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Abstract

Amyloid has been connected with protein misfolding diseases from the beginning, yet no clear
mechanism for neurodegenerative diseases is currently proposed. One proposal is that the gut microbiome
plays a role in the formation of amyloid plaques in the human brain. To evaluate the hypothesis that
lipopolysaccharides (LPS) from gram-negative bacteria’s membrane participates in the Alzheimer’s
disease (AD) at the molecular level, | have tested a model for B-amyloid (AB) peptides associating with
LPS from gram-negative bacteria membrane, specifically determining whether the lipid A from LPS co-
assembles with AP (16-22), the nucleating core of AP, and its congeners. In the experiments, lipid A and
AP (16-22) were co-assembled in both aqueous and organic solutions, and the resulting structures
characterized with TEM and ATR-FTIR. A type of glycerophospholipid, phosphatidylinositol (PI), was
employed as a more soluble and simplified lipid A to mimic the co-assembling of lipid A and A (16-22).
My experiments demonstrate a direct interaction between LPS and AP (16-22) and CD results support the
ability of LPS to induce B-sheet formation in soluble amyloid peptides. In summary, my research supports
a direct association between A peptides and LPS, the main component of bacterial outer membrane, but
further experiments are needed to reveal the mechanism of LPS-Ap peptides interaction, which may help

explain the etiology of Alzheimer’s disease and bacterial toxicity.
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Chapter 1. Background

Bacteria and neurodegenerative diseases

Amyloid protein misfolding and aggregation has been shown to be associated with a number of incurable
neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease, and Creutzfeldt-Jacob
syndrome [1]. The major amyloid peptide involved in each prion disease is different; for AD, it is -
amyloid (AB) peptides AB(1-40/42) [2]. The mechanism of protein misfolding is unclear, but some recent
studies have revealed that there may be a link between bacteria and amyloid disorders. For example, gut
bacteria can regulate motor dysfunction as exemplified by Parkinson’s disease (PD) in mice [3], and
bacteria can be detected in human brains [4]. A recent report even demonstrated that lipopolysaccharides
(LPS) and pili proteins from E coli colocalize with A amyloid plaque in human AD brains [5]. Based on
these findings, defining the interaction of AP peptides with LPS could reveal a molecular correlation

between Alzheimer’s disease and bacteria.

Alzheimer’s disease and the amyloid peptide self-assembly

The hallmark of Alzhermer’s desease is the presence of amyloid plaques accompanied with damaged
neurons in the brains [34]. Among all the materials found in amyloid plaques, B-amyloid peptides, APaos2
is a dominent component. Formation of these senile amyloid plaques starts from the cleavage of a
transmembrane glycoprotein, amyloid-p protein precursor (ABPP). Once the amyloid protein monomer is

produced, it goes through liquid-liquid phase separation from solution phase to particle, small fibril,



mature long fiber, and finally to plaques. The peptide assembly process is directed by hydrogen bonding,
I1-IT stacking, hydrophobic, electrostatic, and van der Waals interactions, all leading to stable beta-sheet

structures formed with A peptide assemblies.
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Figure 1-1. Scheme of amyloid protein self-assembly process.

Lipid-amyloid interactions and antimicrobial property of amyloid

The abundance of lipids in brain tissues [30] and the many studies demonstrating that mature amyloid
fibrils and plaques colocalize with lipids may correlate with cytotoxicity, which could be a hallmark of
the Alzheimer’s disease [31,32]. The interaction between amyloid peptides and lipid membrane has been
extensively explored [6, 7], showing that negatively charged membrane lipids significantly enhance the
aggregation rate of the AB-peptide [8-10]. A possible mechanism of membrane-induced amyloid
aggregation involves electrostatic interactions, conforming adjustment and a site of condensation for the

APB-peptide monomers [37]. Interactions between amyloid peptides and lipid membranes include (a)



insertion of amyloid oligomer in lipid membranes and (b) binding and aggregation of amyloid oligomer

on surface of lipid membranes, which was shown in Figure 1-2 [24].
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Figure 1-2. Proposed mechanisms of amyloid peptide binding, insertion and aggregation in the presence

of lipid membranes [33].

LPS is an endotoxin located on the cell surface of gram-negative bacteria including E. coli [11]. As
shown in Figure 1-3, it contains three regions: a hydrophobic lipid A, a hydrophilic core polysaccharide
chain and a hydrophilic O-antigenic polysaccharide side chain [12]. Lipid A, which represents the active
center responsible for the endotoxic properties of LPS, can be liberated from LPS by mild acid hydrolysis
[13]. Free E. coli lipid A consists of a  (1-6)-linked D-glucosamine disaccharide containing two
phosphoryl groups with 4 to 7 fatty acid side chains [14, 15]. It has been shown that LPS induces amyloid
formation and conformation change of antimicrobial peptide (AMP) such as magainin 2 [16] and HAL-2
[17]. These studies provide evidence that the interaction was mainly caused by the electrostatic
interaction between positively charged AMP and negatively charged LPS. Given that A} peptides are

essentially AMPs [18], it is reasonable to assume that Ap peptide readily binds and disrupts negatively



charged bacterial lipid membrane, but the direct process is unknown. One hypothesis is nucleation-
dependent fibrillization [8] of AB peptide induced by LPS containing vesicles, which was supported by a
recently reported publication showing the direct binding of the Ap2s.3s fibrils to LPS micelles [38].
Another hypothesis is that AP peptides induce the leakage of bacterial membrane by insertion, which was
proposed by a publication showing that Ap 1-42 is a membrane-disrupting peptide [19] Further evidence

is needed to demonstrate the mechanism and kinetics of this interaction.

L 0-Specific Chain i — —ﬁ"- —— UL ipid A
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Figure 1-3. Schematic structure of Sulmonelllr lipopolysaccharides [12].

Potential of constructing co-assemblies of amyloid with lipids

Amphiphiles are molecules containing hydrophobic and hydrophilic moieties in the same molecule. Many
amphiphilic molecules such as phospholipids and glycolipids self-assemble to generate micelles, rods,
ribbons, fiber and nanotubes [20]. As a type of amphiphile, lipid A can also self-assembly to form similar
phases in aqueous solution [21]. Peptide amphiphiles (PAs), including amphiphilic peptides and peptides
functionalized with alkyl tails, have amyloid-like behavior due to $-sheet formation and electrostatic
interaction [22, 23]. With a hydrophilic N-terminus (residues 1 to 28) and a hydrophobic C-terminus
(residues 29 to 39 or 29-42), AB(1-40/42) is amphiphilic and can self-assembly into various low

dimensional crystalline phases [24].
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Our group previously reported the self-assembly of peptide/lipid chimers forming fibers, ribbons and
tubes [25]. In these cases, AB (16-22), KILVFFAE?-NHj, is linked to alkyl chains from C, (N-acetyl) to
C16 (N-palmitoyl), thus increasing the hydrophobic character of the AP peptide. The data established that
the cross-f structure can accommodate long acyl chains in the interior of the beta-sheet laminate. Also, a
recent published paper constructed the co-assembly of peptide amphiphiles and dodecanoic acid by
anion—n interactions with the hypothesis that the alkyl tail of dodecanoic acid bury itself in the
hydrophobic core composed of amphiphilic peptides [26]. Another study in Lynn’s group [39] explored
the ability of AP(16-22) homology co-assembling with RNA, based on the discoveries that
peptide/nucleic acid interactions are associated with neurodegenerative diseases [25, 27, 28]. Considering
the potential of peptides to co-assemble with charged molecules and amphiphiles, lipid A containing both
phosphate and alkyl chains [29] have the potential to co-assembly\e with amyloid peptide AB(16-22) or

AB(1-40/42).

Figure 1-4. Chemical structure of lipid A from E. coli J-5 lipopolysaccharide. (Reproduced with
permission from Reference 21. Copyright 1985, Wiley)
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Chapter 2. Exploring the interaction between LPS and

amyloid peptide

Introduction

Lipids are used as the basis of cell membranes, therefore being abundant and crucial in both brains and
bacteria. Disruption of plasma membrane structure, through the interaction between lipid and amyloid
peptide, are associated with neurotoxicity of amyloid in amyloid-related diseases [1]. Lipopolysaccharide
(LPS) is the main component of gram-negative bacteria’s outer membrane, which has the potential to
interact with amyloid if they coexist in the same environment. As a type of antimicrobial peptide [2], AB
peptide may disrupt the bacterial LPS membrane structure by aggregating on the surface of LPS or
inserting into the membrane, because LPS is an endotoxin. To demonstrate the details of this process, in
vitro observations and relating measurements are needed.

According to Annalia Asti’s results published in 2017 (3), in vitro interaction of AB(25-35) fibrils with
LPS particles were shown with TEM, indicating a direct affinity of LPS and AB(25-35) at the molecular
level. However, the author did not reveal the structure change of AB(25-35) with other useful methods,
and failed to explain why they chose AP(25-35) truncation to study AP fibrillogenesis.

Here, combining TEM, CD and ATR-IR, we characterized and monitored the interaction between LPS

and AB(16-22)/AB(1-40), especially demonstrated the change of amyloid’s secondary structure. The

10



results indicate the ability of LPS to promote amyloid peptide aggregation, suggesting the importance of

bacterial components in the pathogenesis of Alzheimer’s disease.

Methods

Peptide synthesis and purification: Peptides were synthesized on a Liberty CEM Microwave
Automated Peptide Synthesizer (NC, USA) utilizing a FMOC-Rink Amide MBHA Resin (AnaSpec, CA,
USA). All FMOC protected amino acids were purchased from Anaspec, and remaining chemicals from
Sigma-Aldrich. Each peptide synthesis was performed at 0.1 mmol using a 30 mL reaction vessel at a
scale of 0.1mmol. FMOC-Rink Amide MBHA Resin was initially swollen using ~7 mL
dimethylformamide for 15 minutes. FMOC deprotection was achieved by addition of 20% piperdine
0.1M N-Hydroxybenzotriazole (HOBt) in dimethylformamide with microwave power set to maintain
temperature between 45-55°C for 180 sec, followed by 3X flushing with dimethylformamide. Each
coupling step was performed using 0.1M FMOC protected amino acid, and activated with 0.1 M 2 - (1H -
Benzotriazole - 1 - yl) - 1,1,3,3 - tetramethyluronium hexafluorophosphate (HBTU), and 0.2M N,N —
Diisopropylethylamine (DIEA) in DMF. Coupling temperatures were maintained between 75-82°C by
optimizing microwave power for 300 sec. After coupling, the resin was rinsed with three aliquots of
dimethylformamide. At the end of coupling steps, 20% acetic anhydride in dimethylformamide was added
to acetylate the N terminus of the peptides. The capping reaction was allowed to proceed for 3 hours at
room temperature. Resin was filtered and washed with dichloromethane and allowed to air dry. Peptides
were cleaved from the resin using trifluoroacetic acid/thioanisole/1,2ethanedithiol/anisole (90: 5: 3 : 2,
v/viviv) at room temperature for 3 hrs. The cleaved peptide TFA solution was filtered and precipitated by
dropwise addition of cold (-20°C) diethyl ether. Precipitated product was centrifuged at 3000 rpm for 3
min, and the pellet was subjected to 3 additional rounds of washing with cold diethyl ether. Precipitated

product was desiccated overnight.
11



Dried peptides were dissolved in minimal volume of 40% acetonitrile + 0.1% trifluoroacetic acid and
purified by RP-HPLC using a C18-reverse phase column with an acetonitrile-water gradient. Samples
eluted from HPLC (10uL) were mixed with 2,5dihydroxybenzoic acid matrix (10 L), 3x2 uL. drops were
placed on individual spots of MALDI plate and allow to dry in dessicator, and MALDI subsequently

confirmed the molecular weight of each peptide used.

Peptide Assembly: Lyophilized AB(16-22) peptide was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP, Sigma) and sonicated for 30 min, then dried in the centrivap at 40 °C, 2000 rpm for 20min. The
resultant clear film was dissolved in 40% acetonitrile/water (with or without 0.1 vol% TFA), bath
sonicated for at least 10 min and, unless indicated, incubated at room temperature for assembly. To
produce unassembled AB(16-22) peptide, lyophilized AB(16-22) peptide was dissolved in 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, Sigma) and sonicated for 30 min and stored at room temperature in HFIP.
For AB(1-40), AP was dissolved in 10% w/v NH4OH to a concentration of 0.5 mg/ml in a glass vial. After
a 10 min incubation on the bench at room temperature, the glass vial was bath-sonicated for 5 min. The
solution was then divided into 1 ml aliquots in 1.5 ml Eppendorf tubes before they were flash-frozen in
liquid nitrogen and lyophilized. To assembly AB(1-40) in phosphate buffer, the NH4sOH-treated peptide
was dissolved in 1 mM NaOH (pH ~ 10.8, 90% of the volume to make a 100 uM solution) until the
solution was visibly clear of white powder, before 10X sodium phosphate buffer with 0.2% NaNs, pH 7.1
(the remaining 10% volume) was added, bringing the final concentration to 100 uM Ap in 10 mM sodium
phosphate with 0.02% NaNs; at pH 7.4. Finally, large aggregates were removed by filtration through a pre-

rinsed 0.22 um filter before the sample was ready for use.

LPS assembly and LPS-Ap incubation: LPS powder was weighted in the vial, and dissolved

directly in HPLC grade water, vortexed and sonicated until solution becomes clear. For co-assembly, Ap

solution and LPS solution were mixed in certain ratio and incubated at room temperature or 37°C.
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Transmission Electron Microscopy (TEM): A TEM copper grid with a 200 mesh carbon

Support (Electron Microscopy Sciences) was covered with 10 uL of a diluted peptide solution

(0.05 mM to 0.1 mM) for 1 min before wicking the excess solution with filter paper. 10 pL of the staining
solution (2% uranyl acetate, Sigma-Aldrich or methylamine tungstate, Ted Pella, Inc) was added and
incubated for 2 min, excess solution was wicked away, and the grids were placed in desiccators to dry

under vacuum overnight.

Circular Dichroism spectroscopy: Jasco-810 circular dichroism (CD) spectropolarimeter was used to
record CD spectra in a 20 uL cell with a 0.1 mm path length at room temperature. The reported spectra
represent the average of three scans between 260 nm to 190 nm with a stepsize of 0.2 nm and a speed of
100 nmy/s. Ellipticity , 0, in mdeg was converted to Molar ellipticity [0] with [0] = 6/(10 x ¢ x I), where ¢

is the peptide concentration in moles/L and | is the path length in cm.

Attenuated Total Reflectance Fourier Transform Infrared (AT-FTIR): Aliquots (10uL) of peptide
solution were dried as thin films on an Pike GaldiATR (Madison, WI, USA) ATR diamond crystal. FT-IR
spectra were acquired using a Jasco FT-IR 4100 (Easton, MD, USA) at room temperature and averaging
500 to 800 scans with 2 cm™ resolution, using either an MCT or TGS detector, 5mm aperture and a
scanning speed of 4mm/sec. Spectra were processed with zero-filling and a cosine apodization function.

IE-IR spectra were normalized to the peak height of the *2C band.

13



Results

Characterizing the interaction between AB(16-22) peptide and LPS

To directly demonstrate the interaction of Ap peptide with LPS, AP (16-22) peptide was incubated with
LPS solution of fibers and particles at pH 7 in pure water. After incubating for different days, TEM was
utilized to characterize their interaction. However, the TEM images of Figure 2-1 didn’t define the
colocalization of LPS and peptide, however, they supported the amyloid fibrils were surrounded by LPS.
This may be explained by the complicated structure of LPS, which makes it difficult to co-assemble with

AP peptides. Further experiments need to be designed to confirm the role of LPS in promoting A (16-22)

fibrillization and aggregation.

; R : 0.2mM Ap (16-22)
¥ N with 0.5mg/mL LPS

E F
0.2mM AB(16-22)

Figure 2-1. TEM images of 0.2mM AP (16-22) with 0.5mg/mL LPS in water of pH 7 at room
temperature after 1 day (A), 2 weeks (B) and 3 weeks (C); self-assembly of peptide at the same condition

(D, E, F).
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CD and FT-IR are two powerful techniques to characterize the peptide secondary structure. For AB

peptides, typical absorption in CD spectra and peaks in IR spectra suggest B-sheet structures.

To analyze the secondary structure of AB(16-22) in the absence and presence of LPS, CD spectra were
collected at different incubation time (1, 2, 4, 7 days) and concentration of LPS (0, 0.1 0.5, 1.0 mg/mL).
CD spectra of 0.2mM peptide self-assembly did not show obvious secondary structure, suggesting little
aggregation of AB(16-22) at such low concentration. The negative ellipticity at 215 nm increased,
consistent with the secondary structure of AB(16-22) peptide changing from unordered to B-sheet. Figure
2-2 shows that either the concentration of LPS or the incubation time increases, the ellipticity at 215 nm
increases. These results confirmed the role of LPS in inducing the aggregation of amyloid because B-sheet
structure is the indicator of amyloid assemblies (4). To further determine whether the aggregation mainly
induced by the negatively-charged phosphates on LPS, we compared the CD spectra between AB(16-22)
in the 20mM phosphate buffer solution (PBS) with the spectra of AB (16-22) in the aqueous of LPS.
Figure 2-3 shows that there was no obvious 3-sheet formation in the PBS, which indicated that the

electrostatic interaction may not be the determined factor inducing the A peptide aggregation.
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Figure 2-2 CD spectra of (A) 0.2mM AB(16-22) in the presence of different concentration of LPS; (B)
0.2mM AB(16-22) in the presence of 0.5mg/mL LPS at different days.
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Figure 2-3 CD spectra of 0.2mM AB(16-22) in the absence and presence of LPS or PBS.
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From CD spectra, we could conclude that the existence of LPS improve the B-sheet formation of AB(16-
22), but more detailed information of amyloid’s secondary registry should be provided by FT-IR spectra.
ATR-FTIR spectra were obtained from 0.2mM AP(16-22) and 0.5mg-mL LPS assembly after 1day and
4days. From Figure 2-4, the absorption at 1624cm in the spectra of LPS-AB(16-22) assembly in the
Amide I region showed the formation of B-sheet structure, consistent with CD results. Also, the 1694cm™
side peak suggested anti-parallel registry taken by Ap(16-22) with or without LPS. However, the spectra
of LPS-AB(16-22) assembly may be just the overlap of the spectra of LPS and AB(16-22) self-assembly,
which cannot indicate the interaction between LPS and peptide. Thus, ATR-FTIR may not be a suitable

method to characterize the interaction pattern in LPS-Ap (16-22) assemblies.

1.0 4 ——0.2mMKLVFFAE y |
——0.2mM KLVFFAE 0 5mg-mL LPS p-sheet 1.0 peptide+0.5mg/mL LPS
— peptide control

084 08 ——0.5mg/mL LPS
5 - ,
< pH 7 in H20 2 06 pH7inHO,
o 06 room temperature < 0 room temperature,
2 1 day 3 4 days
o f=
a G 0.4
5 0.4 £
0 o
® 2
@ < 024

0.2

L SN 0.0
0.0 4 anti-parallel W
T T T T T T T T 0.2 T T T T T T T T
1720 1700 1680 1660 1640 1620 1600 1580 1720 1700 1680 1660 1640 1620 1600 1580
wave number (cm™') wave number (cm’')

Figure 2-4 ATR-IR spectra of LPS-Ap (16-22) assembly.
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Time-dependent interaction of Ap(1-40) and LPS

To explore whether LPS induces the assembly of AB(1-40), low concentration of AB(1-40) solution of
0.2mg-mL was incubated with 0.5mg-mL LPS at 37 °C, and monitored by TEM. The images showed that
without incubated with LPS, 0.2mg-mL AB(1-40) was not able to form fibrils; however, Ap(1-40) forms
long peptide fibrils gradually in the presence of LPS. Though it is not clear how LPS interacted with

AP(1-40), it induces the time-dependent aggregation of Ap(1-40).

CD spectra of AB(1-40)-LPS assemblies were also taken after 5 days. However, there is no obvious

absorption in the spectra, which can be seen as noise.

Figure 2-5. TEM images of AB(1-40)-LPS assembly (fist line) and AB(1-40) self-assembly (second line).

Scale bar = 200nm.
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Conclusion

In this chapter, LPS-induced aggregation process of AB(16-22) and Ap(1-40) was demonstrated with
TEM images and CD spectra. At a low concentration, Ap peptide is difficult to conduct phase transitions;

but LPS accelerates this process, though the mechanism has not been identified from our data.

References

(1) Demuro, A., Mina, E., Kayed, R., Milton, S. C., Parker, I., and Glabe, C. G. (2005). Calcium
dysregulation and membrane disruption as a ubiquitous neurotoxic mechanism of soluble amyloid
oligomers. Journal of Biological Chemistry 280, 17294-17300.

() Soscia, S.J., et al., The Alzheimer's Disease-Associated Amyloid beta-Protein Is an Antimicrobial
Peptide. Plos One, 2010. 5(3).

(3) Asti A. Bacterial Lipopolysaccharide (LPS) and Alzheimer’s Disease[J]. Handbook of Infection and
Alzheimer's Disease, 2017, 5: 383.

(4) Childers, W.S., et al., Phase Networks of Cross-beta Peptide Assemblies. Langmuir, 2012. 28(15): p.

6386-6395.

19



Chapter 3. Defining the structure of lipid A-amyloid assembly

Introduction

Last chapter studies the interaction between LPS and amyloid, confirming that LPS plays a role in
inducing amyloid aggregation. However, we failed to construct homogeneous LPS-amyloid assembly.
LPS does not have exact chemical formula and consists of three regions, including lipid A, “core”
oligosaccharide, and a distal polysaccharide (1). As a result, it is difficult to analyze the interaction

between LPS and amyloid as well as revealing the structure of their assemblies.

Lipid A is the endotoxin part of LPS which constructs bacterial outer membrane. Moreover, it has fixed
chemical formula so that it can be used as a substitute for LPS to analyze the structure of bacterial lipid-
amyloid assemblies. Lipid A contains both hydrophilic saccharides and phosphates, which may have
electrostatic effect with positively charged residues of amyloid peptides, and hydrophobic alkyl chains,
which may insert into amyloid’s hydrophobic laminations. Based on these possible interaction, two
models of lipid A-amyloid were proposed, as shown in Figure 3-1. These two models can be
differentiated by XRD because peptide -sheet lamination distance will be enlarged in the first model
when lipid A’s alkyl chains insert into the laminations (2). First of all, we need to construct homogeneous

assemblies in vitro and characterize their structures.
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a) Lipid A insert into the peptide p-sheet b) Lipid A layer binds to the edges of
lamination peptide layers

4.7A

>10A

.<\//\/N\/\ B S D ON-SY CH,CO-*KLVFFA I -NH,

Figure 3-1. Two proposed models of lipid A/AB (16-22) co-assemblies.

Methods

Lipid A assembly

Lipid A powder (from Escherichia coli F583 (Rd mutant)) was dissolved in CHCIs/MeOH (1:1, v/v)
mixture first, then distributed in vials and dried with nitrogen gas. After that lipid A was re-dissolved in
aqueous solution and sonicated overnight until forming transparent and clear solution. Lipid A solution

was incubated with amyloid peptide solution or self-assembled.

Results
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TEM images of AB(16-22)-lipid A co-assemblies

To explore if lipid A can co-assemble with AB(16-22), we tried to construct their co-assemblies in
different solution and observed their morphology by taking TEM images at different days. Figure 3-2 and
3-3 showed the images of co-assemblies in pure water and 40% ACN, respectively. In water, the
morphologies of lipid A-AB(16-22) co-assemblies are not stable or homogeneous, but they differed
significantly from lipid control and peptide control. In 40% ACN, the morphologies of the co-assemblies
are homogeneous wide sheets or ribbons combined with small particles. Compared to the images of lipid
A, which showed particles, and images of AB(16-22) which showed long fibers, the growth of lipid A-
AB(16-22) assemblies may be explained by nucleation-dependent fibrillization of peptide in the presence
of phospholipid nucleus (3). Based on our previous knowledge, AB(16-22) peptide is the nucleation core
of the A peptide and it follows 2-step nucleation mechanism that amyloid fiber grows from the
metastable particle phase (4). Lipid A particles provide hydrophobic environment for A monomers

aggregating and elongation, thus inducing the assemble of peptide with lipid.
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Al RSTL A2 10days -

Figure 3-2 Assembled 0.2mM lipid A with 0.2mM KLVFFAE in pure H,0 after 3 days (Al, B1, C1), 10

days (A2, B2, C2) and 30 days (A3, B3, C3);
TEM images of co-assemblies (A1-A3); Self-assembly of peptide(B1-B3); self-assembly of lipid A(C1-

C3); scale bar=500nm.
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Figure 3-3 Assemble 0.2mM lipid A with 0.2mM KLVFFAE in 40% ACN after 3 days (A1, B1,
C1), 10 days (A2, B2, C2) and 30 days (A3, B3, C3); TEM images of Co-assembly (A1-A3); Self-
assembly of peptide (B1-B3); Self-assembly of lipid A (C1-C3); scale bar = 200nm.



pH-dependent co-assembly process

There are two possible interaction mainly existed in lipid A-AB(16-22) co-assemblies: electrostatic
interaction and hydrophobic effect. Does the electrostatic interaction between negatively charged lipid A
and positively charged lysine residue on AB(16-22) contribute to co-assembly? To examine this
hypothesis, 0.1 mM lipid A and 0.2 mM KLVFFAE were incubated in 40% ACN at pH 2 (containing
0.1% TFA) and pH 7 (no TFA), respectively. Charges and electrostatic interaction of lipid A and amyloid

at different pH were listed in Table 3-1.

TEM images of lipid A and AB(16-22) co-assembly at pH 2 and pH 7 were taken after 4 days and 20
days. Images of 4 days showed that at pH 2, only tiny peptide fibrils were observed due to no
electrostatic interaction between lipid and peptide while at pH 7, lipid improved the bundling of peptide
fibrils since there is electrostatic interaction. As a result, electrostatic interaction influenced the
morphology of lipid A-AB(16-22) co-assemblies and accelerate the co-assembly process. However, after
20 days, there was no obvious difference between the co-assembly structures at different pH. These
results indicated that though the pH-related electrostatic effect influenced the kinetic intermediate of lipid
A-APB(16-22) co-assemblies, final stable structure is determined by hydrogen bonding and hydrophaobic

effect.
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pH charge of lipid A charge of AB(16-22) prediction of interaction
2 0 +1on Lys No electrostatic interaction
7 -1 on per phosphate +1onLysand-1onGlu Electrostatic interaction between

phosphate and both Lys and Glu

Table 3-1. Prediction of charges and interaction between lipid A and AB(16-22) at different pH.

Figure 3-4. Incubate 0.2mM AB(16-22) with 0.1mM lipid A at different pH in 40% ACN after 4 days

(first line) and 20 days (second line); A1-A4 were incubated at pH 2 and B1-B4 were incubated at pH 7.

A2, A4, B2, B4 are AB(16-22) self-assembly controls. Scale bar = 100nm.
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ATR-FTIR measurement of lipid A-Ap (16-22) co-assemblies

ATR-FTIR has been used to analyze the structure of peptides or proteins in lipid membranes (5). For lipid
A, IR spectra showed the CH2/CHs antisymmetric stretch and symmetric stretch at 2920 cm™ and 2850
cmt as well as the carbonyl absorption at 1730 cm™. For peptides, the most important information
provided by IR is the Amide | band correlating with the secondary structures. The IR results are
consistent with B-sheet absorption at 1625 cm™ in both lipid A-AB(16-22) co-assemblies and mixture of
lipid A/AB(16-22) controls, but the B-sheet absorption is much higher in the co-assemblies. Since ATR-IR
is not a quantitative method, it is only credible to compare the ratio between absorptions of different
peaks. The wave number of carbonyl absorption did not change in the lipid A-AB(16-22) co-assemblies
compared to lipid A/AB(16-22) controls, which means that there may not be hydrogen bonding between

lipid A alkyl chains and AP (16-22) peptide backbones.

0.10 - coassembly of 0.2 mM KLVFFAE and 0.2 mM lipid A coassembly of 0.2mM KLVFFAE

0.10 4 .
—EA+LA and 0.2mM lipid A
EB+LB
0.08 0.08 4
in 40% ACN, 5 days
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Figure 3-5. ATR-IR spectra of lipid A-Ap (16-22) co-assembly.
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Conclusion

In this chapter, we constructed the co-assemblies of lipid A/AB(16-22) in both aqueous and
organic solutions. Their structures were characterized with TEM and ATR-FTIR, showing the
potential of lipid A-AB(16-22) co-assembly as a model to study the interaction between LPS and
AP(1-40/42). The experimental results indicated that both electrostatic and hydrophobic effect
contribute to interaction between lipid A and AB(16-22), but there is no direct hydrogen bonding
between their carbonyl groups and lipid A did not influence the secondary structure of amyloid.
So it is hard to define the accurate structure of lipid A/AB(16-22) assemblies without further
experiments, but according to FTIR spectra, the second model in which lipid A layer binds to the

edges of amyloid layer is preferred.

Perspectives

Define the structure of lipid A/Ap (16-22) assemblies

From the results of FTIR and CD, it is hard to define B-sheet registry of lipid A/AB (16-22) assemblies,
which could be obtained from isotope-edited FTIR and C{**N} REDOR and *C DQF-DRAWS solid-
state NMR (see Figure 5-4). Considering the chemical structure and properties of lipid A and A (16-22),
there are two possible models of lipid A/AP (16-22) co-assembly shown in Figure 3-1. Model a
hypothesizes that lipid A can insert into the laminations of peptide B-sheets, so the d spacing of B-sheet
lamination will be wider than the d spacing without lipid A insertion. This can be examined by X-ray
diffraction. Figure 5-1 gives an example of how diffraction of N-acyl-Ap (16-22) peptide assemblies
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enlarges from 9.8 A to 11.5 A after the Cy, alkyl chain inserts into the lamination of N-acetyl-AB (16-22).
In contrast, if lipid A binds to the edges of peptide layers, as shown in model b, then the d spacing of -
sheet lamination will not change. Also, multilayers are expected to form in model b, which can be
characterized by TEM images, EFM mapping and confocal fluorescence to show the merging of lipid A
and AP (16-22) layers. To further analyze the interaction between peptide backbones and lipid A
headgroups, the distance between **C enrichment of the carbonyl of leucine or the N-terminal acetate and

lipid A phosphate headgroups can be assigned in *C{3'P} REDOR (see Figure 5-5).

Extend the lipid A-Ap (16-22) interaction to the LPS-Ap (1-40/42) and bacterial membrane-Ap (1-

40/42) interaction

With the structure and interacting mechanism of lipid A-Ap (16-22) co-assembly, | will extend this model
to the interactions between LPS and AP (1-40/42) or even bacterial membrane and A (1-40/42).
However, the structure of LPS and bacterial membrane is much more complicated than lipid A, so
perhaps similar results of diffraction and ssNMR will not be clear. In that case, | will consider using
fluorescence to visualize the direct binding or inserting of A peptides to LPS membrane. I will also
evaluate any correlation between the morphology of A peptides, monomer, fibril or plaque, induced by

the disruption of the bacterial membrane.
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Figure 5-1. Powder and oriented electron diffraction of N-acyl-AB (16-22) peptide assemblies. a) X-ray powder
diffraction of N-lauroyl-ApB (16-22) (red) and and N-acetyl-AB (16-22) tubes (black) [1].

@ Electrostatic Force Microscopy (EFM):_In the EFM amplitude micrographs, positively charged
surfaces are white and negatively charged surfaces are dark, thus mapping the charge distribution on the

surface of lipid/peptide co-assembly and revealing the distribution pattern of lipid and peptide.

Figure 5-2. Atomic and electrostatic force microscopy images of (K16pY) (E22L) nanotube assemblies
with surfaces coated by the positively charged protein. (Left) topography images of peptide nanotubes
and (Right) EFM amplitude micrographs with a DC bias = +1V [2].
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2 Isotope-edited FTIR Spectra: The distribution between *>C and **C bands in FTIR spectra reflects
the extent of the packing along the entire 3-sheets, which are diagnostic of the -strand orientation and

registry differences between lipid/peptide co-assembly and peptide self-assembly.
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Figure 5-3. |1E-IR spectra of mature, homogenous [1-*C] F19 enriched peptides in antiparallel in-
register (magenta), antiparallel out-of-register (black), and parallel [**C] (green) strand orientations and
unassembled (blue) peptide [3].

3 Solid state NMR: Peptide registry in amyloid assemblies have been assigned definitively by

ssNMR analyses and shown to correlate with isotope edited (IE) FT-IR analyses.
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Figure 5-4. BC{®N} REDOR and **C DQF-DRAWS solid-state NMR correlate with IR and showing

the 3-sheet register information [3].

31



Ac-K[1-"CILVII["*NJAG-NH_,

Ac-K[1- “CILVIL "NIAG-NH 1o
pH 5, 40% GH,CN C. 097 C{"'P} REDOR

A. 1.0q o ®  pep-KG alone B. 1.2+
pH 5, 40% CH CN E f
0.9 "c{"mnsuo’n " PeRKG+DNAR) . “C DQF-DRAWS 0.8 Ac-K[1-*CILVIIAG-NH, + DNA(A),,
0.8 9221.5% > 109 0.7 E
0.7 g Foe a:7.5.?&-.‘
s 0.8 0.6 -
0.6 2
o D 5 o °5]
4 0.5 S o0s rec=T5A &
= 2 0.4
0441 R 5741.5% g
] T 0.4 0.3
0.3 g >
0.24 S .2
= o024
0.1 0.1+
0.0 T T 0.0 ” v - v 0.0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 o z 10 15 20 25 30 5 10 15 20 25 30 35 40 45 50 55 60 65 70

Time [ms] Time [ms]

Figure 5-5. Structural characterization of DNA/Peptide co-assemblies. (A) *C{*N} REDOR (B)®C
DQF-DRAWS (C) BC{*'P} REDOR [5].

(@) Confocal Fluorescence: ThT is a defining probe for 3-sheet peptide assemblies as it displays
increased fluorescence and a characteristic red shift of its emission spectrum upon binding to those
assemblies [5]. With ThT fluorescence, the -sheet structures in lipid/peptide assemblies are observed.

With confocal fluorescence, merging of LPS and AP peptides are showed, thus proving the colocalization.

Figure 5-6. Association of lipopolysaccharide (LPS) with amyloid plaques in Alzheimer disease (AD)
brains [6].
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Chapter 4. Constructing other lipid-amyloid assembly

Introduction

In the last chapter, we showed that lipid A could co-assemble with amyloid peptide. However, lipid A is
not a perfect model lipid to study amyloid-membrane interaction because of its low solubility in aqueous
solution and complicated structure. It is better to replace lipid A with a kind of membrane lipid which is

abundant in brains and has similar reacting properties as lipid A.

To satisfy these requirements, phosphatidylinositol (P1) was chosen as a susbsitiute of lipid A. As a kind
of ganglioside, Pl contributes to up to 10% of phospholipids in brain tissue (1). Moreover, Figure 4-1
demonstrated the similarity in the structure of Pl and lipid A. Since they both contain long fatty chains

and phosphate ion, PI may perform similar properties.

After the substitute phopholipid was determined, Pl was incubated together with AB(16-22) in 40% ACN.

TEM images of samples were taken continuously.
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Figure 4-1. Structural comparison of phosphatidylinositol and lipid A.

Experiment

Pl Incubation

Pl powders were measured in vials and dissolved in 40% ACN at the concentration of 0.5mM directly,
then vortexed until dissolved completely. TEM images of Pl solution were taken every day. After Pl

assemblies into stable structure, PI solution and AB(16-22) solution were mixed and incubated.
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Results

After incubation for several days, Pl assembled into vesicles in 40% ACN, as shown in Figure 4-2.

4 days 10 days
Figure 4-2. TEM images of 0.5mM Pl in 40% ACN after 4days and 10days. Scale bar = 200nm.

AB(16-22) and PI assembly process

To explore the interaction between AB(16-22) and PI, two set of experiments were designed to examine
their interaction at alkyl chain ratio equals to 1:1 and charge ratio equals to 1:1, respectively. Phenomena

and TEM images were recorded every other day.

36



After mixing 0.5mM AB(16-22) with 0.25mM PI for about 5min, precipitates appeared in the vials, while
mixture of 0.2mM AB(16-22) with 0.2mM PI maintained transparent for a long time. TEM images
showed that in both conditions fibers bundled and twisted into large rods, though 0.5mM AB(16-22) with
0.25mM P1 bundled quicker and forming rods with bigger diameters compared with 0.2mM AB(16-22)
with 0.2mM PI. However, it is difficult to tell if peptide bundled with lipid together or peptide self-
assembled under the influence of lipid to form such different structures from peptide self-assembly alone.
Figure 4-4 compared the structures among AB(16-22) self-assembly, lipid A-AB(16-22) assembly and PI-
AB(16-22) assembly after 4 days. It is obvious that peptide fibers always bundled intensively in the
presence of phospholipids, no matter lipid A or phosphatidylinositol, but their structures differed from

one another.
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Figure 4-3. TEM showed the assembly process of Pl and AB(16-22) at different concentration ratios. (a)

chain ratio = 1:1, 0.5mM AP(16-22) with 0.25mM PI (left); (b) charge ratio = 1:1, 0.2mM A(16-22) with

0.2mM PI (right). Scale bar = 200nm.
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0.2mM AB(16-22) with 0.2mM AB(16-22) with 0.2mM Ap(16-22) with
0.1mM lipid A 0.2mM PI
in H,0 in 40% ACN

0.2mM AB(16-22) self-assembly
in 40% ACN 0.2mM lipid A
in 40% ACN

Figure 4-4. Comparison of AB(16-22) self-assembly, lipid A-AB(16-22) assembly and P1-AB(16-22)

assembly structures after 4 days.

Conclusion

The results showed that phosphatidylinositol had the ability to induce the bundling and twisting of peptide

fibers, which was consistence with the assembly between lipid A and amyloid.

Reference
(1) Choy, Christopher H., Bong-Kwan Han, and Roberto J. Botelho. "Phosphoinositide diversity,

distribution, and effector function: Stepping out of the box." Bioessays 39.12 (2017): 1700121.
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Chapter 5. Conclusion and perspectives

Introduction

There are some advanced techniques to characterize the structure of lipid/peptide assemblies and identify

the interaction between lipid and peptide.

(2) Electrostatic Force Microscopy (EFM):_In the EFM amplitude micrographs, positively charged
surfaces are white and negatively charged surfaces are dark, thus mapping the charge distribution on

the surface of lipid/peptide co-assembly and revealing the distribution pattern of lipid and peptide.

Figure 5-1. Atomic and electrostatic force microscopy images of (K16pY) (E22L) nanotube assemblies
with surfaces coated by the positively charged protein. (Left) topography images of peptide nanotubes
and (Right) EFM amplitude micrographs with a DC bias = +1V [2].
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(b) Isotope-edited FTIR Spectra: The distribution between *2C and *3C bands in FTIR spectra reflects
the extent of the packing along the entire 3-sheets, which are diagnostic of the B-strand orientation

and registry differences between lipid/peptide co-assembly and peptide self-assembly.
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Figure 5-2. IE-IR spectra of mature, homogenous [1-*C] F19 enriched peptides in antiparallel in-
register (magenta), antiparallel out-of-register (black), and parallel [**C] (green) strand orientations and

unassembled (blue) peptide [3].

(c) Solid state NMR: Peptide registry in amyloid assemblies have been assigned definitively by

ssNMR analyses and shown to correlate with isotope edited (IE) FT-IR analyses.
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Figure 5-3. *C{**N} REDOR and **C DQF-DRAWS solid-state NMR correlate with IR and showing

the B-sheet register information [3].
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Figure 5-4. Structural characterization of DNA/Peptide co-assemblies. (A) *C{*N} REDOR (B)*C
DQF-DRAWS (C) C{*'P} REDOR [5].

(d) Confocal Fluorescence: ThT is a defining probe for 3-sheet peptide assemblies as it displays increased
fluorescence and a characteristic red shift of its emission spectrum upon binding to those assemblies [5].
With ThT fluorescence, the B-sheet structures in lipid/peptide assemblies are observed. With confocal

fluorescence, merging of LPS and A peptides are showed, thus proving the colocalization.

Figure 5-5. Association of lipopolysaccharide (LPS) with amyloid plaques in Alzheimer disease (AD)
brains [6].
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Conclusion

To demonstrate that bacterial membranes could induce the aggregation of amyloid peptide, which may be
a cause of Alzheimer’s disease, interaction between lipids and amyloid peptides were explored. In my
experiments, I constructed the assemblies of lipid A/AB (16-22) and PI/AB (16-22) in both aqueous and
organic solutions. Their structures were characterized with TEM and ATR-FTIR, showing the potential of
lipid A-AB (16-22) co-assembly as a model to study the interaction between LPS and AB (1-40/42). My
experiments also demonstrated the association between LPS and AP (16-22) by CD spectra, supporting
LPS inducing of the B-sheet formation from unordered amyloid peptide. These data provide a possibility

to explain the etiology of Alzheimer’s disease with the bacterial effect.

Perspectives

Define the structure of lipid A/Ap (16-22) assemblies

From the results of FTIR and CD, it is hard to define B-sheet registry of lipid A/AB (16-22) assemblies,
which could be obtained from isotope-edited FTIR and BC{**N} REDOR and **C DQF-DRAWS solid-
state NMR (see Figure 5-3). Considering the chemical structure and properties of lipid A and AB (16-22),
there are two possible models of lipid A/AP (16-22) co-assembly shown in Figure 3-1. Model a
hypothesizes that lipid A can insert into the laminations of peptide B-sheets, so the d spacing of B-sheet
lamination will be wider than the d spacing without lipid A insertion. This can be examined by X-ray
diffraction. Figure 5-6 gives an example of how diffraction of N-acyl-Ap (16-22) peptide assemblies
enlarges from 9.8 A to 11.5 A after the Cy, alkyl chain inserts into the lamination of N-acetyl-AB (16-22).
In contrast, if lipid A binds to the edges of peptide layers, as shown in model b, then the d spacing of j3-
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sheet lamination will not change. Also, multilayers are expected to form in model b, which can be
characterized by TEM images, EFM mapping and confocal fluorescence to show the merging of lipid A
and AP (16-22) layers. To further analyze the interaction between peptide backbones and lipid A
headgroups, the distance between *C enrichment of the carbonyl of leucine or the N-terminal acetate and

lipid A phosphate headgroups can be assigned in *C{3'P} REDOR (see Figure 5-4).
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Figure 5-6. Powder and oriented electron diffraction of N-acyl-AB (16-22) peptide assemblies. a) X-ray powder
diffraction of N-lauroyl-Ap (16-22) (red) and and N-acetyl-A (16-22) tubes (black) [1].

Extend the lipid A-AB (16-22) interaction to the LPS-Ap (1-40/42) and bacterial membrane-Ap (1-

40/42) interaction

With the structure and interacting mechanism of lipid A-Ap (16-22) co-assembly, | will extend this model
to the interactions between LPS and AP (1-40/42) or even bacterial membrane and A (1-40/42).
However, the structure of LPS and bacterial membrane is much more complicated than lipid A, so
perhaps similar results of diffraction and ssNMR will not be clear. In that case, | will consider using

fluorescence to visualize the direct binding or inserting of Ap peptides to LPS membrane. | will also
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evaluate any correlation between the morphology of AP peptides, monomer, fibril or plaque, induced by

the disruption of the bacterial membrane.
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