas AB340 grown with 1 pM L-PGDS showed larger amor-
phous structures. A340 incubated with 5 and 10 puM L-PGDS displayed small amorphous structures instead of
fibrils (Fig. 2E [right]). The fluorescence microscopy images were further analyzed using Image j software to
measure the size of amyloids in AB40 control, and L-PGDS treated samples. More than 100 amyloid structures
were taken for analysis in each sample. The analysis showed an average size of ~60 pm for untreated A340 con-
trol and ~40, 10, and 5um for 1, 5, and 10 uM L-PGDS treated samples, respectively (Fig. 2F). This confirms the
concentration-dependent inhibition of A340 fibrillation by L-PGDS. The normal distribution of amyloid size in
each sample plotted using Origin pro-2018 is shown in Supplementary Fig. SIA. More representative fluorescence
images are shown in Supplementary Fig. S5D. Our observations suggest that L-PGDS affects both the aggregation
kinetics and the morphology of A3 aggregates.
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L-PGDS specifically binds AB40 in 1:1 stoichiometric complex in a manner distinct from cata-
lytic substrates. Using NMR and X-ray analysis, our previous studies have demonstrated that L-PGDS binds
to two substrate-analog molecules at the primary (catalytic) and secondary (peripheral) binding sites, respec-
tively, with different affinities®'. MALDI-TOF mass spectrometry (MS) analysis shows that L-PGDS-A(340 com-
plex (in 1:1 stoichiometry) is sufficiently stable to withstand desorption and ionizing conditions created during
this detection process (Supplementary Fig. S6). Based on the MS results, we posit that A340 binds to L-PGDS
in 1:1 stoichiometric ratio. In addition to L-PGDS peak at around 19.8 KDa, an additional peak at 24.1 KDa for
L-PGDS-AB40 complex strongly supports that one A340 peptide binds per molecule of L-PGDS. Although higher
peaks were observed due to the propensity of L-PGDS to form oligomers through disulfide linkages, no additional
peaks corresponding to L-PGDS-AB340 complex were detected. This observation, together with the analysis of
SAXS diffraction data indicate a thermodynamically stable complex being formed at this stoichiometry.

NMR in solution was used to delineate key residues involved in the binding interface of WT- L-PGDS-A{340
complex. A 2D 'H-"*N HSQC spectrum of WT- L-PGDS was recorded in the absence and presence of A340
peptide at a molar ratio of 1:4 (protein: peptide) (Fig. 3A). Upon addition of the A340 peptide to *N-labeled
L-PGDS, cross-peaks stemming from residues D37, L40, S63, L77, L84, T91, A129, L130, K137, R144, M 145 and
F179 were shifted (Fig. 3B), while cross-peaks from residues L55, E57, T73, G76, A99, G100, S104, S114, T115,
D126, F163, T188, and Q190 showed significant attenuation in signal intensity (Fig. 3C). Also, cross-peaks from
residues A49, N51, S67, L79, T82, T91, S114, V121, T123, Y128, L130, K137, G140, M145, A146, T147, K160,
1177, and D184 completely disappeared upon binding. The catalytic and proximal residues are not affected by
binding. In contrast, titration of '"N-labeled WT-L-PGDS with the substrate analogue resulted in chemical shift
perturbation of residues D37, F39, W43, A49, W54, R56, E57, S67, M64, C65,W112, Y116, Y128, G140, D142,
R144, T147, L148 and significant enhancement of cross-peak intensities in residues T73, G75, G76 and L77, indi-
cating different binding modes between two ligands®'. The exact cause of the excessive line broadening observed
in L-PGDS-AB40 titration is not well-established but can be tentatively attributed to the fast complex dissociation
rate resulting in an intermediate exchange regime in the NMR chemical shift time scale*?. The small and wide-
spread chemical shift perturbations observed in the spectrum could be due to the formation of an encounter
complex*® comprising an ensemble of A340 orientation within the L-PGDS-AB340 complex.

To investigate the binding of L-PGDS to A(340, we performed reverse NMR titration in which 'H-""N HSQC
of ®N-labeled monomeric A340 peptide was recorded with and without the addition of unlabeled L-PGDS at
a molar ratio of 1:0.5 (Fig. 4A). Resonance assignments of monomeric A340 spectrum were transferred from
biological magnetic resonance data bank (BMRB) entry 11435*. Cross peaks from residues R5, D23, V24, L34
and M35 showed chemical shift perturbation (>0.02 ppm) (Fig. 4B) while residues V18, F19, F20, A21, E22,
D23, V24, G25, S26, K28, G29, A30, 131, 132, G33, L34, M35, V36, G37, G38, V39, and V40 showed significant
reduction in signal intensity (Fig. 4C). The chemical shift perturbations and line broadening of residues in both
L-PGDS and AB40 peptide are suggestive of a complex formation. From our NMR titrations, it is evident that the
hydrophobic C-terminus of A340 (residues 18-40) is primarily involved in binding to L-PGDS which is well in
agreement with the SPR results shown previously'. Due to extensive line broadening, direct structure determi-
nation of the complex by NMR was not possible.

Binding of AB40 to L-PGDS adds an extra domain. To track the overall shape change of L-PGDS
in 1:1 complex with A340, SAXS in solution was performed, which provides information about the radius of
gyration (Rg), maximum particle dimension (Dmax), low-resolution shape, conformation, and assembly state.
L-PGDS measured at 1.0, 2.5 and 4.0 mg/ml showed neither a concentration-dependent increase in particle size
nor aggregation as inferred from the Guinier plot (In 1(q) vs. q%), which appeared linear and revealed good data
quality (Supplementary Fig. S7A). From the slope of the linear fit, the experimental Rg-values derived at a protein
concentration of 2.5mg/ml is 17.91 & 0.32 A (Supplementary Table. S2; Fig. 5A). The extended scattering curve
is converted using the indirect Fourier transform to provide the distance distribution function (P[r]), which is a
histogram of distances between all possible pairs of atoms within a particle. The P(r) of L-PGDS exhibits a single
local maximum with a slightly right-skewed distribution (Fig. 5B) with a Dmax of 57 £ 5 A, indicating a globular
protein with slight elongation in solution. The Rg-value extracted from the P(r) function (18.04+0.17 A) agreed
with the Rg-value derived from the Guinier region (Supplementary Table. S2). The scattering curve is transformed
into a normalized Kratky plot*. L-PGDS exhibits the profile typical of standard globular proteins (Fig. 5C). The
Porod-Debye plot was generated by processing scattering data as g*I(q) vs. g%, which displayed a plateau, typical
for a compact molecule (Porod exponent being 3.9) (Supplementary Fig. S7D). The molecular mass calculated
for L-PGDS based on the volumes extracted from a higher angle of scattering data, the excluded volumes and
the volume of correlation, reveal that human L-PGDS exists as a monomer in solution at the tested range of con-
centrations (Supplementary Table S2). The theoretical scattering curve for the crystallographic structure (PDB
ID: 4IMN) computed using CRYSOL*® had a good fit to the experimental scattering data with a discrepancy
(x?) of 0.35 (Fig. 5A). Ten low-resolution shapes of human L-PGDS were reconstructed ab initio, which had a
normalized spatial discrepancy (NSD) of 0.52 £ 0.02. The final averaged and filtered model was superimposed
on the crystal structure with an NSD of 1.05 A (Fig. 5D). The shape of L-PGDS has a larger globular domain and
a short domain. The unoccupied density in the bead model (represented by the arrow in Fig. 5D) suggested that
the N and C-terminal residues, which are not reconstructed in the crystal structure, might be flexible in solution
and occupy the extra density. To model the missing seven N-terminal and fifteen C-terminal residues, rigid body
modelling was performed. The CORAL model had a better fitting to the experimental data (x?=0.27) than the
crystal structure (x?=0.35) and was superimposed on the SAXS shape with an NSD of 1.09 (Fig. 5D,E).
Addition of A340 to L-PGDS resulted in a stable complex, and no aggregation of A340 was observed as
demonstrated by the Guinier plot (Fig. 5A; inset). Nevertheless, the overall particle size of the complex increased
by approximately 1 A, resulting in an Rg-value of 18.9140.29 A (Supplementary Table. S2). Interestingly, the
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Figure 3. NMR titration of 1*N-labeled L-PGDS with unlabeled AB340. (A) Superposition of 'H-'*"N HSQC
spectra of L-PGDS alone (blue) and upon addition of A340 (red) at a molar ratio of 1:4. The cross-peaks were
assigned following®'. (B) Chemical shift perturbation plot of L-PGDS showing residues with CSP > 0.03
highlighted in red. (C) Bar graph showing changes in intensity ratio (I/Io) comparing L-PGDS alone and
L-PGDS-AB40 complex. Residues showing I/Io < 0.4 are highlighted in red. Io is the intensity of free protein
and I is the intensity of the complex.

overall length increased by 8 A, leading to a Dmax of 65+ 5 A (Supplementary Table. S2). This difference is
reflected in the P(r) profile, where a long tail with a small hump is observed, indicating the presence of a small
additional domain (Fig. 5B). Although the normalized Kratky plot of L-PGDS with A340 is similar to the pro-
tein alone, a slight shift is observed, suggesting a more elongated shape (Fig. 5C and Supplementary Fig. S7C).
Moreover, the Porod-Debye plot showed a plateau with Porod exponent of 3.9, similar to protein alone, indi-
cating a compact molecule (Supplementary Fig. S7D). An Ab initio low-resolution shape of L-PGDS with A340
(NSD =0.54 £ 0.02) showed two domains; one large globular domain and an elongated protrusion (Fig. 5F) with
the extra density assigned to the A340 peptide. Using the crystallographic structure of Anticalin, a close homo-
logue of L-PGDS, in complex with AB40 (visible residues 16-28, PDB ID: 4MVI)* as a template, a CORAL
model was generated allowing flexibility for the N- and C-terminal residues of the A340 peptide (15 residues
in N-terminus and 12-residues in C-terminus) and for the L-PGDS (7 and 15 residues in N- and C-termini,
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Figure 4. NMR titration of *N-labeled AB340 with unlabeled L-PGDS. (A) Superposition of 'H-'*N HSQC
spectra of free A340 (blue) titrated with unlabeled L-PGDS (red) at a molar ratio of 1:0.5. Resonance
assignments of monomeric AB40 spectrum was obtained from Biological magnetic resonance data bank
(BMRB) entry 11435. (B) Chemical shift changes between the free A340 peptide and L-PGDS-AB340 complex.
Residues with CSP > 0.02 are colored in orange (C) Bar plot representing the attenuation of cross-peak intensity
ratio (I/Io) of free peptide (Io) and the peptide-protein complex (I). Residues with I/To < 0.2 are colored in
orange.

respectively). This CORAL model shows an improved fit to the experimental data (x*=0.31) and can be superim-
posed to the SAXS shape with the NSD of 0.9 (Fig. 5E,F). In this model, the N-terminal residues of A340 occupy
the extra elongated domain (Fig. 5F) with the C-terminal residues of the peptide and the N- and C-terminals
of L-PGDS positioned inside the larger globular part. The normal P(r) distribution, the peak at the theoretical
value in the normalized Kratky plot, a plateau in the Porod-Debye plot, a smaller NSD value between the ab initio
shapes and a good fit to a CORAL model indicates, that the L-PGDS-A(340 complex is compact and rigid, hence
a single structure was derived for the complex.

MD simulation model of L-PGDS/AB340 complex. The representative model of the L-PGDS/A(340
complex was reconstructed using 5 repeats of classical molecular dynamics simulations with random different
initial velocities to increase sampling of the conformation space. The radius of gyration plot for A340 through-
out the five repeats shows a diverse range and dynamic fluctuation between 1.0 and 2.4 nm (Supplementary
Fig. S8A) which reflects the conformational flexibility of A340 as an intrinsically disordered peptide. We extracted
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Figure 5. Solution X-ray scattering studies of L-PGDS with AB340 peptide. (A) Experimental scattering pattern
(o) and calculated scattering profile of the crystal structure (—; red) of L-PGDS (black) and in complex with
AB40 peptide (blue). (Inset) Guinier plots show linearity, indicating no aggregation. The scattering profiles are
offset for clarity by applying arbitrary scale factors. (B) Overlapping of pair-distance distribution function P(r)
of L-PGDS (black), in complex with A340 peptide (blue). L-PGDS with A340 has an extended tail (represented
by the blue arrow). (C) Normalized Kratky plot of L-PGDS (e; black) compared to its complex and the compact
globular lysozyme (e; grey) with a peak (—; grey), representing the theoretical peak and assuming an ideal
Guinier region of a globular particle. (D) The averaged and filtered envelope of L-PGDS (grey) from ten
independent ab initio reconstructions using DAMMIN superimposed (top) onto the cartoon representation
of the crystal structure (green; PDB ID: 4IMN) and (bottom) with the CORAL model (cyan). The flexible

N- and C-terminal residues in L-PGDS are shown in red. The unoccupied density is represented by an arrow.
Front (left) and side (right) views are displayed. (E) Fitting of the CORAL model (—; red) to the experimental
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scattering pattern (O) for L-PGDS (black) and the L-PGDS-A(340 complex (blue). (F) The averaged and filtered
ab initio low-resolution shape of L-PGDS with AB340 (blue) superimposed (top) onto the cartoon representation
of the crystal structure (green; PDB ID: 4IMN) and (bottom) with the CORAL model (cyan). The flexible N-
and C-terminal residues in L-PGDS are shown in red and for A340 in magenta.

structures corresponding to conformations of A340 with a radius of gyration values larger than 1.95nm sam-
pled in the simulations. Geometric clustering performed for A340 with a clustering cutoff of 0.8 nm resulted in
seven clusters, with the top five clusters accounting for more than ~99% of the conformations. The representative
structure of cluster 2, which accounts for ~12% of the conformations, shows good agreement with experimen-
tal data (Fig. 6A). Besides, the N-terminal residues 1-16 of AB40 did not interact with the chaperone and are
extended as seen in the space-filling model of SAXS (Fig. 5F) while the residues 18-26 are located at the entrance
of L-PGDS calyx. The residues 29-40 were transiently packed against a shallow grove on the L-PGDS surface,
exhibiting considerable conformational variation in packing. A comparison between L-PGDS-A340 complex
model and L-PGDS-substrate crystal structure shows that A340 binding to L-PGDS is different from substrate
binding (Fig. 6B).

To further understand the interaction between L-PGDS and AB340, we generated a contact map based on the
average heavy atom distances between residues of L-PGDS and AB340 from the simulation representative cluster,
with a range of 0 (white) to beyond 10 A (dark blue) (Supplementary Fig. S8B). On the contact map, we were able
to identify several light-colored regions, which is indicative of L-PGDS and A340 residues being in proximity to
each other (Supplementary Fig. S8B). Residues in L-PGDS and AB340 that showed chemical shift perturbation
(CSP) or line broadening in HSQC spectrum upon binding are shown in red and yellow boxes, respectively.
Residues which showed perturbation or signal broadening in NMR were also found in the light-colored regions
of the residue contact map. This indicates that our model agrees with experimental NMR data, showing a direct
binding between L-PGDS and A(340 (Fig. 6A, Supplementary Fig. S8B).

Moreover, our simulation model can propose additional contact sites between L-PGDS and A(340 (Magenta,
Supplementary Fig. S8B). It is important to note that in addition to direct binding, CSP can also arise as a result
of conformational changes in the protein that were induced during ligand binding*. Few residues that showed
CSP were found deep inside the L-PGDS calyx (Fig. 6A). We attribute the presence of such CSP and broad loss of
resonances as a result of allosteric changes in L-PGDS upon binding with A340.

Discussion

Molecular chaperones play a protective role in neurological disorders by inhibiting or modulating protein aggre-
gation®”. Among the several proteins studied for their chaperone function, HSP60 inhibits aggregation by acting
upon the early oligomeric species, which acts as seeds in the aggregation process®. The extracellular chaperone,
clusterin sequesters AP oligomers and aB-crystallin prevent elongation of AB fibrils in the human brain>"*2,
Human Brichos domains specifically inhibit the secondary nucleation in A3 aggregation and limit human A342
toxicity®®. While some of these proteins may function as important Af3 chaperones contributing to the mainte-
nance of Af3 systemic homeostasis, the search for a major brain-specific chaperone prompted us to study the
mechanism of chaperone activity of L-PGDS in both inhibition of AQ fibril formation and disaggregation.

L-PGDS inhibits primary and secondary nucleation of A340 by interacting with monomers and fibril sur-
face and thereby reduces the final fibril content. Our NMR result reveals specific binding of L-PGDS to the
C-terminus of A340, which includes the region G25-G29, the critical residues involved in the conformational
change of A from random coil to 3-sheet structure®. Interactions with these residues might be the cause of inhi-
bition. This result agrees well with the SPR result shown previously?. The mass spectrometry analysis shows that
one molecule of A340 is bound to the L-PGDS calyx, forming a stable complex. However, A340 peptide in this
complex retains a significant degree of conformational flexibility, potentially adopting a range of conformations
including extended beta-hairpin as observed in anticalin/AB340 or short helices predicted by the Hamiltonian
replica-exchange MD simulations (data not shown).

Our results show that L-PGDS inhibits AB40 and AB(25-35) aggregation effectively even at a molar ratio of
1:10, which is in agreement with previous studies'?. The concentration of L-PGDS in CSF under normal condi-
tion (26 ug/ml) would be sufficient to prevent aggregation and keep the A340 (1.6-17.1 ng/ml) in a monomeric
state'">>. However, recent studies have shown that the level of L-PGDS in the CSF of AD patients is signifi-
cantly reduced as compared to healthy controls®*>*”. Though several other chaperones such as Hsp60, Brichos,
and aB-crystallin have been shown to inhibit A3 aggregation®>®*, the levels of L-PGDS in CSF is much higher,
elevating its impact on the A3 homeostasis'>%.

Additionally, L-PGDS exhibited characteristics of a disaggregase by dismantling preformed fibrils of A340
and AB(25-35) as shown in ThT assay, TEM images, HPLC, DLS, and proteomics data. Although the precise
molecular mechanism remains elusive, here we explained the possible mechanism by which L-PGDS breaks
the fibrils. L-PGDS has established specific interaction with the region G25-G29, the exposed residues in fibrils
that contain the bend which connects two (3-sheets®. We hypothesize that this interaction might potentially
disrupt the non-covalent intermolecular interactions between the fibrils and disassembles them. Similar effects
observed for fibril disintegration by L-PGDS and sonication suggests that direct interaction of L-PGDS with
amyloid fibrils (Fig. 1F) might result in fibril remodeling rather than passively shifting the monomer/fibril equi-
librium by sequestering the monomers. With adequate binding interactions, L-PGDS can disaggregate A340
fibrils without co-chaperones and ATP consumption; a mechanism similar to the molecular chaperone CpSRP43
(Chloroplast signal recognition particle)®’. HTRA1 is a yet another molecular chaperone which executes disag-
gregation without the aid of any co-chaperones and ATP consumption®. HTRA153%*A, a proteolytically inactive
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Figure 6. Model of L-PGDS in complex with A340 and L-PGDS-substrate analog complex. Model of L-PGDS
bound with A340 obtained from molecular dynamics simulation. Structure of L-PGDS is represented in cyan
and AB40 is represented in yellow. Residues which showed chemical shift perturbation or line broadening
upon binding as shown by NMR are highlighted in red and blue in L-PGDS and AB340, respectively (B) X-ray
structure of the L-PGDS-substrate analog complex from Lim et al. L-PGDS structure is shown in cyan and
the substrate analog is represented in yellow. Red highlights are the residues which showed chemical shift
perturbation or signal broadening upon binding with the substrate analog®'.

variant of HTRA1, has shown to disintegrate preformed fibrils of 4 R tau when treated at an equimolar ratio in
sedimentation assay®. Quantification of tau fibrils disintegration by HTRA 153284 showed a fourfold reduction in
the amount of fibrils compared to the untreated control, and the AFM image of HTRA 153284 treated fibrils still
showed residual fibrils or aggregates®.

L-PGDS exhibits disaggregase activity for A340 and AB(25-35) fibrils even at sub-stoichiometric ratios of
1:10. Moreover, L-PGDS efliciently solubilized several key proteins commonly found in AD brain proteome when
added to the insoluble protein aggregates extracted from AD brain tissue. Proteomic analysis of L-PGDS solu-
bilized plaque proteins resulted in the identification of 187 proteins (Supplementary Table. S1), which includes
chaperone proteins and proteins of different pathways including glycolysis, energy metabolism, and signal trans-
duction. These results further reinforce the disaggregase role of L-PGDS.

Currently, 17 key human proteins and protein complexes have been identified for their possible function as
neuroprotective amyloid-3 chaperones (Supplementary Table. S3). The corresponding mode of action of these
chaperones (inhibit primary or secondary nucleation, disaggregate bundle of amyloids, delay fibril growth),
ATP dependence, location (intracellular or secreted), levels of expression in various brain areas (cerebral cortex,
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hippocampus, caudate, cerebellum)® vary significantly, reflecting their relative contribution to the neuroprotec-
tion. L-PGDS is a unique chaperone, ubiquitously expressed in various parts of the brain, which inhibits primary
and secondary nucleation, and disaggregates preformed fibrils of A3 without ATP consumption. In conclusion,
the novel disaggregase property of L-PGDS described in this paper elucidates the mechanism for its previously
suggested role as a chaperone.

Methods

Protein expression and purification. The gene encoding Human wild-type L-PGDS was cloned in
pNIC-CH2 vector containing the C-terminal hexa-histidine tag. 1-22 amino acids encoding the signal peptide
was truncated from the gene sequence. The plasmid was then transformed into Rosetta 2 DE3 singles E. coli cells
(Novagen) for expression. Cells were grown at 37 °C in terrific broth and induced at ODgy, = 0.8-1.0 with 1 mM
Isopropyl 3-D-1-thiogalactopyranoside (IPTG) and incubated at 37 °C for 3-4 h. For '*N labeled protein expres-
sion, cells were grown in M9 media containing 1 g/L °N labeled ammonium chloride and induced with 0.5 mM
IPTG followed by incubation at 18 °C overnight. His-tagged protein was purified using Ni-NTA resin through
immobilized metal affinity chromatography (IMAC). Protein collected was entirely denatured with 8 M urea and
then refolded by dialysis at 4 °C to get rid of any hydrophobic molecules attached to the hydrophobic pocket of
L-PGDS. The protein was then further purified by Superdex75 10/300 GL column in AKTA Fast performance
liquid chromatography (FPLC) in 20 mM HEPES, 150 mM NaCl, 2mM TCEP (pH 6.5).

Recombinant expression of A340. pET 28a vector carrying A340% gene was transformed to Rosetta 2
DE3 singles E. coli cells (Novagen). Cells grown at 37 °C were induced with 0.5 mM IPTG after the ODy, reached
0.6-0.8, followed by incubation at 37°C for 4 h. Inclusion bodies were extracted from the cells to get the pure
peptide. The cells were lysed using sonicator for several cycles to remove soluble proteins. After several washes
in buffer, the inclusion bodies were dissolved in urea and dialyzed against water. The precipitate was lyophilized
and was further purified in a C18 column in Waters, High-performance liquid chromatography at a flow rate of
2 ml/min with a linear gradient of Acetonitrile/water containing 0.1% v/v Trifluoroacetic acid (TFA). The purity
of the peptide was checked by mass spectrometry. Synthetic A3(25-35) and A340 were purchased from China
Peptides (Suzhou, China).

Conjugation of L-PGDS to ferritin nanocages. 1.6 mg/ml magnetoferritin nanocages (kindly provided
by Dr. Sierin Lim, NTU) were activated for carbodiimide conjugation by adding a 1:2.5 mixture of 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide hydrochloride) (EDC) and N-hydroxysulfosuccinimide (sulfo-NHS) in
MES buffer and incubated at room temperature while shaking for 90 minutes in dark. 50 uM L-PGDS in 20 mM
HEPES buffer with 100 mM NaCl, 2mM TCEP (pH 7.5) was added to this mixture in equal volume and left for
overnight incubation in dark with gentle shaking. Crosslinking reaction was quenched by adding Tris (pH 7.5)
at a final concentration of 150 uM. These conjugates were passed through IMAC column and PD10 desalting
columns to remove excess unbound ferritin nanocages.

Preparation of monomeric peptides. Lyophilized AB peptides were treated with 1,1,1,3,3,3-hexafluor
0-2-propanol (HFIP) and incubated at room temperature to break any preformed aggregates. The excess HFIP
was then removed by lyophilization, and the dried peptide film was dissolved in a small volume of 100 mM NaOH
and subsequently diluted with the buffer.

Thioflavin T assay. Inhibition and disaggregation of A3 aggregation by L-PGDS was studied using ThT
(Sigma), a fluorophore that specifically binds to the 3-sheet structure of amyloids and shows enhanced fluores-
cence. To study inhibition, monomeric A340 and AB(25-35) peptides were prepared in buffer containing 20 mM
HEPES, 100 mM NaCl, 2mM TCEP (pH-7.5) at a final concentration of 50 .M A340 and AB (25-35) and 20 uM
ThT with or without 1 uM and 5pM of WT-L-PGDS or C65A mutant. The disaggregase activity of L-PGDS was
investigated by adding 1M and 5uM of WT-L-PGDS or C65A mutant to the preformed fibrils of A340 and A3
(25-35). To compare the effect of L-PGDS with mechanical breakage of fibrils, A340 fibrils was sonicated in a
bath sonicator for 2-3 min. The Af3 control curves in Fig. 1A,B are identical to the control curves in Fig. 6A,B
respectively because the same aliquots of A340 and A8 (25-35) were used as the control for both inhibition and
disaggregase assay. Experiments were carried out in triplicates in NUNC 96 well black plate with incubation at
37°C in TECAN infinite M200 Pro microplate reader with orbital shaking before each measurement. The plate
was sealed completely to prevent evaporation, and measurements were read with an excitation wavelength at
440 nm and emission at 485 nm. IC50 curve fitting was performed in Graphpad prism?7.

Fluorescence and transmission electron microscopy. To study the inhibitory effect of L-PGDS, 50 uM
of AB40 with or without 1, 5, and 10 pM L-PGDS was incubated at 37 °C for 60 hrs with 20 uM ThT in the buffer
containing 20 mM HEPES, 100 mM NaCl, 2mM TCEP (pH 7.5). Aggregation was monitored in TECAN infinite
M200 Pro microplate reader. 10 ul of each sample was applied on a glass slide, and images were acquired by fluo-
rescence microscope (Olympus microscope with Cool SNAPH®? camera) with 10x magnification.

To establish the disaggregase activity of L-PGDS, 50 pM of A340 and AB3(25-35) was incubated at 37°C for
60h in buffer containing 20 mM HEPES, 100 mM NaCl, 2mM TCEP (pH 7.5). A( samples treated with and with-
out L-PGDS were applied on copper-rhodium 400 mesh grids with 15 nm carbon coating (thickness) (prepared
in-house) followed by negative staining with 2% uranyl acetate and then air-dried. The samples were then viewed
under FEI T12, 120kV Transmission electron microscope equipped with a 4 K CCD camera (FEI) between
48000X to 68000x magnification under low dose conditions.
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HPLC and DLS analyses of fibril disaggregation. To quantify the amount of soluble A340 in the
untreated and AB40 fibrils treated with L-PGDS, the samples were injected into Agilent Zorbax300SB-C8 col-
umn connected to Agilent tech 1260 Infinity system and ran at the flow rate of 2 ml/min with a linear gradient of
Acetonitrile/water containing 0.1% v/v TFA. The area under the curve was measured by manual peak integration.
Dynamic Light Scattering (DLS) analysis was used to determine the size distribution of untreated and L-PGDS
treated AB40 fibrils. The measurements and data analysis were carried out using a Malvern Zetasizer Nano series
instrument.

NMR titration. NMR spectroscopy experiments were carried out in Bruker Avance 700 MHz with triple res-
onance z-axis gradient cryoprobe and Bruker DRX 600-MHz spectrometer equipped with a cryoprobe at 298 K.
Uniformly °N labeled L-PGDS, and A340 samples were prepared in 20 mM HEPES, 150 mM NaCl, 2mM TCEP
(pH-6.5) at a concentration of 0.25mM and 0.2 mM respectively with 5% D,O. To identify the key residues of
L-PGDS involved in A340 binding, two dimensional 'H-'N HSQC spectra of '*N L-PGDS and unlabeled A340
were recorded at molar ratios of 1:0 and 1:4. Similarly, to detect the important residues on A340, we recorded
'H->N HSQC spectra of ’N A340 with unlabeled L-PGDS at molar ratios of 1:0 and 1:0.5. Spectra were ref-
erenced with respect to 4, 4- dimethyl-4-silapentane-1-sulfonic acid (DSS) and then overlapped to check if the
cross-peaks showed any shift or change in signal intensity. Freshly prepared monomeric A340 was used immedi-
ately in both the titrations to ensure that the majority population is monomers. Data were processed in Topspin
3.5 (Bruker Corporation) and then analyzed using Computer-aided resonance assignment (CARA) (www.nmr.
ch)%. Chemical shifts were calculated using the equation:

Aw = {[Aw(*H)?*] + [0.25 x Aw(*N)J}?

Small-angle X-ray scattering (SAXS) analysis. The SAXS data were collected with a BRUKER
NANOSTAR SAXS instrument equipped with a Metal-Jet X-ray source (Excillum, Germany) and VANTEC
2000-detector system®’. The scattering patterns were measured using a sample at a detector distance of 0.67 m
and a wavelength of \=1.3414 A, which covered a range of momentum transfer of 0.016 < q< 0.4 A~! (q=4n
sin(0)/X, where 20 is the scattering angle). The SAXS experiments were carried out at 15°C with a sample volume
of 40 ul in a vacuum-tight quartz capillary. Radiation damage for the protein sample was monitored with six 5 min
exposures, and no radiation effect was observed. The data were normalized to the intensity of the transmitted
beam. The scattering of the buffer was subtracted, and the difference curves were scaled with protein concen-
tration. All the data processing steps were performed using the program PRIMUS®® from the ATSAS package.
The experimental data obtained for all protein samples were analyzed for aggregation using the Guinier region.
The forward scattering, I(0), and the radius of gyration, Rg, were computed using the Guinier approximation.
These parameters were also computed from the extended scattering patterns using the indirect transform pack-
age GNOM®, which provided the distance distribution function, P(r), the maximum particle dimension, Dmax,
and the radius of gyration, Rg. The qualitative particle motion was inferred by plotting the scattering patterns in
the normalized Kratky plot** and Porod-Debye plot”. Ab initio low-resolution models of the proteins were built
by the program DAMMIN which considers low angle data (q < 2nm™')"". Twenty independent ab initio recon-
structions were performed for each protein and then averaged using DAMAVER”2. The averaged and filtered ab
initio model was superimposed with the atomic model using SUPCOMB?”?. The theoretical scattering curves from
the atomic structures were generated and evaluated against the experimental scattering curves using CRYSOL*.
Rigid body modeling was performed using CORAL™ by docking the individual domains of the high-resolution
structures against the experimental data. The oligomeric state of the protein was confirmed from the molecular
mass calculation based on I(0), Porod volume (Vp), excluded volume (Vex) and the volume of correlation (Vc)”>7¢.

Modeling of A340/L-PGDS complex using MD simulations. The initial structure of L-PGDS was
taken from Lim et al., 2013 (PDB ID 4IMN)?'. The structure of Anticalin US7 in complex with A340, (PDB ID
4MVTI)¥ contained residues 16-28 of A340 resolved, was used to construct the model of L-PGDS in complex
with AB40. Since L-PGDS contains the lipocalin fold which is structurally similar to Anticalin US7, it is rea-
sonable to assume that A340 would bind in a structurally similar manner towards L-PGDS as that of Anticalin
US7. The structure of the complex of Anticalin US7 with A3 (16-28) (PDB ID 4MVI) was aligned to the struc-
ture of L-PGDS (PDB ID 4IMN), and coordinates of L-PGDS (from 4IMN) and A( (16-28) (from 4MVT) were
extracted to build the initial model of L-PGDS with Af3 (16-28). The unresolved residues of A340, i.e., segments
D1-Q15 and G27 to V40, were modelled in an arbitrary extended conformation using Discovery Studio 4.1. The
L-PGDS-AB40 complex was subjected to steepest descent energy minimization in-vacuo using the Gromacs 5.1.2
package’” and the charmm36M force field’8, until a force convergence of 1000.0 kJ/mol/nm is achieved.

In order to study the binding mode of A340 in complex with L-PGDS, we performed classical molecular
dynamics simulations using the Gromacs 5.1.2 package. The CHARMM36m force field was used, whereby the
parameter sets have been recently optimized for simulations of intrinsically disordered and folded proteins. The
system was solvated with CHARMM-modified TIP3P7° water in a cubic box with a distance of 1.2nm from
the solute to the box edge. Na+ and Cl— counterions were added to neutralize the system and to achieve a salt
concentration of 0.15M. Bonds containing hydrogen atoms were constrained using the LINCS® algorithm, to
enable a time step of 2 fs. Particle Mesh Ewald®! was used with a cutoff of 1.2 nm for electrostatics, and a cutoff
of 1.2nm was used for van der Waals interactions. Steepest descent energy minimization was performed until a
force convergence of 1000.0kJ/mol/nm is reached to remove any initial bad contacts. An equilibration of 1ns in
the NVT ensemble was performed before the start of production simulation. The temperature of the system was
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maintained at 300 K using the V-rescale® thermostat. 5 sets of classical molecular dynamics simulations were
performed with different random initial velocities for 300 ns. Trajectory frames were saved every 2 ps.

The last 200 ns of each simulation repeat was combined to produce a 1 ps trajectory of sampling. Analysis was
conducted using built-in Gromacs tools. The AB40 radius of gyration was computed using gmx gyrate tool. In
order to identify the representative conformations of the L-PGDS- AB340 binding, we performed geometric clus-
tering of the simulation frames using the Gromos algorithm. The clustering group was selected as the AB40 pep-
tide, using a cutoff of 0.8 nm. Clustering was performed for every fifth frame to minimize statistical correlation.

Extraction of aggregated proteins from human brain tissue. To check the disaggregase role of
L-PGDS, we extracted aggregated proteins from post-mortem brain tissue samples of a 69-year-old male diag-
nosed with subarachnoid hemorrhage and dementia, which was obtained from the brain bank of the Choju
Medical Institute of the Fukushimura hospital (Toyohashi, Aichi, Japan). The scientific use of human material like
a brain tissue sample was conducted following the Declaration of Helsinki, and informed consent was obtained
from the guardians of the patients. All procedures were approved and performed in accordance with the ethical
guidelines of the Nanyang Technological University ethics board. Brain tissue was first dissected, and the large
blood vessels removed. Then tissue was cut into small pieces and homogenized in the buffer comprising 2% SDS,
50 mM ammonium acetate (pH 6.0). The cell debris was removed by centrifugation at 3000 x g, 10°C for 10 min.
The supernatant was collected and ultra-centrifuged at 112000 x g, 10°C for 2 h. The pellet was considered as
aggregated proteins since these proteins were insoluble in 2% SDS and 50 mM ammonium acetate buffer (pH 6.0).
Then, the pellet was washed with the buffer containing 20 mM HEPES, 100 mM NaCl, 2mM TCEP (pH-7.5), and
the supernatant was discarded. Thus, all the buffer soluble proteins were removed before treating the aggregates
with WT-L-PGDS, Hexafluoroisopropanol (HFIP), and formic acid. Formic acid is a common solvent used to dis-
solve protein aggregates from brain and HFIP is a universal solvent used to break aggregates in 3-sheet peptides.
So, HFIP and formic acid treated samples acts as positive controls in this study to compare the effect of L-PGDS.

After treatment all the samples were centrifuged and only the soluble proteins in the supernatant were loaded
on to SDS PAGE and separated at 100 V. The protein bands were visualized using coomassie brilliant blue. The gel
lane was cut and processed for in-gel digestion after reduction with dithiothreitol (10 mM) and alkylation with
iodoacetamide (55 mM) as described earlier. The gel pieces were subjected to sequencing grade modified trypsin
(Promega, Madison, WI) digestion at 37 °C overnight. The tryptic peptides were extracted using 50% acetoni-
trile/5% acetic acid, vacuum centrifuged to dryness and subjected to LC-MS/MS analysis. LC-MS/MS analysis
was performed using QExactive mass spectrometers (Thermo Fisher, MA) coupled with a Dionex RSLC nanoLC
system. 5l sample was injected into an acclaim peptide trap column via the auto-sampler of the Dionex RSLC
nanoLC system. Mobile phase A (0.1% FA in 5% acetonitrile) and mobile phase B (0.1% FA in acetonitrile) were
used to establish a 60 min gradient. The peptides were analyzed on a Dionex EASY-spray column (PepMap C18,
3 pum, 100° A) using an EASY nanospray at an electrospray potential of 1.5kV. The MS was recorded at 350-1600
m/z at resolution 70,000 m/z. Maximum accumulation time was set at 100 ms, and dynamic exclusion was 30s.
MS/MS spectra resolution was 35,000 at m/z 200; ACG was 1 x 10° for the full MS and 2 x 10° for the MS2 scan.
For HCD, 10 most intense ions above 1000 count threshold were chosen, and 120 ms was set for maximum ion
accumulation. The collision energy was 28 and an isolation width of 2 Da for the MS2 scan. Single charged and
unassigned ions were excluded from MS/MS. For HCD, normalized collision energy was set to 28. The underfill
ratio was defined as 0.1%.

Data analysis. Proteome Discoverer (PD, Thermo Scientific, San Jose, USA) ver 1.4 software was used to
analyze MS data acquired by QExactive. The MS/MS spectra were deisotoped and deconvoluted using the MS2
spectrum processor. Database search was conducted using a Mascot (version 2.2.06, Matrix Science, Boston, MA)
search engine against an in-house built database and Uniprot human database (Released on 7/25/2016, 70,849
sequences, 23,964,784 residues). The peptide precursor mass tolerances of 10 ppm and 0.02 Da mass tolerance was
used during data search. The fixed modification was carbamidomethylation (4+57.021 Da) of cysteine residues,
while deamidation (+0.984 Da) of asparagine and glutamine residues and oxidation (4-15.995 Da) of methionine
residues were variable. The resultant search output was exported to an excel file for further analysis.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

References

1. Hebert, L. E., Weuve, J., Scherr, P. A. & Evans, D. A. Alzheimer disease in the United States (2010-2050) estimated using the 2010
census. Neurology 80, 1778-1783, https://doi.org/10.1212/WNL.0b013e31828726f5 (2013).

2. Hardy, J. A. & Higgins, G. A. Alzheimer’s disease: the amyloid cascade hypothesis. Science 256, 184-185 (1992).

3. Selkoe, D. J. & Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol Med 8, 595-608, https://doi.
org/10.15252/emmm.201606210 (2016).

4. Walsh, D. M. & Selkoe, D. ]. A beta oligomers - a decade of discovery. ] Neurochem 101, 1172-1184, https://doi.org/10.1111/j.1471-
4159.2006.04426.x (2007).

5. Wyatt, A. R., Yerbury, J. ], Dabbs, R. A. & Wilson, M. R. Roles of extracellular chaperones in amyloidosis. ] Mol Biol 421, 499-516,
https://doi.org/10.1016/j,jmb.2012.01.004 (2012).

6. Witt, S. N. Molecular chaperones, alpha-synuclein, and neurodegeneration. Mol Neurobiol 47, 552-560, https://doi.org/10.1007/
$12035-012-8325-2 (2013).

7. Chuang, E., Hori, A. M., Hesketh, C. D. & Shorter, . Amyloid assembly and disassembly. J Cell Sci 131, jcs189928, https://doi.
org/10.1242/jcs.189928 (2018).

SCIENTIFIC REPORTS |

(2019) 9:12579 | https://doi.org/10.1038/s41598-019-48819-5


https://doi.org/10.1038/s41598-019-48819-5
https://doi.org/10.1212/WNL.0b013e31828726f5
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1111/j.1471-4159.2006.04426.x
https://doi.org/10.1111/j.1471-4159.2006.04426.x
https://doi.org/10.1016/j.jmb.2012.01.004
https://doi.org/10.1007/s12035-012-8325-2
https://doi.org/10.1007/s12035-012-8325-2
https://doi.org/10.1242/jcs.189928
https://doi.org/10.1242/jcs.189928

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

. Buxbaum, J. N. & Johansson, J. Transthyretin and BRICHOS: The Paradox of Amyloidogenic Proteins with Anti-Amyloidogenic

Activity for Abeta in the Central Nervous System. Front Neurosci 11, 119, https://doi.org/10.3389/fnins.2017.00119 (2017).

. Saenz, A. et al. Folding and Intramembraneous BRICHOS Binding of the Prosurfactant Protein C Transmembrane Segment. The

Journal of biological chemistry 290, 17628-17641, https://doi.org/10.1074/jbc.M114.630343 (2015).

Kanekiyo, T. et al. Lipocalin-type prostaglandin D synthase/beta-trace is a major amyloid beta-chaperone in human cerebrospinal
fluid. Proceedings of the National Academy of Sciences of the United States of America 104, 6412-6417, https://doi.org/10.1073/
pnas.0701585104 (2007).

Thompson, E. J. In Proteins of the Cerebrospinal Fluid (ed. Edward, J. Thompson) 13-31 (Academic Press, 2005).

Reiber, H. Dynamics of brain-derived proteins in cerebrospinal fluid. Clinica Chimica Acta 310, 173-186, https://doi.org/10.1016/
$0009-8981(01)00573-3 (2001).

Lescuyer, P., Gandini, A., Burkhard, P. R., Hochstrasser, D. F. & Sanchez, J. C. Prostaglandin D2 synthase and its post-translational
modifications in neurological disorders. Electrophoresis 26, 4563-4570, https://doi.org/10.1002/elps.200500292 (2005).

Qu, W.-M. et al. Lipocalin-type prostaglandin D synthase produces prostaglandin D2 involved in regulation of physiological sleep.
Proceedings of the National Academy of Sciences 103, 17949-17954, https://doi.org/10.1073/pnas.0608581103 (2006).

Saleem, S., Shah, Z. A., Urade, Y. & Dor¢, S. Lipocalin-prostaglandin D synthase is a critical beneficial factor in transient and
permanent focal cerebral ischemia. Neuroscience 160, 248-254, https://doi.org/10.1016/j.neuroscience.2009.02.039 (2009).
Fukuhara, A. et al. Lipocalin-type prostaglandin D synthase protects against oxidative stress-induced neuronal cell death. The
Biochemical journal 443, 75-84, https://doi.org/10.1042/BJ20111889 (2012).

Lee, S. et al. Lipocalin-type prostaglandin D2 synthase protein regulates glial cell migration and morphology through myristoylated
alanine-rich C-kinase substrate: prostaglandin D2-independent effects. The Journal of biological chemistry 287, 9414-9428, https://
doi.org/10.1074/jbc.M111.330662 (2012).

Khoonsari, P. E. et al. Analysis of the Cerebrospinal Fluid Proteome in Alzheimer’s Disease. PloS one 11, e0150672, https://doi.
org/10.1371/journal.pone.0150672 (2016).

Zhang, Q. et al. Integrated proteomics and network analysis identifies protein hubs and network alterations in Alzheimer’s disease.
Acta Neuropathol Commun 6, 19, https://doi.org/10.1186/s40478-018-0524-2 (2018).

Seyfried, N. T. et al. A Multi-network Approach Identifies Protein-Specific Co-expression in Asymptomatic and Symptomatic
Alzheimer’s Disease. Cell Syst 4, 60-72 e64, https://doi.org/10.1016/j.cels.2016.11.006 (2017).

. Sharma, B. & Pervushin, K. In IntechOpen (2019).
. Homma, T. et al. Ubiquitin-specific protease 14 modulates degradation of cellular prion protein. Sci Rep 5, 11028, https://doi.

org/10.1038/srep11028 (2015).

Lopez Salon, M., Pasquini, L., Besio Moreno, M., Pasquini, J. M. & Soto, E. Relationship between 3-amyloid degradation and the 26S
proteasome in neural cells. Experimental Neurology 180, 131-143, https://doi.org/10.1016/s0014-4886(02)00060-2 (2003).

Wang, D. S., Dickson, D. W. & Malter, J. S. beta-Amyloid degradation and Alzheimer’s disease. ] Biomed Biotechnol 2006, 58406,
https://doi.org/10.1155/JBB/2006/58406 (2006).

Mack, K. L. & Shorter, J. Engineering and Evolution of Molecular Chaperones and Protein Disaggregases with Enhanced Activity.
Front Mol Biosci 3, 8, https://doi.org/10.3389/fmolb.2016.00008 (2016).

Sweeny, E. A. & Shorter, J. Mechanistic and Structural Insights into the Prion-Disaggregase Activity of Hsp104. ] Mol Biol 428,
1870-1885, https://doi.org/10.1016/j.jmb.2015.11.016 (2016).

Scior, A. et al. Complete suppression of Htt fibrilization and disaggregation of Hitt fibrils by a trimeric chaperone complex. EMBO |
37, 282-299, https://doi.org/10.15252/embj.201797212 (2018).

Nillegoda, N. B. et al. Crucial HSP70 co-chaperone complex unlocks metazoan protein disaggregation. Nature 524, 247-251, https://
doi.org/10.1038/nature14884 (2015).

Beka Solomon, R. K., Frankel, D. & Disaggregation, E. H.-A. of Alzheimer b-amyloid by site-directed mAb. Proceedings of the
National Academy of Sciences of the United States of America 94, 4109-4112 (1997).

Servick, K. Another major drug candidate targeting the brain plaques of Alzheimer’s disease has failed. What's left? Science, https://
doi.org/10.1126/science.aax4236 (2019).

Lim, S. M. et al. Structural and dynamic insights into substrate binding and catalysis of human lipocalin prostaglandin D synthase.
Journal of lipid research 54, 1630-1643, https://doi.org/10.1194/jlr.M035410 (2013).

Lia Millucci, L. G. Giulia Bernardini, Annalisa Santucci. Conformations and biological activities of amyloid beta peptide 25-35.
Current protein & peptide science 11, 54-67, https://doi.org/10.2174/138920310790274626 (2009).

Limon, I. D. et al. Amyloid-beta(25-35) impairs memory and increases NO in the temporal cortex of rats. Neurosci Res 63, 129-137,
https://doi.org/10.1016/j.neures.2008.11.006 (2009).

Sana, B., Johnson, E., Sheah, K., Poh, C. L. & Lim, S. Iron-based ferritin nanocore as a contrast agent. Biointerphases 5, FA48-52,
https://doi.org/10.1116/1.3483216 (2010).

Wu, C. W. et al. Hemoglobin promotes Abeta oligomer formation and localizes in neurons and amyloid deposits. Neurobiol Dis 17,
367-377, https://doi.org/10.1016/j.nbd.2004.08.014 (2004).

Musunuri, S. et al. Quantification of the brain proteome in Alzheimer’s disease using multiplexed mass spectrometry. ] Proteome Res
13, 2056-2068, https://doi.org/10.1021/pr401202d (2014).

Schonberger., S.J., Edgar, P. F, Kydd, R., Faull, R. L. M. & Cooper, G. J. S. Proteomic analysis of the brain in Alzheimer’s disease:
Molecular phenotype of a complex disease process. Proteomics 1, 1519-1528 (2001).

Liao, L. et al. Proteomic characterization of postmortem amyloid plaques isolated by laser capture microdissection. The Journal of
biological chemistry 279, 37061-37068, https://doi.org/10.1074/jbc.M403672200 (2004).

Linse, S. Monomer-dependent secondary nucleation in amyloid formation. Biophys Rev 9, 329-338, https://doi.org/10.1007/s12551-
017-0289-z (2017).

Xue, C,, Lin, T. Y., Chang, D. & Guo, Z. Thioflavin T as an amyloid dye: fibril quantification, optimal concentration and effect on
aggregation. R Soc Open Sci 4, 160696, https://doi.org/10.1098/rs0s.160696 (2017).

Meisl, G. et al. Molecular mechanisms of protein aggregation from global fitting of kinetic models. Nat Protoc 11, 252-272, https://
doi.org/10.1038/nprot.2016.010 (2016).

Gobl, C., Madl, T., Simon, B. & Sattler, M. NMR approaches for structural analysis of multidomain proteins and complexes in
solution. Prog Nucl Magn Reson Spectrosc 80, 26-63, https://doi.org/10.1016/j.pnmrs.2014.05.003 (2014).

Ahuja, S. et al. A model of the membrane-bound cytochrome b5-cytochrome P450 complex from NMR and mutagenesis data. The
Journal of biological chemistry 288, 22080-22095, https://doi.org/10.1074/jbc.M112.448225 (2013).

Yamaguchi, T., Matsuzaki, K. & Hoshino, M. Transient formation of intermediate conformational states of amyloid-beta peptide
revealed by heteronuclear magnetic resonance spectroscopy. FEBS Lett 585, 1097-1102, https://doi.org/10.1016/j febslet.2011.03.014
(2011).

Durand, D. et al. NADPH oxidase activator p67(phox) behaves in solution as a multidomain protein with semi-flexible linkers.
Journal of structural biology 169, 45-53, https://doi.org/10.1016/j.jsb.2009.08.009 (2010).

Svergun, D., Barberato, C. & Koch, M. H. J. CRYSOL-a Program to Evaluate X-ray Solution Scattering of Biological Macromolecules
from Atomic Coordinates. ] Appl Crystallogr 28, 768-773 (1995).

Rauth, S. et al. High-affinity Anticalins with aggregation-blocking activity directed against the Alzheimer beta-amyloid peptide. The
Biochemical journal 473, 1563-1578, https://doi.org/10.1042/BCJ20160114 (2016).

SCIENTIFIC REPORTS |

(2019) 9:12579 | https://doi.org/10.1038/s41598-019-48819-5


https://doi.org/10.1038/s41598-019-48819-5
https://doi.org/10.3389/fnins.2017.00119
https://doi.org/10.1074/jbc.M114.630343
https://doi.org/10.1073/pnas.0701585104
https://doi.org/10.1073/pnas.0701585104
https://doi.org/10.1016/S0009-8981(01)00573-3
https://doi.org/10.1016/S0009-8981(01)00573-3
https://doi.org/10.1002/elps.200500292
https://doi.org/10.1073/pnas.0608581103
https://doi.org/10.1016/j.neuroscience.2009.02.039
https://doi.org/10.1042/BJ20111889
https://doi.org/10.1074/jbc.M111.330662
https://doi.org/10.1074/jbc.M111.330662
https://doi.org/10.1371/journal.pone.0150672
https://doi.org/10.1371/journal.pone.0150672
https://doi.org/10.1186/s40478-018-0524-2
https://doi.org/10.1016/j.cels.2016.11.006
https://doi.org/10.1038/srep11028
https://doi.org/10.1038/srep11028
https://doi.org/10.1016/s0014-4886(02)00060-2
https://doi.org/10.1155/JBB/2006/58406
https://doi.org/10.3389/fmolb.2016.00008
https://doi.org/10.1016/j.jmb.2015.11.016
https://doi.org/10.15252/embj.201797212
https://doi.org/10.1038/nature14884
https://doi.org/10.1038/nature14884
https://doi.org/10.1126/science.aax4236
https://doi.org/10.1126/science.aax4236
https://doi.org/10.1194/jlr.M035410
https://doi.org/10.2174/138920310790274626
https://doi.org/10.1016/j.neures.2008.11.006
https://doi.org/10.1116/1.3483216
https://doi.org/10.1016/j.nbd.2004.08.014
https://doi.org/10.1021/pr401202d
https://doi.org/10.1074/jbc.M403672200
https://doi.org/10.1007/s12551-017-0289-z
https://doi.org/10.1007/s12551-017-0289-z
https://doi.org/10.1098/rsos.160696
https://doi.org/10.1038/nprot.2016.010
https://doi.org/10.1038/nprot.2016.010
https://doi.org/10.1016/j.pnmrs.2014.05.003
https://doi.org/10.1074/jbc.M112.448225
https://doi.org/10.1016/j.febslet.2011.03.014
https://doi.org/10.1016/j.jsb.2009.08.009
https://doi.org/10.1042/BCJ20160114

www.nature.com/scientificreports/

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

Williamson, M. P. Using chemical shift perturbation to characterise ligand binding. Prog Nucl Magn Reson Spectrosc 73, 1-16,
https://doi.org/10.1016/j.pnmrs.2013.02.001 (2013).

Ciechanover, A. & Kwon, Y. T. Protein Quality Control by Molecular Chaperones in Neurodegeneration. Front Neurosci 11, 185,
https://doi.org/10.3389/fnins.2017.00185 (2017).

Mangione, M. R. et al. Hsp60, amateur chaperone in amyloid-beta fibrillogenesis. Biochimica et biophysica acta 1860, 2474-2483,
https://doi.org/10.1016/j.bbagen.2016.07.019 (2016).

Narayan, P. et al. The extracellular chaperone clusterin sequesters oligomeric forms of the amyloid-beta(1-40) peptide. Nat Struct
Mol Biol 19, 79-83, https://doi.org/10.1038/nsmb.2191 (2011).

Shammas, S. L. et al. Binding of the molecular chaperone alphaB-crystallin to Abeta amyloid fibrils inhibits fibril elongation. Biophys
J101, 1681-1689, https://doi.org/10.1016/j.bpj.2011.07.056 (2011).

Cohen, S. I et al. A molecular chaperone breaks the catalytic cycle that generates toxic Abeta oligomers. Nat Struct Mol Biol 22,
207-213, https://doi.org/10.1038/nsmb.2971 (2015).

Petkova, A. T. et al. A structural model for Alzheimer’s beta -amyloid fibrils based on experimental constraints from solid state
NMR. Proceedings of the National Academy of Sciences of the United States of America 99, 16742-16747, https://doi.org/10.1073/
Ppnas.262663499 (2002).

Mehta, P. D., Pirttila, T., Patrick, B. A., Barshatzky, M. & Mehta, S. P. Amyloid (3 protein 1-40 and 1-42 levels in matched
cerebrospinal.pdf. Neuroscience letters 304, 102-106 (2001).

Hansson, S. F. et al. Reduced levels of amyloid-beta-binding proteins in cerebrospinal fluid from Alzheimer’s disease patients.
Journal of Alzheimer’s disease: JAD 16, 389-397, https://doi.org/10.3233/jad-2009-0966 (2009).

Puchades, M. et al. Proteomic studies of potential cerebrospinal fluid protein markers for Alzheimer’s disease. Molecular Brain
Research 118, 140-146, https://doi.org/10.1016/j.molbrainres.2003.08.005 (2003).

Raman, B. et al. AlphaB-crystallin, a small heat-shock protein, prevents the amyloid fibril growth of an amyloid beta-peptide and
beta2-microglobulin. The Biochemical journal 392, 573-581, https://doi.org/10.1042/bj20050339 (2005).

Poska, H. et al. Dementia-related Bri2 BRICHOS is a versatile molecular chaperone that efficiently inhibits Abeta42 toxicity in
Drosophila. The Biochemical journal 473, 3683-3704, https://doi.org/10.1042/BCJ20160277 (2016).

Watanabe, K., Urade, Y., Mader, M., Murphy, C. & Hayaishi, O. Identification of 3-trace as prostaglandin D synthase. Biochemical
and Biophysical Research Communications 203, 1110-1116 (1994).

Jaru-Ampornpan, P. et al. ATP-independent reversal of a membrane protein aggregate by a chloroplast SRP subunit. Nat Struct Mol
Biol 17, 696-702, https://doi.org/10.1038/nsmb.1836 (2010).

Shorter, J. Designer protein disaggregases to counter neurodegenerative disease. Curr Opin Genet Dev 44, 1-8, https://doi.
org/10.1016/j.gde.2017.01.008 (2017).

Poepsel, S. et al. Determinants of amyloid fibril degradation by the PDZ protease HTRA1. Nat Chem Biol 11, 862-869, https://doi.
org/10.1038/nchembio.1931 (2015).

Uhlen, M. et al. Proteomics. Tissue-based map of the human proteome. Science 347, 1260419, https://doi.org/10.1126/
science.1260419 (2015).

Dasari, M. et al. Bacterial inclusion bodies of Alzheimer’s disease beta-amyloid peptides can be employed to study native-like
aggregation intermediate states. Chembiochem: a European journal of chemical biology 12, 407-423, https://doi.org/10.1002/
¢cbic.201000602 (2011).

Keller, R. L. J. The Computer Aided Resonance Assignment Tutorial.pdf, http://cara.nmr-software.org/downloads/3-85600-112-3.
pdf (2011).

Balakrishna, A. M., Basak, S., Manimekalai, M. S. & Gruber, G. Crystal structure of subunits D and F in complex gives insight into
energy transmission of the eukaryotic V-ATPase from Saccharomyces cerevisiae. The Journal of biological chemistry 290, 3183-3196,
https://doi.org/10.1074/jbc.M114.622688 (2015).

Konareyv, P. V,, Petoukhov, M. V., Volkov, V. V. & Svergun, D. I. ATSAS2.1, a program package for small-angle scattering data analysis.
Journal of Applied Crystallography 39, 277-286, https://doi.org/10.1107/50021889806004699 (2006).

Svergun, D. I. Determination of the Regularization Parameter in Indirect-Transform Methods Using Perceptual Criteria. ] Appl
Crystallogr 25, 495-503 (1992).

Rambo, R. P. & Tainer, J. A. Characterizing flexible and intrinsically unstructured biological macromolecules by SAS using the
Porod-Debye law. Biopolymers 95, 559-571, https://doi.org/10.1002/bip.21638 (2011).

Svergun, D. I. Restoring Low Resolution Structure of Biological Macromolecules from Solution Scattering Using Simulated
Annealing. Biophysical Journal 76, 2879-2886 (1999).

Volkov., V. V. & Svergun, D. I. Uniqueness of ab initio shape determination in small-angle scattering. ] Appl Crystallogr 36, 860-864
(2003).

Kozin., M. B. & Svergun, D. I. Automated matching of high- and low-resolution structural models. J Appl Crystallogr 34, 33-41
(2001).

Petoukhov, M. V. et al. New developments in the ATSAS program package for small-angle scattering data analysis. ] Appl Crystallogr
45, 342-350, https://doi.org/10.1107/S0021889812007662 (2012).

Mylonasa., E. & Svergun, D. I. Accuracy of molecular mass determination of proteins in solution by small-angle X-ray scattering. J
Appl Crystallogr 40, s245-5249 (2007).

Rambo, R. P. & Tainer, J. A. Accurate assessment of mass, models and resolution by small-angle scattering. Nature 496, 477-481,
https://doi.org/10.1038/nature12070 (2013).

Van Der Spoel, D. et al. GROMACS: fast, flexible, and free. ] Comput Chem 26, 1701-1718, https://doi.org/10.1002/jcc.20291 (2005).
Huang, J. et al. CHARMM36m: an improved force field for folded and intrinsically disordered proteins. Nature methods 14, 71-73,
https://doi.org/10.1038/nmeth.4067 (2017).

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L. Comparison of simple potential functions for
simulating liquid water. The Journal of Chemical Physics 79, 926-935, https://doi.org/10.1063/1.445869 (1983).

Hess, B. P-LINCS: A Parallel Linear Constraint Solver for Molecular Simulation. Journal of Chemical Theory and Computation 4,
116-122 (2008).

Darden, T, York, D. & Pedersen, L. Particle mesh Ewald: An N-log(N) method for Ewald sums in large systems. The Journal of
Chemical Physics 98, 10089-10092, https://doi.org/10.1063/1.464397 (1993).

Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity rescaling. ] Chem Phys 126, 014101, https://doi.
org/10.1063/1.2408420 (2007).

Acknowledgements

Research reported in this publication was supported by the Ministry of Education, AcRF Tier 2, Singapore under
grant number M4020231. The Electron microscopy work was undertaken at the NTU Institute of Structural
Biology Cryo-EM lab in Nanyang Technological University, Singapore.

SCIENTIFIC REPORTS |

(2019) 9:12579 | https://doi.org/10.1038/s41598-019-48819-5


https://doi.org/10.1038/s41598-019-48819-5
https://doi.org/10.1016/j.pnmrs.2013.02.001
https://doi.org/10.3389/fnins.2017.00185
https://doi.org/10.1016/j.bbagen.2016.07.019
https://doi.org/10.1038/nsmb.2191
https://doi.org/10.1016/j.bpj.2011.07.056
https://doi.org/10.1038/nsmb.2971
https://doi.org/10.1073/pnas.262663499
https://doi.org/10.1073/pnas.262663499
https://doi.org/10.3233/jad-2009-0966
https://doi.org/10.1016/j.molbrainres.2003.08.005
https://doi.org/10.1042/bj20050339
https://doi.org/10.1042/BCJ20160277
https://doi.org/10.1038/nsmb.1836
https://doi.org/10.1016/j.gde.2017.01.008
https://doi.org/10.1016/j.gde.2017.01.008
https://doi.org/10.1038/nchembio.1931
https://doi.org/10.1038/nchembio.1931
https://doi.org/10.1126/science.1260419
https://doi.org/10.1126/science.1260419
https://doi.org/10.1002/cbic.201000602
https://doi.org/10.1002/cbic.201000602
http://cara.nmr-software.org/downloads/3-85600-112-3.pdf
http://cara.nmr-software.org/downloads/3-85600-112-3.pdf
https://doi.org/10.1074/jbc.M114.622688
https://doi.org/10.1107/s0021889806004699
https://doi.org/10.1002/bip.21638
https://doi.org/10.1107/S0021889812007662
https://doi.org/10.1038/nature12070
https://doi.org/10.1002/jcc.20291
https://doi.org/10.1038/nmeth.4067
https://doi.org/10.1063/1.445869
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420

www.nature.com/scientificreports/

Author Contributions

B.K. prepared samples and performed all biophysical and NMR experiments and wrote the manuscript. B.S.
prepared conjugates and M.P. captured TEM images. A.C. helped in preliminary biophysical studies. M.S.S.M.
and G.G. performed and analyzed SAXS experiments. S.S.A., B.K. and S.K.S. prepared samples for proteomics
and analyzed the data. JN.T.Y. and M.Y. performed the molecular dynamic simulations. A.K. and S.L. provided
ferritin samples. K.P. devised the experimental plan and supervised the study. B.K., B.S., M.P., M.S.S.M.,, S.S.A.,
JN.T.Y., G.G. and K.P. wrote and edited the manuscript. All authors reviewed, revised and approved the
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48819-5.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:12579 | https://doi.org/10.1038/s41598-019-48819-5


https://doi.org/10.1038/s41598-019-48819-5
https://doi.org/10.1038/s41598-019-48819-5
http://creativecommons.org/licenses/by/4.0/

	Abundant neuroprotective chaperone Lipocalin-type prostaglandin D synthase (L-PGDS) disassembles the Amyloid-β fibrils

	Results

	L-PGDS is a disaggregase. 
	L-PGDS inhibits primary and secondary nucleation. 
	L-PGDS specifically binds Aβ40 in 1:1 stoichiometric complex in a manner distinct from catalytic substrates. 
	Binding of Aβ40 to L-PGDS adds an extra domain. 
	MD simulation model of L-PGDS/Aβ40 complex. 

	Discussion

	Methods

	Protein expression and purification. 
	Recombinant expression of Aβ40. 
	Conjugation of L-PGDS to ferritin nanocages. 
	Preparation of monomeric peptides. 
	Thioflavin T assay. 
	Fluorescence and transmission electron microscopy. 
	HPLC and DLS analyses of fibril disaggregation. 
	NMR titration. 
	Small-angle X-ray scattering (SAXS) analysis. 
	Modeling of Aβ40/L-PGDS complex using MD simulations. 
	Extraction of aggregated proteins from human brain tissue. 
	Data analysis. 

	Acknowledgements

	Figure 1 Disaggregase activity of L-PGDS on Aβ40 and Aβ(25–35) fibrils.
	Figure 2 Protective role of L-PGDS as a chaperone.
	Figure 3 NMR titration of 15N-labeled L-PGDS with unlabeled Aβ40.
	Figure 4 NMR titration of 15N-labeled Aβ40 with unlabeled L-PGDS.
	Figure 5 Solution X-ray scattering studies of L-PGDS with Aβ40 peptide.
	Figure 6 Model of L-PGDS in complex with Aβ40 and L-PGDS-substrate analog complex.
	Table 1 Comparison of proteins extracted by L-PGDS, Formic acid and HFIP from insoluble protein aggregates of AD brain to proteins commonly found in AD brain published in literature.




