
Pál-Gábor Henrietta

THE ROLE OF LYSOPHOSPHATIDIC ACID
IN THE AMYLOID FORMATION OF

β2-MICROGLOBULIN

Ph.D. thesis booklet

Supervisors:

Dr. József Kardos
Eötvös Loránd University, Department of Biochemistry

Dr. Károly Liliom
Institute of Enzymology, Hungarian Academy of Sciences

Eötvös Loránd University, Doctorate School in Biology

Doctorate School in Biology
Head: Dr. Anna Erdei

Structural Biochemistry Ph.D. Program
Head: Dr. László Gráf

Budapest, 2011



1. Introduction

The malicious aggregation of proteins is involved in the pathomechanism of more than
20 human diseases such as Alzheimer’s, Parkinson’s, and Huntington’s disease. In these
disorders soluble proteins aggregate as insoluble fibrils with ordered cross-β structure,
these fibrils are called amyloid. The aggregates deposit either in the central nervous
system or in the peripheral tissues and cause serious symptoms.

Dialysis-related amyloidosis (DRA) is an amyloid-related disease which is caused by
the aggregation of β2-microglobulin (β2m). β2m is the light chain of the type I major
histocompatibility complex (MHC-I), it is present on the surface of all nucleated human
cells. After dissociating from the complex, it appears in monomeric form in blood, and
finally it is removed by the kidneys. in patients with renal failure, the clearance of β2m
is insufficient because it cannot be removed by the hemodialysis filter. So, the protein
accumulates in blood, and upon long-term dialysis it forms amyloid fibrils, which are
deposited mainly in the osteoarticular system.

It is not clear which factors evoke the aggregation of β2m in vivo. β2m spontaneously
forms amyloid fibrils at low pH in the in vitro experiments. At neutral pH, however,
β2m does not polymerize, even at a protein concentrations manifold higher than the
physiological one. It has been supposed that other molecules are necessary to facilitate
the aggregation. Several molecules were reported as possible contributors to amyloid
formation, such as copper ions, collagen, and glycosaminoglycans.

In 2004, Yamamoto et al. showed that SDS induces the amyloid formation of β2m at
neutral pH, in the presence of pre-formed fibril seeds in vitro. It raised the possible role
of the structurally related lysophospholipids in the development of DRA. In 2006, our
research group found that lysophosphatidic acid (LPA), an in vivo occurring lysophos-
pholipid mediator induces the amyloid formation of β2m under physiological conditions,
in the presence of fibril seeds, in vitro. The aim of my doctoral work was to investigate
the detailed mechanism of the LPA-induced amyloid formation of β2m.

2. Aims

In this work, our aim was the investigate the detailed mechanism of the β2m – LPA
interaction. Our research focused on three main areas:

1. First, we determined the biochemical and biophysical parameters of the β2m – LPA
interaction. Among others, we were curious about the concentration-dependence,
the stoichiometry, and the dissociation equilibrium constant, as well as the structural



changes of the protein in the presence of the lipid. We also wanted to know, if
LPA interacts with β2m in a monomeric or in a micellar form. To answer these
questions, we applied methods like fluorescence and circular dichroism spectroscopy,
calorimetry, and limited proteolysis.

2. To further characterize the mechanism of LPA-induced amyloid formation, our aim
was to determine the binding sites of LPA on the surface of β2m. First, we carried
out in silico docking experiments, and predicted the possible binding sites. Based
on the docking results, we created some β2m variants by site-directed mutagenesis,
and studied the effect of the mutations on LPA-induced destabilization and amyloid
formation. We also expanded these experiments to SDS which can be considered as
a structural analogue of LPA.

3. Finally, we compared the morphology, stability, and structure of amyloid fibrils
grown under different conditions. We applied methods like transmission electron
microscopy, ThT fluorescence and FTIR spectroscopy.

3. Methods

Protein expression and purification: β2m variants were created by site-directed
mutagenesis. Wild-type and mutant β2m variants were expressed in E. coli BL21 (DE3)
pLysS. Proteins were purified using anion exchange chromatography and gel filtration.
The purity of the proteins was verified by SDS-PAGE. The molecular mass of the β2m
variants was confirmed by electrospray ionization mass spectrometry.

Amyloid formation of β2m: Fibril formation was studied at pH 2.5, and at physio-
logical pH, in the presence of LPA and SDS. Polymerization was induced by seeds prepared
from amyloid fibrils.

Thioflavin T (ThT) fluorescence: Fibril growth was monitored by ThT fluo-
rescence. ThT is an amyloid-specific fluorescent dye; under the conditions used, ThT
fluorescence intensity was proven to be proportional to the total amount of amyloid fibrils

8-anilinonaphtalene-1-sulfonic acid (ANS) fluorescence: The possibility of a
molten globule-like state of β2m arising from the destabilization of the native state by
LPA was examined using the fluorescent hydrophobic probe ANS.

Circular dichroism (CD) spectroscopy: Changes in the secondary structure of
the native, monomeric β2m and amyloid formation in the presence of LPA were studied
by CD spectroscopy.



Transmission electron microscopy: Fibril morphology was studied by transmis-
sion electron microscopy. Samples were stained with 1% uranyl acetate.

Differential scanning calorimetry (ITC): The effect of LPA on the thermal sta-
bility of monomer β2m were investigated by differential scanning calorimetry.

Isothermal titration calorimetry: Critical micelle concentration of LPA was de-
termined by ITC. The stoichiometry and the dissociation equilibrium constant of the
LPA – β2m interaction were also determined by ITC.

Limited proteolysis: Limited proteolytic digestion by chymotrypsin was applied to
reveal the partial unfolding of the protein, and determine the lowest LPA concentration
that leads to destabilization of the native structure.

Thermal stability of β2m fibrils: Heat induced dissociation of β2m amyloid fibrils
was studied on fibrils grown at pH 2.5. The remaining fibril content was monitored by
ThT fluorescence.

Effect of LPA on the stability of fibrils at pH 7.4: We also studied the effect of
LPA on the stability of fibrils under physiological conditions, following the depolymeriza-
tion of fibrils formed at pH 7.4, in the presence of LPA. After removal of LPA by repeated
washing, fibrils were resuspended in buffer containing various concentrations of LPA, and
incubated at 37 ◦C. The remaining fibril content was monitored by ThT fluorescence.

Cross-linking with dithiobis (succimidyl propionate) (DTSP): To check the
occurrence of dimers (or oligomers) in our samples, we performed chemical cross-linking
experiments with DTSP. The monomeric or dimeric state of the protein was analysed by
SDS-PAGE.

FTIR spectroscopy: Structure of β2m amyloid fibrils grown under different condi-
tions was compared by FTIR spectroscopy. This method is sensitive for β-structure thus
it is suitable for investigation of amyloid fibrils. Structural differences were revealed by
investigation of the amide I band in the range of 1600–1700 cm−1.

In silico docking: To predict the possible binding sites of LPA and SDS on the
surface of β2m, protein-ligand docking was performed. A total of 100 docking runs were
performed for each ligand molecule. The density distribution of the ligand molecules was
calculated from the result of 100 runs.

4. Results and discussion

I. In the first period of the research, we determined the biochemical and biophysical
parameters of the β2m – LPA interaction. We showed that LPA selectively interacts



with β2m and induces its amyloid formation. In the case other, structurally related
phospholipids such as lysophosphatidylcholine, sphingosine-1-phosphate, and sphin-
gosylphosphorylcholine fibril formation was not observable. Furthermore, we found
that the kinetics of fibril growth depends on LPA concentration, the growth rate and
fluorescence intensity exhibit maxima around 300 μM LPA. ANS fluorescence and
CD spectroscopy, as well as differential scanning calorimetry experiments showed
that LPA, around a concentration of 300 μM, destabilizes the structure of the native
monomer β2m inducing a partially unfolded intermediate state. This intermediate is
in equilibrium with native β2m and capable of fibril extension upon addition of pre-
formed fibril seeds to the solution. Since our studies revealed that the critical micelle
concentration of LPA is around 50 μM, it means that LPA interacts with monomeric
β2m in a micellar form. ITC measurements showed that the stoichiometry of β2m –
LPA interaction is 1:30. Based on the estimation of other research groups, we as-
sumed that one LPA micelle consists of 60 LPA molecules. It means that one LPA
micelle interacts with two monomeric β2m molecules. The 520±200 nM dissocia-
tion equilibrium constant indicates high-affinity binding of monomeric β2m to LPA
micelles. We were curious about the lowest LPA concentration that leads to desta-
bilization of the native structure of monomeric β2m. We applied limited proteolysis
because it is a sensitive probe for protein unfolding. We found that new proteolytic
products appear at 25–50 μM LPA, depending on the buffer solution. Since this val-
ues are close to the highest LPA concentrations measured in the human serum, this
result suggests that LPA might have a role in the development of DRA. Finally, we
studied the effect of LPA on the stability of pre-formed amyloid fibrils. In another
work, we found that amyloid fibrils dissociate at elevated temperatures, and some
compounds, such as SDS protects them from thermal-induced depolymerization.
Based on these results, we investigated the stabilizing effect of different lipids on
the stability of amyloid fibrils formed at pH 2.5. We found that LPA, similarly to
SDS, prevents fibrils from heat-induced dissociation, while the other, structurally
related lipids such as lysophosphatidylcholine, sphingosine-1-phosphate, and sphin-
gosylphosphorylcholine had no effect.

II. To further characterize the mechanism of LPA-induced amyloid formation, our aim
was to determine the binding sites of LPA, and its structural analogue, SDS on
the surface of the protein. First, we carried out in silico docking experiments, and
predicted the possible binding sites. Based on the results of the in silico docking
experiments, we created some β2m variants by site-directed mutagenesis. We as-



sumed that LPA and SDS bind to β2m through electrostatic interactions, where the
positively charged lysine and arginine residues interact with the negative headgroup
of LPA an SDS. So, we replaced single lysine or arginine residues to alanine and
studied the effect of the mutations on LPA- and SDS-induced destabilization and
amyloid formation. Our results showed that the N-terminal region of the protein
plays an important role in the β2m – LPA and β2m – SDS interaction. We suppose
that LPA and SDS loosen the N-terminus of the polypeptide chain, and hydropho-
bic side chains became exposed to the solvent, promoting the aggregation of the
protein. Our results are consistent with the those of other research groups, which
demonstrated that a β2m variant devoid the N-terminal hexapeptide has a tendency
to self-aggregate even at neutral pH in contrast to the wild-type protein, indicating
the importance of the N-terminus in the stabilization of the molecule.

III. Finally, we were curious if the amyloid fibrils formed at low pH are different of those
grown at physiological pH, in the presence of LPA. Our studies revealed that fibrils
grown under different conditions have different morphology, stability and structure.
We assume that fibrils grown at physiological pH, in the presence of LPA are more
similar to amyloid isolated from DRA patients. Our observations emphasize the
importance to study the amyloid formation of β2m at physiological pH.
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