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This article presents recent works developing a fundamental understanding of structures and interactions of
supramolecular assemblies of biological molecules, in
particular, tubulin, amylin and lipids, of which the assembly transition is regulated by molecular switches –
tau, taxol, cholesterol, SPAN 80 and lipoic/ascorbic acids.
Nanometer to many micrometer scaled structures are
solved by combining reciprocal space and real space data
resulting from X-ray scattering/reflectivity, fluorescence
and electron microscopy.
nonbundle-to-bundle Transition of
Tubulin Tubules Triggered by Tau
Microtubules (MTs) are 25 nm protein nanotubes comprised of αβ tubulin subunits aligned end-to-end to form
linear protofilaments which interact laterally to form hollow cylinders (1). Microtubules are highly anionic with
the charge density of about 0.5 – 0.8 e/nm2, and rigid
with the persistence length of ~mm. Microtubules are
involved in a variety of cellular functions of cell division,
intracellular trafficking and maintaining cell shape. In
eukaryotic cell division, microtubules exhibit dynamic instability, i.e., cycles of rapid shortening followed by slow
growth. There are two distinct conformational transitions
of tubulin, straight-to-curved transition in catastrophe.
In catastrophe stage, GTPs are hydrolyzed into GDPs,
then protofilaments are axially curved out and MTs are
disassembled (2-4).
Neuronal MTs are highways for motor protein transporting cellular components from the body of the cell down
to the end of the axon. MTs are long lived with microtubule-associated-protein (MAP) tau. MAP tau modulates
microtubule dynamics by suppressing the rate of catas-
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trophe. In Alzheimer’s disease, tau is over-phosphorylated, then tau is detached from MTs, consequently MTs
disintegrate, collapsing neuron’s transport system (5).
This results in malfunctions in communication between
neurons and later, the death of the cells.
A chemotherapeutic drug paclitaxel (taxol) prevents disassembly of MTs by maintaining the straight conformation of GDP-tubulins (6). The previous study by atomic
force microscopy (AFM) has revealed different curvatures
of protoflilaments composed of GDP-tubulins with/without Taxol (7).
Microtubule bundles with string-like architectures were
revealed in an axon initial segment (AIS) by electron microscopy (Fig. 1a) (8, 9). These ‘fascicles of microtubules’
are now considered to be the passage for kinesin motor
proteins, which deliver neurotransmitters (10). While
tau proteins are believed to interact with microtubules,
how tau mediates the interaction between microtubules
still needs to be elucidated. Widely spaced hexagonally
ordered microtubules bundles were observed in nonneuronal cells with transfected tau cDNA but the studies
could not conclude whether the bundles came from taumediated attraction or repulsive force under confinement (11, 12). In the case of in vitro studies with paclitaxel-stabilized microtubules, no microtubule bundles
were observed (13-15).
In a work by Chung et al. (16), tau-mediated microtubule
bundles with paclitaxel-free and active (i.e. hydrolyzing
GTP) microtubules were studied using small angle X-ray
scattering (SAXS) and transmission electron microscopy
(TEM). In the SAXS study, widely spaced hexagonally
ordered microtubule arrays with a wall-to-wall distance
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Fig. 1: Nonbunble-to-bundle transition of a microtubule triggered by tau proteins. (a) An electron microscopy image of a
microtubule in the axon initial segment (AIS). Scale bar = 250 nm. (b) SAXS data of tau and microtubules for all six isoforms.
(c) The wall-to-wall distance dwall-to-wall and dwall-to-wall normalized by the calculated radius of gyration of tau projection domain RGPD for
various ratios of six tau isoforms to tubulin. (d) The average dwall-to-wall and dwall-to-wall / RGPD as a function of overall cationic charge of tau
(Qtau). (e,f ) Cross sectional images of microtubule bundles with hexagonal ordering (e) and linear architecture (f ). Scale bars = 500 nm.
(g) SAXS data of truncated tau showing a collapsed microtubule bundle (middle) when an anionic block of tau is eliminated.
(h) A phase diagram of microtubules as a function of Λ and Φ obtained from SAXS data with bundle phases at the shaded blue area.

dwall-to-wall = 25-41 nm were observed for 6 tau isoforms
(Fig. 1b), which is consistent with the previously reported
architecture in tau cDNA transfected cells. The ratio
dwall-to-wall/RPD was almost constant but the dwall-to-wall decreased as the overall cationic charge of tau increased (Fig.
1c,d). These findings indicate that the widely spaced bundles are affected by both tau PD size and the electrostatic
interaction of tau. In plastic imbedded TEM images, cross
sections of microtubule bundles with hexagonal ordering and string-like morphology were observed (Fig. 1e,f),
where the latter corresponds with the architecture in AISs.
The experiments using truncated tau showed that PDtruncated tau induced collapsed microtubule bundles with
dwall-to-wall = 4-5 nm (Fig. 1g). This result indicates that the
anionic block of PD plays a role as a repulsive barrier preventing microtubules from getting closer. Incidentally, tau
whose entire NTT is truncated induces a widely spaced
bundle with dwall-to-wall = 22-24 nm, which indicates that
NTT is unnecessary for widely spaced bundles.
In the paper by Choi et al (17), the authors confirmed
that paclitaxel, which has been widely used to stabilize
microtubules for in vitro studies, acts as the opposite mo-

lecular switch for tau proteins. Using SAXS and TEM,
they showed that the microtubules lost their hexagonal
ordering as the ratio of paclitaxel to tubulin increased in
the range of 1/32 ≤ Λ ≤ 1 (Fig. 1h). At a low paclitaxel
ratio < 1/4, microtubule doublets and triplets were observed as the concentration of tau increased, while microtubule bundles were absent when the ratio = 1. This
study showed that the formation of microtubule bundles
is highly affected by paclitaxel, so the elimination or
minimization of paclitaxel is needed in order to study microtubule bundles that are related to in vivo properties.
The above studies reported two molecular switches regulating microtubule nonbundle-to-bundle transitions:
MAP tau and paclitaxel. Quantitative analysis using
SAXS provided insight into the energy landscape between the microtubules covered by tau proteins. In particular, they showed that the tau-mediated microtubule
bundles are significantly related to the electrostatic interaction of tau projection parts. These studies provided a
quantitative method to study the effect of tau dysfunction
on microtubule bundle arrays by point mutation or hyperphosphorylation of tau.
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Unzip-to-zip Transition of Lipid
Membranes Induced by SPAN 80
A cell membrane consists of complicated interactions
between a variety of components, including proteins,
lipids, and lipopolysaccharides. Although each of the
components have important roles in the functionality of
the cell membrane, it is a difficult task to investigate the
role of individual components due to the overwhelming
complexity of the interactions among the components.
To solve this problem and to investigate desired components separately, techniques regarding the fabrication of
a model system of the cell membrane have been developed for decades. (18-22) Despite all of the intensive research, however, there are still critical obstacles for model
cell membrane fabrication. Among those obstacles, one
of the most highlighted problems is the lack of stability
of the freestanding lipid bilayer.
A bilayer is composed of self-assembled lipid molecules.
A lipid is an amphiphilic molecule that has a hydrophilic
head group and a hydrophobic tail group. When we prepare an oil-water interface using a lipid-dissolved, oily solvent and an aqueous solution, the lipid molecules are adsorbed to the interface to form a lipid monolayer due to
its amphiphilic characteristics. Recent research developed
a new method called the ‘droplet interface bilayer’ to fabricate a freestanding bilayer using this monolayer structure. (23-25) In this method, two monolayers are formed
at the surface of two different water droplets in the lipid
dissolved solvent. After monolayer formation, the droplets are moved toward each other until they touch and
then the monolayers undergo a “zipping” process during
which the two monolayers adhere to each other. During
this monolayer to bilayer transition, however, it is frequent that a transient pore between the two monolayers is
formed. Once this pore is formed between the monolayers, it expands due to the surface tension of the bilayer,
resulting in the complete merging of the droplets. Therefore, it is necessary to prevent transient pore formation to
fabricate stable freestanding lipid bilayers for general use.
A recent technique developed by Jeong et al. solved this
problem by applying an oil-in-water emulsion stabilizer
during the monolayer to bilayer transition. (26) In this
technique, they formed a planar oil-water interface and
water droplet using a solvent containing lipid and SPAN
80 (an oil-in-water emulsion stabilizer). Similar to the
droplet interface bilayer, monolayers are formed on the
planar oil-water interface and surface of the droplet.

54

Bulletin

After the droplet touches the planar monolayer, a monolayer to bilayer transition occurs. Here, SPAN 80 plays an
important role to prevent formation of a transient pore
which has highly positive curvature because SPAN 80 has
highly negative spontaneous curvature. As a result, an
appropriate amount of SPAN 80 can insure stable transition from a monolayer to a bilayer. Interestingly, after
the formation of the freestanding lipid bilayer, SPAN 80
moves out of the bilayer instead of remaining in. This
phenomenon can be explained by adhesion between the
two monolayers. Since the lipid monolayers have higher
surface tension then half of the surface tension of the bilayer, the monolayer to bilayer transition is energetically
favored. This energetic gain is the source of the adhesion
between the two monolayers for the monolayer to bilayer
transition. On the other hand, SPAN 80 does not have
this adhesion to form the bilayer structure. Therefore,
SPAN 80 spontaneously moves out from the bilayer since
SPAN 80 prefers the monolayer state to the bilayer state.
As shown previously, a monolayer to bilayer transition
can be affected by surfactants and their interactions.
Spontaneous curvature, adhesion energy or other physical characteristics might determine how stably the transition occurs and how the components rearrange after
the transition. This is why investigation of this transition
process is important for many kinds of membrane-based
research in the life sciences, physical sciences, and in biomedical engineering fields.
Ripple-to-Liquid Ordered (Lo) Transition
of Lipid Membranes Regulated by
Cholesterol
Cholesterol is a small amphiphilic molecule that consists
a backbone structure of a cellular membrane with phospholipids. It has previously reported that cholesterol
controls membrane structure and fluidity (27–30), thus
being deeply involved in various cell functions such as
signaling and disease development (31–34). Therefore,
there have been numerous model studies for the phospholipid – cholesterol membrane by utilizing a wide
range of optical, spectroscopy and diffraction techniques.
In particular, the phase behavior of a dipalmitoylphosphatidylcholine (DPPC) – cholesterol membrane has
been intensively studied due to its implication in lipid
raft structure (35, 36).
By using synchrotron X-ray reflectivity, Lee et al. presents
the enhancement of vertical order in DPPC multilayers by
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Fig. 2: (a-d) Schematics illustrating the formation of freestanding bilayer and spontaneous removal of the SPAN 80.
(e) Side-view microscopy images in correspondence with each of (a-d). (f ) Stability criteria for freestanding bilayer formation.
Monolayer interfacial tension and contact angle for DOPC as a function of SPAN 80-to-lipid weight ratio ΦSPAN80. The regime of
stable and SPAN 80-free bilayer is shown in green.

a cholesterol induced ripple-to-liquid ordered (Lo) phase
transition. Until now, the majority of X-ray reflectivity
studies on lipid – cholesterol systems were carried out with
a monolayer configuration, which is far from the physiological condition, because it is hard to get a sufficient Xray diffraction signal from the bilayers in an aqueous environment due to the X-ray absorption by the water. The
authors utilized a lipid spin-coating method (37, 38) with
a custom built X-ray liquid cell to solve this limitation.
The DPPC – cholesterol mixture solution is first spin-coated on silicon wafer substrate, followed by the addition of
a buffer solution and high temperature incubation. This
process leads to the spontaneous formation of ~30 multibilayers on the wafer, which can amplify the X-ray diffraction signal from single bilayer to the multiple.
Fig. 3(a) shows raw X-ray reflectivity data from DPPC
multilayers with various concentrations of cholesterol.
The three major changes in reflectivity curves by adding more cholesterol are clearly shown – (i) q position
shift, (ii) increased sharpness and (iii) increased amplitude of Bragg’s peaks. We analyzed these features more
specifically by converting them into the quantitative
parameters. First, the lamellar spacing, which is the
center-to-center distance between the bilayers, of DPPC
– cholesterol lipid multilayers, are obtained from the q
position of each Bragg’s peak (Fig. 3(b)). As cholesterol
concentration increases from 0 to 10%, the lamellar
spacing rapidly increases about 10 Å, while further cholesterol addition to 50% slightly decreases the lamellar

spacing. This 10 Å increase in lamellar spacing can be
explained by the DPPC chain tilt-to-untilt transition
due to the cholesterol insertion into the space between
the chains. Secondly, the full width at half maximum
(FWHM) of Bragg’s peak as a function of cholesterol
concentration is plotted in Fig. 3(c). FWHM has inverse
proportional relationship with the sharpness of the
peak, thus the rapid 4-fold decrease in FWHM from
3% to 10% of cholesterol concentration indicates the
increase in peak sharpness at the same regime. Considering that FWHM is correlated with the vertical order of
the sample, this decrease in FWHM indicates the certain
transition of DPPC – cholesterol multilayers from a vertically disordered to well-ordered state. The electron density profiles for the 1, 5, 10, 30, and 50% of cholesterol
concentration are shown in Fig. 3(d). The amplitude of
the electron density profile increases about 8 times from
1 % to 50 % cholesterol, also implying the significant
enhancement of vertical order in DPPC multilayers by
adding cholesterol.
By summing up the detailed analysis on the X-ray reflectivity data for DPPC – cholesterol multilayers, we can
conclude that DPPC multilayers, which are in a vertically
disordered ripple phase, undergo the phase transition
into vertically well-ordered LO phase by the addition of
cholesterol. Fig. 3 shows schematics illustrating of this
cholesterol induced phase transition. Note that DPPC
multilayers with low cholesterol concentrations (< 10 %)
are in a ripple phase, not in a simple gel phase. Although
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the gel phase has a tilted chain, it cannot form a vertically disordered structure, it is reasonable to expect that
the sample is in ripple phase with vertical undulation.
We argue that this phase transition with vertical order
enhancement is induced by the cholesterol, changing the
conformation of the DPPC chains. Because the chain tiltto-untilt transition (confirmed by lamellar spacing data)
produces well aligned conformation of DPPC molecules,
the structural undulation at the ripple phase disappears
in the Lo phase and the vertical order is improved (confirmed by FWHM and electron density data).
This finding suggests that the phase transition in lipid
multilayers can cause structural change, not only in a
lateral direction but also in a vertical direction, which is
novel feature for investigating a model membrane. This
research overcomes the previous limitations on studying
the vertical order of membrane structure by using spincoated lipid multilayers and an X-ray reflectivity experiment with customized X-ray liquid cell. It is expected
that our study might inspire the importance of vertical
structures in cell membrane and associated biological
processes.
Oligomer-to-Fibril Transition of
Amylin Inhibited by Lipoic/Ascorbic Acid
Protein misfolding and aggregation is of great significance as they are the hallmarks of various diseases,
namely amyloidosis. (39, 40) The most well-known
amyloid-related diseases include Alzheimer’s disease,
Parkinson’s disease, and type 2 diabetes mellitus (T2DM).
(41-43) In the case of T2DM, an amyloid deposit is observed in over 90 % of patients. (42, 44) Proteins exhibit
abnormally increased beta-sheet conformation, which results in toxic fibrillation and extra/intracellular amyloid
deposits. (43-45) Small (37 amino acids) proteins called
amylins, which are secreted by pancreatic islet beta cells,
are a major constituent of protein aggregation. (46) In
normal conditions, amylin participates in the glycemic
control system, co-secreted and acting synergistically with
insulin. (47) However, in pathological situation, amylin
aggregates to oligomeric and fibrillar forms and induces
beta cell apoptosis. (43, 45, 48)
Although general pathways, including the “abnormal
oligomer” seeding and fibril formation is known (Fig.
4(a)), the exact mechanism of amylin fibrillation has not
been clearly discovered and, indeed, no inhibitors have
been clinically approved. (45, 49) Various studies have
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Fig. 3: (a) Synchrotron X-ray reflectivity data of DPPC-cholesterol multilayers.
The position, intensity and sharpness of the X-ray structure factors of a DPPC
multilayer are changed with increasing cholesterol concentration.
(b) Lamellar spacing of DPPC-cholesterol multilayers vs. mol% of cholesterol.
Lamellar spacing rapidly increases (≤ 10 % cholesterol) and then decreases
(> 10 % cholesterol). (c) The full width at half maximum (FWHM) of a third order
X-ray reflectivity peak of a DPPC-cholesterol multilayer. The FWHM decreases
(i.e. X-ray peak sharpening) with increasing mol % of cholesterol.
(d) Representative electron density of a DPPC-cholesterol multilayer at 1, 5, 10,
30, 50 % cholesterol. This imply that the vertical order of a DPPC multilayer at low
cholesterol is enhanced by adding cholesterol. (e) Schematics illustrating vertical
order enhancement caused by cholesterol-induced phase transition of a DPPC
multilayer. The DPPC multilayer is in a ripple phase in a low cholesterol regime
(0 – 10 %). With increasing cholesterol concentration, the ripple-to-Lo phase
transition occurs and the vertical order between layers is enhanced.

suggested that the pH conditions are related to the fibrillation process. (45, 50, 51) An acidic pH condition has
been shown to reduce the aggregation rate of amylin,
compared with physiological pH condition of 7.4. (50-52)
Recently, Azzam et al. have specifically screened total six
acidic small molecules: acetylsalicylic acid, ascorbic acid,
benzoic acid, folic acid, lipoic acid, salicylic acid and have
discovered that ascorbic acid and lipoic acid have a signif-
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Fig. 4: Inhibition of amylin aggregation with acid compounds. (a) Schematics of the toxic effect of amylin aggregation and its
inhibition. Inhibitor molecules can hinder the formation of oligomeric form, thus preventing subsequent pathological effects.
(b) Molecular structures of suggested inhibitor molecules: lipoic acid and ascorbic acid. (c) Relative ThT fluorescence of amylin
solution (15 μM) after 2 h incubation at 37 ℃ with and without acid molecules (15 μM). (d) TEM images of an amylin solution
with and without acid molecules. Samples were negatively stained with uranyl formate after 1 h or 2 h incubation.

icant effect on inhibiting human amylin fibril formation
(Fig. 4(b)). (45) In particular, beta sheet conformation i.e.
the amount of amyloid fibril was quantified by measuring relative intensity of thioflavin T (ThT) fluorescence,
whereas the nanoscopic protein fibril structures were then
compared with transmission electron microscopy (TEM).
The inhibitory effects of acidic molecules were significant.
Both the addition of lipoic acid and ascorbic acid decreased the ThT fluorescence to 42.1 ± 17.2% and 42.9
± 12.8% respectively, compared with control (Fig. 4(c)).
Consistent with the ThT assay, TEM images also showed
time-dependent reduction in both number and length of
amylin fibrils in the presence of lipoic acid and ascorbic
acid (Fig. 4(d)). The authors also further assessed the
mechanism of inhibition by the cellular toxicity test and a
molecular dynamics simulation. (45)
It is known that rodent amylin, which contains proline in
Ser20-Ser29 region is non-amyloidogenic. (45, 47, 53)
This is because proline prevents beta sheet formation by
enhancing amino acid chain rigidity, as also confirmed
in amyloid beta and other fibril-forming proteins. (47,
54) Azzam et al. demonstrated that both lipoic acid and
ascorbic acid can bind to or interact with hydrophobic
residues such as Ser28, Gly24, and Leu27, stabilizing
the structure of amylin monomers. (45) It is expected
that this finding will provide useful insights for the pharmaceutical field. It is also notable that TEM imaging,

combined with other assays, can be practically utilized as
a standardized screening method for molecular agents
that alter the protein structures (fibrils or assembly structures), in either a beneficial or harmful way.
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