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Abstract

Phospholipid nanotubes are unique assemblies of phospholipid molecules which can be

reconstituted in-vitro . They are excellent models for studying the biophysics of nan-

otubes in living cells. With a radial size of ca. 10 nm, they are well suited for studying

size effects and the influence of curvature on protein binding. In this project, we used

various assays to produce nanotubes, which were subsequently size calibrated by using a

new calibration scheme based on fluorescent intensity from fluorophores incorporated in

the tubular membrane. The results were used to identify uni- and multilamellar tubes.

The shape dynamics of unilamellar tubes was further quantified by tracing the con-

tour of the nanotubes and calculating the correlation between tangent vectors along the

contour. This correlation provides a measure for the tube stiffness, which is called the

persistence length. More importantly, it was revealed for the first time that persistence

length scaled linearly with tube radius. The persistence length analysis of lipid tubes

can be useful to understand the mechanical properties of tubes in cells.

The assay for quantifying size and persistence length of freely suspended nanotubes was

used to measure the effect of laser excitation of fluorescent tubes with different radial

size. During extended illumination, the stiffness was shown to decrease for membrane

tubes in a size specific manner.

Identifying the lipid nanotube radius (typically between 10 and 100 nm) by its per-

sistence length and intensity is highly useful for understanding the role of membrane

associated proteins in membrane remodeling.

BAR (BinAmphiphysinRvs) domain proteins as a membrane associated proteins play

an important role in membrane remodeling, e.g. during the endocytosis process and

filopodium formation. Here, the effect of three membranes of the BAR domain fam-

ily was considered: F-BAR, Arfaptin (classical BAR) and I-BAR. The effect of these

proteins on the membrane can be different due to their structure and curvature. We

investigated the effect of the F-BAR (Syndapin 1) domain protein on the persistence

length of the tubular membranes having different radii. This was achieved by calcu-

lating the persistence length of F-BAR coated nanotubes and it was revealed that the

stiffness of the F-BAR coated tubular membranes is 5 times higher than protein free

tubular membranes. Phospholipid nanotubes (tethers) were also pulled from the vesicle

membranes and the curvature sensitivity of the proteins on them was tested against a

spectrum of curvatures. We observed that Arfaptin proteins bind very well to the lipid

membrane in a low concentration of salt and lead to the tubulation of the membrane.

Finally, The tubulation of membranes by I-BAR proteins was quantified. The persis-

tence length of I-BAR coated phospholipid nanotubes was found to increase by factor 2

in comparison to the protein free tubes having the same size.

keywords: Phospholipid nanotube, Vesicle, Persistence length, Optical tweezers, BAR do-

main proteins
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Chapter 1

Preface

In recent years, physicists and biologists have collaborated to solve interesting problems

in biological system. This relatively new field of biophysics has been quite successful, for

instance in understanding mechanical properties of cell membranes and their deforma-

tion in processes, such as exo- and endocytosis, cell migration and filopodia formation.

Observing the mechanical aspect of these processes has become more achievable by

developing tolls, e.g. confocal and fluorescent microscopy, optical tweezers and micro-

manipulation systems.

In this thesis, we aim to measure the mechanical properties of artificial membrane nan-

otubes. In our research, three types of membrane nanotubes were created and inves-

tigated under confocal microscopy. First, spontaneously forming fluorescently marked

phospholipid nanotubes were produced from the swelling of phospholipids on a glass

surface and their radii was found by measuring their persistence length and intensity.

The second kind of nanotube was created by pulling a tether from a vesicle membrane

using optical tweezers and the third kind was produced by the tubulation of the vesicle

membrane during the binding of BAR (Bin, amphiphysin, Rvs domain) domain proteins.

The concrete goals of the project were to measure the persistence length and diameter

of these three kinds of phospholipid nanotubes and explore the curvature sensitivity of

BAR domain proteins.

Thesis outline

■ Chapter 2 gives an introduction of a cell and the membrane deformation process,

a short history about the production of an artificial membrane, and the energy

equations describing the membrane deformation which were used in this thesis.
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■ In chapter 3, BAR domain proteins are introduced and their role in membrane

curvature is discussed. From the BAR domain superfamily, we used three members

(F-BAR (Syndapin 1), Arfaptin and I-BAR) to explore the role of these proteins

in sensing and inducing curvature on membranes.

■ Chapter 4 includes the method that we utilized to create spontaneous phospholipid

nanotubes and to quantify lamellarity of phospholipid nanotubes by measuring

their persistence length and radius. At the end of this chapter there are experiment

observations about the conversion of nanotubes to tubular vesicles and the effect

of illumination on their persistence length.

■ Chapter 5 includes the experiment observations and physical measurements of cur-

vature sensitivity of F-BAR domain proteins on tether and spontaneous phospho-

lipid nanotubes. The tubulation of the vesicle membrane was observed by binding

F-BAR and Arfaptin, which is discussed in this chapter. In addition, the chapter

includes a discussion on the reversibly of tubulation versus I-BAR concentration

or increasing membrane tension by micropipette aspiration.

■ Appendix A : Persistence length equations

■ Appendix B : Power spectrum method for calibrating optical tweezers

■ Appendix C : Production of vesicles and chamber preparation



Chapter 2

Cell membrane and lipid tubes

Firstly, in this chapter, there is a short introduction to the properties of cell membranes

and some of their components. Then the self-assembly of lipid molecules and artificial

membranes are discussed along with a focus on cylindrical and spherical membrane

shapes. Finally, equations describing the energy and the effect of membrane curvature

are explored. Introducing a cell and the equations of the membrane manipulation will

aid in understanding the results on the vesicles membrane, which will be presented in

chapters 4 and 5.

2.1 The cell

The word ”cell” comes from the Latin cella and means a small room. Cells are the

basic biological structure of living organisms and they can replicate independently. The

size of a cell is microscopic with a diameter between 5-100 µm. Cells have a variety

of sizes, shapes and they have a various functions depending on their location in the

body. For example, white blood cells destroy harmful bacteria and protect the body

against infection such as in wounds. Neuronal cells are long and have filaments to de-

liver messages from the brain to the other parts of body and vice versa. The skin is

a barrier which protects muscles and the internal part of body from the outside. Skin

cells should therefore have sufficient thickness and should replicate as soon as a wound

emerges. Red blood cells, which deliver oxygen through the vessels, are flexible as it is

crucial for them to change their shape when crossing a thin vessel. In short, there are a

variety in shapes and functions of cells, but they generally contain similar components

and structure. Figure 2.1 presents a schematic of a typical cell and in the following

subsections, their cellular components will be briefly described.

5
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Figure 2.1: A Schematic of a typical cell

2.1.1 Cell membrane

The cell membrane is a wall composed of lipid molecules and proteins which separates

the inside and outside of the cell and has a thickness of 5 nm [1, 2]. Besides providing

protection, the function of a membrane is to deliver material into and out of the cell. The

cell membrane contains 55% proteins and 45% lipids (25% phospholipids, 13% choles-

terol, 3% carbohydrates, 4% other lipids). Membrane lipids are amphiphile molecules

which have a polar head (water loving) and a non-polar tail (fat loving). To protect the

lipid tails from water in the cell, the lipids assemble into bilayers with the tails facing

each other and the polar head comes together facing the water phase, as shown in Figure

2.2. Membrane proteins are also delivery channels facilitating the transport of material

into and out of the cell. The intermediate layer of the membrane is hydrophobic and ion

(polar) materials are not able to cross the membrane apart from through the designated

protein channels.

2.1.2 Inside of the cell

Cells are organized into two groups: eukaryote with a nucleus and prokaryote without

a nucleus [1, 2]. The nucleus of cells is involved in protein production, synthesis and

cell division. The endoplasmic reticulum is around the nucleus with ribosomes that

synthesize proteins. After proteins are made in the reticulum, they are transported to

the Golgi apparatus by a small spherical bilayer (vesicle). The Golgi apparatus is a series

of flattened, stacked pouches called cisternae. Vesicles from endoplasmic reticulum carry

proteins to the Golgi where proteins synthesize there. Finally, proteins and lipids are
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Figure 2.2: Structure of membrane bilayer

packaged into vesicles for delivery to target destinations.

Another important component in cells is the cytoskeleton which acts to organizes and

maintains the cell’s shape. The eukaryotic cytoskeleton is composed of microfilaments

(actin filaments), intermediate filaments and microtubules.

2.2 Phospholipid molecules

As mentioned in subsection 2.1.1, the cell membrane contains 25% phospholipid molecules.

Phospholipids are used to produce artificial membranes such as liposomes and vesicles.

As it has been shown in Figure 2.3, phospholipid molecules have two parts: a polar

head group typically consisting of a choline, serine or ethanolamine and a hydrophobic

part usually consisting of 2 long fatty acid hydrocarbon chains (CH 2). There are two

groups of fatty acids, saturated and unsaturated. An unsaturated fatty acid refers to

the presence of one or more double bonds between carbons and a saturated fatty acid

is saturated with hydrogen and thus does not contain double bonds.

Phospholipids can exist in different phases, referred to as ordered and disordered. In

the absence of cholesterol, these phases are the gel and the liquid phase. In the liq-

uid phase, the tails of the molecule are more flexible than in the gel phase. For each

kind of phoshpholipid, there is a specific transition temperature which is sensitive on

the length and saturation level of the fatty acid chains. The transition temperature

decreases by the number of unsaturated carbon double bonds and the length of fatty

acid chains. Two kinds of phospholipid molecules ”POPC” and ”PC” are shown in

Figure 2.4 which have -2 and 33 degree centigrade transition temperatures respectively.

Many types of phospholipids are produced in the purified form for research purposes.

Two well-known companies which produce these molecules are: Avanti Lipids (http:

//www.avantilipids.com) and Sigma-Alderich (http://www.sigmaaldrich.com).

http://www.avantilipids.com
http://www.avantilipids.com
http://www.sigmaaldrich.com
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Figure 2.3: a typical structure of a phospholipid molecule

Figure 2.4: Two different phospholipid molecules; POPC and PC
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2.3 Self-assembly of phospholipids

As mentioned in the previous section, phospholipids are amphiphil molecules which

produce self-assemble structures in the polar solution such as water, sucrose and sor-

bitol. Figure 2.5 shows the self-assembly structure in which the hydrophobic tails of the

molecules have been sandwiched between hydrophilic heads. The shape of a phospho-

lipid determines which structure can be produced after the molecules have bee assemble.

In 1976 Israelachvili and his colleague considered parameters which determine the kind

of structure based on the molecular shape of the lipid [3]. The three parameters present-

ing a phospholipid molecule’s shape include the length of the hydrocarbon chain (lc),

the volume of the space that the chain occupies (v) and the effective area of molecule’s

head (a). For example, for a spherical micelle with the radius of R which contains N

phospholipids, the area and the volume of the micelle is given by :

S = 4πR2 = Na (2.1a)

V =
4

3
πR3 = Nv (2.1b)

by combining two equations, the radius of the micelle is derived R = 3v/a. On the

other hand, the tail parts of molecules occupy inside of sphere, so the radius of sphere

is smaller or equal with radius, R = 3v/a ≤ lc. This result is P = v/alc ≤ 1/3 where P

is called the packing parameter. There are similar conclusions for other self-assembling

structures :

1

3
≤ v

alc
≤ 1

2
............................... cylindrical micelle (2.2a)

1

2
≤ v

alc
≤ 1 ...... planar structure, vesicles and tubs (2.2b)

1 <
v

alc
........................................ inverse structure (2.2c)
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Figure 2.5: Self-assembly of Amphiphil molecules; spherical micelle (A), cylindri-
cal micelle (B), planar structure (C), Vesicle (D), cylindrical vesicle (E) and inverse

structure (F).

2.4 Vesicles

Liposomes are small vesicles (a few tens of nanometers in diameter) that exist as trans-

port carriers within cells. These vesicles are associated with both endo- and exocytosis

during the transport of molecules across, for example, the plasma membrane, see Figure

2.6 [1, 4]. During these processes, vesicles bud off and fuse with the plasma membrane

thus facilitating loading and delivery of molecules across the membrane. In our research,

we considered artificial vesicles which are produced in the lab. The small size of vesicles

(diameter < micrometer) is a very good model for biological vesicles. Giant vesicles (di-

ameter > a few micrometers) are good models for the cell membrane. In 1960 Bangham

and his colleague observed small and spherical vesicles under electronic microscopy for

the first time [5]. Subsequently, many researchers from physics, chemistry and biology

have worked to produce vesicles with a different radius and lamellarity. These days

vesicles are produced with various models, e.g. Small Unilamellar Vesicles (SUV), Giant

Unilamellar Vesicles (GUV), and Large Multilamellar Vesicles (LMV). There are vari-

ous methods to produce these different kinds of vesicles, some of which can be found on
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”http://www.avantilipids.com” and references [6–9]. Recently, there has been much

research on the application of vesicles in drug delivery and researchers have introduced

new methods for making vesicles with drugs and genes inside the vesicle [10]. In the

following subsections, the two main methods of vesicles’ production, which have mostly

been used by researchers are explained.

Figure 2.6: Vesicle trafficking inside the cell [1].

2.4.1 Spontaneous swelling method

The spontaneous swelling method was presented by Reeves and Dowben [8]. Following

them, researchers have adapted and optimized this method to produce unilamellar vesi-

cles with desired sizes. In short, there are 6 steps in the spontaneous swelling:

1) The stock solution is prepared mixing of the phospholipids in chloroform (methanol)

in the desired molar ratio. The stock solution should be kept at -20 degrees centigrade.

2) 50 µl of solution from (1) is coated and dried by using a glass syringe on a teflon

surface (a teflon cup is usually about 3 cm in diameter and height).

3) The coated surface is placed under nitrogen gas for several minutes for more evapo-

ration of the chloroform.

4) To gain complete evaporation of the chloroform, the cup is put into a vacuum cham-

ber for 2-3 hours.

5) Swelling solution (Phosphate Buffered Saline (PBS), sucrose, etc) is added to the cup

http://www.avantilipids.com
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and the top is sealed with parafilm to prevent evaporation of the solution.

6) The lipid film is allowed to swell during the gentle hydration at a higher temperature

than the transition temperature of phospholipids for 6-12 hours. During this time the

lipid film swells to form both multi- and unilamellar lipid vesicles.

2.4.2 Electroformation method

The electroformation method is used to produce GUVs by most researchers and it was

first presented by Angelova in 1986 [9]. There have been changes to this method since

then in order to optimize vesicle production and we used this method to produce GUVs.

The steps of this method are similar to the spontaneous swelling method. In this method

phospholipids were coated on the Indium Tin Oxide (ITO) surface of the coverslip. The

coated coverslip was put under nitrogen gas for several minutes and then placed into a

vacuum chamber. After 2 hours an o-ring was placed on the top of coated area and filled

with swelling solution. Another ITO coverslip was put on the top of the o-ring and the

solution was then sandwiched between ITO coverslips. Next, an AC electric voltage (10

Hz,1.5 V ) was applied between the plates for 2 hours and the GUVs were produced.

GUVs are mostly unilamellar and big in size (20-50 µm in diameter) in comparison to

the spontaneous swelling method.

2.4.3 Deformed shape of vesicles

Phospholipid membranes are flexible and become deformed by changing the parameters

such as with osmotic pressure, a medium viscosity and lipid mixture [11]. Deformation

of red blood cells due to osmotic pressure and in certain diseases has been observed

[12, 13]. One interesting property of the membrane deformation is the budding of small

vesicles from the main membrane, also called a bleb. The budding of the vesicles has

been observed and studied in biological cell division [14] and artificially in-vitro condition

in vesicles [13, 15, 16]. As an example, Figure 2.7 shows deformed shapes of vesicles in

the presence of peptides Aβ. A-42 leads to an increase in the membrane area, inducing

vesicle transformation.

Figure 2.7: Deformation of a vesicle membrane in the presence of peptides Aβ[13].
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2.5 Lipids nanotubes

In this section, an explanation concerning lipid nanotubes is given. Firstly, the sub-

section introduces biological lipid nanotubes which are observed in biological systems

or produced experimentally on the cell membrane. In the second subsection, the arti-

ficial phospholipid nanotubes are discussed, which are a good experimental model for

cellular tubes. Phospholipid nanotubes are also useful in the investigation of membrane

associated proteins in membrane remodeling. In our work, we produced phospholipid

nanotubes and used them to consider the effect of BAR domain proteins on the mem-

brane, which will be discussed in chapters 4 and 5.

2.5.1 Biological lipid nanotubes

Membrane nanotubes with a radius of about 100 nm can be extracted from the red

blood cell membrane. These kinds of membrane nanotubes were stretched by a fluid

shear stress with a length of up to 10 µm [17]. Short length membrane nanotubes have

also been observed in the endoplasmic reticulum and the golgi apparatus by electron

microscopy [18, 19]. Also motor proteins on microtubular play an important role in the

formation of these kinds of nanotubes [20]. There are other kinds of nanotubes which

emerge from the cell membrane and are caused by the polymerization of cytoskeletal

filaments. Membrane filaments are made by the polymerization of actin filaments or

microtubular. Polymerization forces are enough to curve the membrane and stretch it

[21, 22]. Filopodias grow, shrink, and act as sensing structures for the cell to probe the

microenvironment. Also, filopodias have the ability to interact with external objects

such as bacteria and artificial nanotopographies [23–25]. The growing and shrinking of

filopodia from ( and to) membranes can not be done solely by actin filaments; another

class of proteins involved in the deformation of membranes are called BAR (BinAm-

phiphysinRvs) domain proteins. These proteins play an important role in sensing mem-

brane curvatures and bending membranes into shapes that are dictated by their intrinsic

molecular shape [26, 27]. These proteins will be discussed more nn chapter 3.

Lipid nanotubes have also been observed between cells which are called intercellular

nanotubes [28–32]. They help to deliver materials between two cells directly. Material

delivery is useful for the biological balance between cells, but it has been determined that

these nanotubes also would allow neurons to transport an infectious agent composed of

protein [33]. Transmission of HIV-1 via intercellular connections has been estimated as

100-1000 times more efficient than a cell-free process [34].

Figure 2.8 shows various membrane nanotubes and filaments that have been mentioned.
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Figure 2.8: Biological membrane nanotubes: A) Stretched nanotubes from the red
blood cell membrane by fluid stress[17]. B) Filopodias from endothelia [35]. C) Inter-

cellular nanotubes between PC12 [28].

2.5.2 Artificial lipid nanotubes

Artificial lipid nanotubes are produced from phospholipid molecules and other am-

phiphilic molecules (without the phosphate head) [36]. Phospholipid nanotubes with

properties such as flexibility and rigidity are more like biological lipid nanotubes and

are good experimental models of cellular tubes. Artificial phospholipid nanotubes, which

are produced experimentally, can be classified into 3 categories:

Tethers: These nanotubes are extracted by applying a point force on the vesicle mem-

brane. The point force can be applied by mechanical manipulation [37, 38], optical or

magnetic tweezers (Figure 2.9 A) [22, 39, 40], motor proteins [41], and microtubular

polymerization (Figure 2.9 B) [22]. Phospholipid nanotubes (diameter 100 nm- 1 µm)

also are pulled out of the membrane by fluid flow (Figure 2.9 E) [42, 43] or applying an

electric field on the coated lipid stock [44].

Protein coated nanotubes : Membrane associated proteins (e.g. BAR domain proteins)

can bind to a membrane and change its curvature. BAR domain proteins are able to

tubulate a lipid membrane. The extent of tubulation depends on the protein concentra-

tion whereas the diameter of the resulting tubules depends on the molecular shape of

the protein (2.9 D) [45–47].

Free ends spontaneous phospholipid nanotubes: These kinds of nanotubes have been pro-

duced recently by mechanical manipulations and swelling techniques (Figure 2.9 C)

[48, 49].

Figure 2.9 illustrates artificial phospholipid nanotubes.

In our research, we produced these 3 types of nanotubes which will be explained in

chapters 4 and 5.
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Figure 2.9: Phospholipid nanotubes : A) A pulled nanotube from a vesicle membrane
(tether) by optical tweezers [40]. B) Polymerization of microtubules inside a vesicle [22].
C) Free ends-phospholipid nanotubes [48]. D) Arfaptin proteins lead to tubulation of
membrane. E) Fluid flow on the lipid stock (reservoir) forms lipid tubes [42]. The

scales are 10 µm

2.6 Energy associated with bending and stretching a mem-

brane

The bending energy of a membrane with area A and two principal curvatures of C1, C2

is given by [50]:

EH =
κ

2

∮
(C1 + C2 + C0)

2dA + κG

∮
C1C2dA (2.3)

where κ is the bending rigidity constant. C0 is the spontaneous curvature of the mem-

brane (characterizing the asymmetry of the membrane if either the lipid composition or

the surrounding medium is different on the two sides). The integral covers the entire

surface of the membrane [51]. κG is the Gaussian bending rigidity and corresponds to

the changes in topology [52, 53]. For a symmetric vesicle membrane with a constant

topology, equation 2.3 is rewritten as:

EH =
κ

2

∮
(C1 + C2)

2dA . (2.4)
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So then for a vesicle with a radius R (C1 = C2 = 1/R):

EH = 8πκ . (2.5)

And for a tubular membrane with the radius of r and the length of l (C1 = 0, C2 = 1/r):

EH =
κπl

r
. (2.6)

The bending rigidity is an important parameter considering physical and mechanical

properties of the membrane. There are several ways [54] to measure the bending rigid-

ity, but the two main methods are: fluctuation spectroscopy, in which the physical

parameters are extracted from the thermal undulations of the membrane [55] and the

micropipette aspiration method [56, 57], in which a part of the vesicle membrane is aspi-

rated into the micropipette and the vesicle is held by the aspiration pressure P (Figure

2.10). The relation between the membrane tension and the aspiration pressure is given

by Law of Laplace:

σ = ∆P
Rp

2(1 −Rp/Rv)
(2.7)

where ∆P,Rp and Rv are the aspiration pressure, micropipette and vesicle radius re-

spectively. Measuring the relative area change allows for extracting the value of the

bending rigidity [58]:
A−A0

A0
=

kBT

8πκ
ln(1 + 0.1

σA

κ
) +

σ

ka
(2.8)

where ka is the stretching elasticity modulus of the lipid membrane. For a membrane

with a thickness of h, the stretching elasticity is given by: ka = ακ/h2 where α is a

numerical constant. A0 would be extracted from the radius of the vesicles (R0) in the

beginning of aspiration (A0 = 4πR2
0). The proportionality between the apparent area

and the aspiration length (Lp) can be approximately estimated using the following [59]:

∆A ≈ 2πRp(1 − Rp

Rv
)Lp (2.9)

In a typical experiment, different aspiration pressures can be applied to a membrane

leading to different aspiration lengths. Then for each length, the value of the tension and

the relative area change are calculated from equations 2.7 and 2.9. Finally, a diagram

of ∆A/A0 versus σ is plotted and, using equation 2.8, the magnitude of κ and ka are

calculated.

The bending rigidity is a small value and the experimental results are sensitive to the

magnitude of the bending rigidity. Researchers usually find different numberss for the

bending rigidity, for example, for the POPC membrane, the bending rigidity has been

reported between 3 − 15 × 10−20J [54].

For a vesicle with the surface area, A,and the volume of the vesicle, V, the free energy
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Figure 2.10: Micropipette aspiration experiment [60].

of the membrane can be written [61]:

F = EH + σA− PV (2.10)

where P is the inside pressure (relative to the outside) and is zero when a vesicle is

suspended in an isotonic medium.

If a point force, f , is used to extract a tether with radius r and length l from a vesicle

membrane (see Figure2.11), the free energy of the nanotube (tether) using equations 2.6

and 2.10, is written (P=0):

F =
κπl

r
+ 2πrlA− fl (2.11)

By minimizing F with respect to radius we see that the surface tension reduces the

radius and the bending rigidity works to increase the radius. By minimizing the energy

in eq. 2.11 with respect to radius and length, the equilibrium radius r and force f

become:

∂F

∂l
= 0 ⇒ f = 2π

√
2σκ (2.12a)

∂F

∂r
= 0 ⇒ r =

√
κ

2σ
(2.12b)

Figure 2.11: Optical Tweezers - Micropipette aspiration method [39].
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If the tether has been cut from the attached point on the membrane, it would shrink and

convert to a spherical shape to minimize the bending energy. For example, a nanotube

with radius, r = 20 nm and length, l = 100 µm converts to a sphere membrane with

radius, R = 1 µm (with a constant area constraint, R =
√

0.5rl). By using a typical

number of the bending rigidity, κ = 40 pNnm and the surface tension of the mem-

brane, σ = 0.05 pN/nm, the nanotube has a bending energy of EH = 628000 pNnm

(equation 2.6), which is much greater than the bending energy of a spherical vesicle

,EH = 1000 pNnm (equation 2.5). Therefore, with regard to the bending energy, trans-

formation of a nanotube to a spherical vesicle is favorable. During this transformation

the volume changes whereas the area of the membrane is constant. For a lipid nan-

otube there is a difference in area between the outer and inner leaflets of the membrane

bilayer. For a bilayer with the thickness of h, the difference in area is calculated as

2πhl by subtracting the inner leaflet area, πrl, from the outer leaflet area, 2π(r + h)l

(see Figure 2.12) [49]. In contrast to a nanotube, the difference in area is negligible as

the vesicle radius is much bigger than the bilayer thickness (R>>h). Therefore, during

transformation, half of the lipids in the extra area of the outer leaflet of the nanotube

,2πhl, should transport to the inner leaflet. This process costs an energy which opposes

nanotube-vesicle transformation. In this project, we also considered the conversion of

nanotubes to tubular vesicles in the 2D chamber which will be discussed in chapter 3.

Figure 2.12: Drawing of a phospholipid nanotube which shows its geometrical pa-
rameters.



Chapter 3

BAR domain proteins and their

roles in membrane deformation

BAR domain proteins bind to membranes with different curvature preferences. They

sense membrane curvature and stabilize it by electrostatic binding to the membrane

and inserting amphiphatic helices into it. They play a role in biological system such

as cell division, vesicle budding , and cell migration [46, 47]. These proteins bind to

membranes by electrostatic interaction between negative charges of the membrane and

positive charges on the BAR domain. The shape of BAR domains exhibits various

positive and negative curvatures and the charges are on the curved face. In the binding

process, BAR domains induce their curvatures on the membrane. In this chapter there

will be a short explanation concerning BAR domain types, shapes, and their interaction

with membranes. In chapter 5, I will explain how the curvature sensitivity of BAR

domain proteins on the vesicle and tube membrane was quantified.

19
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3.1 BAR domain superfamily members

Arfapin’s protein structure (classic BAR) was first presented by Walker et al in 2001 [62]

while the structures of other BAR domain proteins were revealed in 2004 [63], especially

regarding their size and curvature [64–66]. Figure 3.1 shows the structure of the family

members and their subfamily. These domains can be classified into 4 different domains:

Classical BAR domain: The concave face of this protein has positive charges, which allows

the protein to bind to the membrane.

N-BAR domain: This type of the BAR domain has two N-terminal amphipathic helices.

In binding with membranes, the helices are inserted into the hydrophobic part of the

bilayer, which induces curvature on the membrane and so then the BAR domains sta-

bilize it.

F-BAR domain: This domain also has an intrinsic crescent shape and binds to membranes

via its concave face. F-BAR domains contain two hydrophobic wedge loops which are

inserted into the lipid bilayer during the binding of the BAR to the membrane.

I-BAR (inverse BAR) domain: There are three types of I-BARs called ABBA (Actin-

Bundling protein with BAIAP2 homology), MIM (Missing In Metastasis) and IRSp53

(Insulin receptor phosphotyrosine 53kDa substrate). The positive charges are on the

convex face of the domain. Thus, the I-BAR domains bind to a membrane and stabilize

negative curvatures in contrast to the classical BAR domains, which sense and induce

positive curvature.
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Figure 3.1: BAR modules (one monomer in yellow and the other in blue) viewed from
the side (left) and from the top (right) [66].
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3.2 Deformation of the membrane by BAR domains

Membranes change curvature during biological processes, such as cell division, vesicle

budding, endo- and exocytosis, membrane fusion, cell migration, and in the growth of

filopodia. One of the important mechanisms which lead to a curvature change on the

membrane is polymerization of intracelullar filaments, associated with the binding of

proteins. Figure 3.2 A shows schematically how a membrane is curved by this mecha-

nism [26]. BAR domain proteins, in particular domains containing amphiphatic alpha

helices, play an important role in both bending of membranes and sensing membrane

curvatures. Figure 3.2 B presents a model for the generation of membrane curvature by

BAR proteins.

Figure 3.2: A) Five main categories for the process of membrane deformation [26].
B) Membrane deforming mechanism which shows how BAR domains induce curvature

[27].

As previously mentioned, it seems in biological systems, deformation of a membrane

begins with other proteins and BAR domain proteins mostly sensing and stabilizing the

curvature on the membrane. However there have been several different mechanisms pre-

sented that describe the role of BAR domains in membrane deformation and it will take

more experimental research to determine exactly how BAR proteins affect membrane

curvature. So far, it has been observed that domains with amphipathic helices induce

preliminary curvature by inserting helix into a leaflet of the membrane and the BAR

domains reinforce and stabilize it [26]. The tubulation of membranes has been observed

in the presence of Arfaptin and N-BAR in-vitro conditions [45, 63]. In the presence of

F-BAR domains, membrane tubulation occurs less in comparison with N-BAR and also

generates tubes that are larger in diameter [67–70].

I-BAR domains sense and induce negative curvature on the membrane [71] . These

domains cooperate with various components of the actin filament assembly and other

proteins to promote filopodia protrusion [72–74]. Figure 3.3 presents a model of the

stages of filopodia formation and illustrates the functions of key proteins [75].
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Figure 3.3: A model for a filopodia formation [75]; A) The ends of the elongating
actin filaments converge, leading to the initiation of a filopodium. B) When the pre-
liminary filopodium begins to push the membrane, the IRSp53 (or other inverse I-BAR
domain proteins) facilitate membrane protrusion by directly deforming or tubulating

the membrane. C) A filopodium with key proteins.



Chapter 4

The production of spontaneous

phospholipid nanotubes and the

study of their physical properties

Section ?? included an explanation about lipid nanotubes and their importance in biolog-

ical systems. In this chapter, we will demonstrate how to create phospholipid nanotubes

and tubular vesicles, and then consider their properties such as their rigidity, persistence

length, radius, and stability. The stiffness and radius of phospholipid nanotubes will be

used to determine how BAR domain proteins bind to different curvatures. Thus, this

investigation leads to an understanding of mechanical properties and the molecular de-

tails of BAR domains. By comparing the stiffness of protein coated tubes (e.g. F-BAR)

to the bare membrane tubes, more information can be obtained regarding the proteins’

organization on membranes. The investigation concerning the binding of BAR domain

proteins will be discussed in the next chapter.
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4.1 One-end-free phospholipid tubes

In the electroformation method to produce vesicles , phospholipid nanotubes are usually

created between the vesicles and the surface of the chamber. When one delivers the

vesicles’ solution from electroformation chamber to a microscopic chamber, some of the

nanotubes remain preserved. These nanotubes are very thin; one end is free and other

is attached to a vesicle. Nanotubes are unstable; they slowly shrink and their radius

increases, while their length decreases. Thin tubes have a high curvature and according

to equations 2.5 and 2.6, converting a thin tube to a spherical vesicle leads to a decrease

in the bending energy, which is favorable energetically. Gradually the thin tube converts

to a small attached vesicle to the main large vesicle and finally fuses onto the membrane

(Figure 4.1 A) [76]. The optimized and appropriate method to create lipid tubes is

through the swelling of the dried lipid reservoir on a surface by using the force of the

fluid flow (Figure 4.1 B). The diameter of tubes and their multilamellarity depend on

chamber preparation and flow speed [43, 77]. This method has normally been used to

produce tubular vesicles which have a diameter of about 1-5 µm). Tubular vesicles have

been studied with consideration for Rayleigh-Plateau instability, also called pearling

instability [43, 78, 79]. In pearling instability, tubular vesicles under tension can convert

to connected quasi-spherical bulbs (Figure 4.1 C, D).

Figure 4.1: Phospholipid tubes with one free end. A) Phospholipid nanotubes after
vesicle preparation which are unstable and shrink to the membrane [76]. B) Phos-
pholipid microtubes have been produced by the fluid flow method [43]. C) Pearling
of microtubes by an amphipathic anchoring polymer, which was injected around the
vesicle using a micropipette [79]. D) Pearling instability on microtubes by applying an

electric field [43]. Scale is 10 µm.
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4.2 Spontaneous free end phospholipid nanotubes

Making free end phospholipid nanotubes and studying their stability is useful to extract

the mechanical property of the membrane bilayer by using thermal fluctuation. As it

was mentioned in section 2.6, nanotubes are energetically unstable. However, their pe-

riod of stability can be increased by the manipulation of the lipid mixture, the shape

of the chamber where the nanotubes are placed, and with a medium solution. Recently

in an experiment, a long tether was extracted from a vesicle membrane and was then

separated from the vesicle membrane by mechanical manipulations [49]. Consequently,

by this method, a free end nanotube was created and its stability was studied (Figure

4.2).

Figure 4.2: A) Schematic of pulling a nanotube from the membrane and cutting
the attached point from the membrane (making a free end nanotube). B) A long
phospholipid nanotube (length 300 µm) after being released from the membrane shrinks

and evolves into an elongated vesicle [49].

Recently a simple swelling method for making spontaneous free ends phospholipid nan-

otubes has been presented [48], which we also utilized. In our method, a phospholipid

stock solution was made from POPC and TR-DHPE (98:2 mol%) in a concentration

of 10 gL−1 in chloroform. TR is a fluorescent dye with an excitation maximum of 590

nm and an emission of 615 nm. 50 µL of this solution was dried out at the bottom

of a glass vial to form a lipid film. Subsequently, the lipid film was hydrated with 300

µL of milli-Q water at room temperature for 5 hours. Finally, 1 µL from the solution

was sandwiched between a cleaned coverslip and a microscope slide which had already

been coated with an α− Casein solution (2 mg/mL). This was in order to prevent the

adhesion of the phospholipid nanotubes to the glass surface. The chamber was sealed-off

with vacuum grease to prevent the sample from drying. As it has been shown in Figure

4.3 A, there are high concentration phospholipid nanotubes in the chamber, which makes

distinguishing free end nanotubes difficult. Another chamber was made from a solution

diluted 100 times to facilitate tracking and imaging individual free end phospholipid
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nanotubes. Figure 4.3 B shows six consecutive images of a free ends phospholipid nan-

otube. Phospholipid nanotubes were illuminated by an Hg lamp and the fluorescence

images were obtained by an EMCCD (Electron Multiplying Charge Coupled Device)

camera.

Figure 4.3: A) The phospholipid nanotubes’ image of fluorescence microscopy (Hg
lamp). B) Six consecutive images of a free end phospholipid nanotube, which show the

fluctuation of it. Each snapshot is separated by 5 s. Scale is 10 µm.

4.3 Quantification of the radius and lamellarity of phos-

pholipid nanotubes by their persistence length

The flexibility and rigidity of filaments can be identified by their persistence length.

As a physical definition, the length scale beyond which the filament shows significant

curvature due to thermal forces, is known as the persistence length, Lp [80]. The thermal

bending of filaments can be discussed in terms of the three-dimensional persistence

length, Lp = EI
kT (E and I are Young’s modulus and the geometrical moment of inertia of

the cross-section of filament respectively) [81]. Informally, a filament that has a length

much shorter than the persistence length, behaves like a rigid rod. However, if the length

is equal to the persistence length, it becomes a semi flexible elastic rod, whereas if the

filament has a much longer length than the persistence length, it is completely flexible

and the properties can only be described statistically, such as a random walk (Figure

4.4).

The persistence length of biological polymers depends on their composition as well as

their geometrical properties. For example, DNA has a persistence length of about 50

nm [82], actin filament has a persistence length of 17 µm [80] and microtubules are more

stiff, with a persistence length of millimeters [81].
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Figure 4.4: A schematic of three filaments with a length smaller (L ≪ Lp), equal
(L ≈ Lp) and bigger (L ≫ Lp) than its persistence length.

There are several different methods to measure the persistence length of a filament[83,

84]. To find the persistence length of phospholipid nanotubes, the Cosine Correlation

Function (CCF) method was used. In the first step of this method, the consecutive

images of a filament under thermal fluctuation have been taken. In each snapshot, the

skeleton of the filament is extracted and divided into many vectors whose size should be

smaller than the persistence length, such as in tangent vectors. The persistence length

of the nanotube is related to the correlation of the tangent vectors [85, 86]:

< t(s) · t(s + x) >= exp(
−x

2Lp
) (4.1)

where t(s) is a tangent vector in initial position s and x is the distance of the tangent

vector t(s + x) from point s (Figure 4.6 E). In Appendix A, it is shown that how this

equation can be obtained.

4.3.1 Phospholipid nanotubes’ imaging

The Leica confocal microscopy with a water immersion objective (Leica HCX, PL APO,

63, NA = 1.2 Water Corr CS) was used to capture images of nanotubes. The intensity of

phospholipid nanotubes was measured from confocal images due to their superior axial

resolution ( 0.5 µm) in comparison to images which have been taken by an EMCCD

camera. The average intensity on several images of an attended tube was measured

focusing on the part of tube with maximum intensity (see Figure 4.8A). The fluorescent

consecutive images of nanotubes (less blurry than confocal images) were recorded by

EMCCD camera and the images were used to determine the nanotubes’ persistence

length. Figure 4.7A shows the difference of intensity of the two phospholipid nanotubes

with either confocal or fluorescent images, shown in Figure 4.5B.
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Figure 4.5: A) An illustration of our semi 2 dimensional chamber and a confocal image
of a typical phospholipid nanotube. B, C) Consecutive images of two phospholipid
nanotubes which have different intensities. Images with white signal of nanotubes were
captured under Hg lamp by an EMCCD camera. The first images show confocal images;
the value of intensity was measured from the red TR-DHPE signal. The scale bar is 5

µm.

4.3.2 The tangent vectors on a phospholipid nanotube

We made a two dimensional chamber (section 4.2) to capture snapshots of the entire

length of the phospholipid nanotube. The thickness of several chambers (the distance

between two slides) was measured by using the reflection of the laser from glass-water

interfaces [87] and the thickness about 2 ±0.5µm was calculated. The thickness between

slides can also be estimated. If a drop with 1 µl size is spread between slides 2 × 2 cm2

due to capillarity force, the distance between them should be approximately 2.5 µm.

Figure 4.5 A shows a schematic of our semi 2D chamber.

The chamber was placed on the stage of microscope and a desired phospholipid nanotube

was found under confocal scanning (SP5, Leica) and several images of it were captured

for the intensity measurement. The intensity was used for measuring the radius of

the tube (explained in the next section in more detail). In second the step hundreds

of consecutive images of the same tube were taken under fluorescent illumination (Hg

lamp) using an EMCCD camera. The EMCCD images were used to find the persistence

length of the tube. To find the persistence length of a nanotube by using eq. 4.1,

the skeleton of the nanotube has to be located in each frame and divided into tangent

vectors. We developed a MATLAB program to track nanotube skeletons and to digitize

them to tangent vectors. Our method was inspired by the digitization method of Ott

et al(1993)[86]. First, all consecutive images of the nanotube are loaded in the program
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Figure 4.6: Procedure to track and find tangent vectors along nanotubes. A) The
starting point of the nanotube is determined by a click on one end. There is a circle
around this point which is used to find the second point. B) The second point along
the nanotube is found by looking at the highest intensity on the circle. This procedure
is repeated to find other points which are connected with a green line. C) By tracking
the Gaussian profiles’ intensity along the green line on the nanotube, the skeleton was
revealed with a sub-pixel resolution. D) The nanotube is divided into the digitized

points. E) Tangent vectors on the nanotube

and, in each frame, the starting point of the nanotube is determined by a click on one

end of the nanotube. Hence, the program works as follows:

A) A circle with a radius of several pixels (length about 0.8 µm) is drawn around the

start position. The radius of the circle is smaller than the persistence length of the

nanotube. However how can the persistence length be judged before measuring it? The

answer is that the exact value of the persistence length can not be estimate by looking

the image, but we can see along the selected radius; the tube is almost straight, so the

radius of circle is smaller than the persistence length of the nanotube (Figure 4.6 A).

B) The radius of the circle (radius line) scans the entire circle area and the program

measures average intensity along with the radius line. Hence, the highest intensity

determines the orientation of the nanotube and the end of the radius line on the arc is

the second point along the nanotube. This procedure is done for second point in order

to locate the third point and it is repeated to find remaining points. Figure 4.6 shows

digitized points found by this method which are connected by a green line.

C) The green line in step B is the crude skeleton of the nanotube; it is used to find the

skeleton which has the optimal spatial resolution. The program uses a perpendicular

line to the green line in order to measure the intensity profile of the nanotube and then

fits a Gaussian profile to this intensity to define center position of intensity. The red

line in Figure 4.6 C shows the line of the skeleton as a result of this step.

D) The program uses the circles with predefined radii to digitize points along the skeleton

of the nanotube. As Figure 4.6 D and E show, the intersection points of the circles with
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the skeleton determine tangent vectors along the nanotube.

By using this algorithm, it is not necessary to use the binary format of the image to

track the nanotube and the original data is not lost.

About 150-200 consecutive images of the nanotube were used to calculate the persistence

length of the nanotube by using eq. 4.1. The logarithm of the tangent correlation

function versus the distance of tangent vectors, x, (eq. 4.1) of the two tubes with

different intensities (Figure 4.7 A) shown in Figure 4.7 B. Solid lines show the fit of eq.

4.1 on the experimental data; the persistence length of tubes is extracted from the slope

of the fit. Tube 1 and 2 with low and high intensities have the persistence length of

(2.36 ± 0.08) and (8.32 ± 0.07) µm, respectively.

Figure 4.7: A) Intensity profile of two phospholipid nanotubes. B) Cosine correlation
function diagram as a function of separation, x, along the arc. Tube 2 with high

intensity has a significantly larger persistence length compared to tube 1.

There are two reasons why tubes have a difference of intensity level. firstly, their radius

is different and, secondly, they might have a difference of lamellarity. If the lamellarity

of the tubes is the same, it should be concluded that the tubes having the same intensity

also have the same persistence length due to their equal radii. However, in our data,

we saw tubes with the same intensity but with significantly different persistence length

values. Figure 4.8 shows that tube 2 and 3 have the same intensity (I= 210 a.u.) but

different persistence lengths due to their different radii and lamellarities.

4.3.3 Phospholipid nanotubes radius

As shown in Figure 4.9 A, the multilamellary of phospholipid nanotubes begins with a

special intensity that depends on the intensity, Imin,of the unilamellar nanotube with the

smallest radius, rmin. A tube with twice the minimum radius (2rmin) has the intensity

of 2Imin. If a second bilayer is added on the unilamellar phospholipid nanotube with the

radius and intensity of rmin and Imin, the radius of the new multilamellar nanotube is

rmin + ∆r. However, its intensity is (2 + ∆r/rmin)Iminwhere ∆r ∼ 5nm is the thickness

of the bilayer. It can be concluded that the difference in intensity level of the tubes is
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Figure 4.8: A) Three typical tubes, the part of the tubes in focus were used to
measure intensity. B) The intensity of the tubes verses selected pixels along the tubes’
axis. Tube 2 and 3 have the same intensity but different persistence lengths due to

multilamellariy.

due to a difference in radius or lamellarity as illustrated schematically in Figure 4.9 B

(the bilayer thickness has been ignored). Therefore, we can label each tube a unilamellar

tube, which has an intensity between Imin to ∼ 2Imin, and the radii of the 1, 2, and 3

bilayer tubes can be labeled r, r2, and r3. Hence, there is a linear dependence between

the radius of the tubes and their intensity as defined by: r = αI, r2 = 1/2αI, r3 = 1/3αI

(see Figure 4.9 B), where α is a proportionality constant (notice that this assumption is

acceptable for tubes with a diameter smaller than the confocal imaging depth).

The radius of a unilamellar tube, r, can be obtained from the expression [48, 61] (see

Appendix A):

LP =
2κπr

kBT
(4.2)

κ and kB denote the bending rigidity and Boltzmanns constant, respectively. By the

substitution of r = αI in this equation, it can be rewritten as:

LP =
2κπαI

kBT
(4.3)

To find the proportionality constant, α, we selected tubes which had the intensity value

between min to ∼ 2Imin (I<70 a.u.). This area of intensity was called ”the unilamellar

area”. Figure 4.10 shows the diagram of the persistence length of the tubes versus their

intensity in the unilamellar area. The solid red line is a fit of eq. 4.3 on the experimental

data points (bottom axis) where the value of α = 0.616 was extracted from the slope.

This value was used to calculate the radius of the phospholipid nanotubes; the results are

shown on the top axis of Figure 4.10. Therefore, the minimum radii of the phospholipid

nanotubes is approximately rmin−ex ∼ 18 nm. The minimum radius for lipid nanotubes
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Figure 4.9: Illustration of multilamellarity on the phospholipid nanotubes. A) A
diagram of three tubes shows if unilamellar phospholipid nanotubes with the smallest
radius has an intensity of Imin, multilamellarity begins from the intensity above (2 +
∆r/rmin)Imin. B) In the multilamellar area, the scattering of phospholipid nanotubes

in the intensity diagram could be due to a difference in radius and lamellarity.

can be estimated theoretically by the balance between the bending energy of a tube and

the surface energy. The bending energy of a tube with the length of l and the radius of r

is given by Ebend = κπl/r which is unfavorable to create a tube. The favorable energy to

create a tube from a flat membrane is the edge energy Eedge = 2γ(2πr+l), where γ is the

edge tension of the lipid bilayer. For a flat membrane with a length far greater than its

width (r << l), the edge energy can be rewritten as Eedge = 2γl. The minimum radius

of the tube is achieved by equating Ebend and Eedge which gives rmin−th = πκ(2γ)−1. For

POPC phospholipid tubes, the bending rigidity of the membrane and the edge tension

are given by κ = 19 kBT [88] and γ = 6±0.3 pN [89], respectively. By the substitution of

these values to rmin−th, the theoretical minimum radius was found to be rmin ≃ 20.4 nm.

This amount corresponds well with the experimental value ( 18 nm, see Figure 4.10).
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Figure 4.10: The persistence length of phospholipid nanotubes versus their intensity
for unilamellar area (I < 70). The solid red line is the linear fit of equation 4.3 through
data points, where the value of α = 0.616 was extracted from the slope of the fit, is

then used to determine the radius of the nanotubes (top axis).

4.3.4 Multilamellar Phospholipid nanotubes

For tubes with more than one bilayer (multilamellar tubes), the bending rigidity of a

lipid membrane is related to the total membrane thickness h, as [59]:

κ =
kAh

2

24
(4.4)

kA is the area compression modulus.

Therefore, if the bending rigidity of the unilamellar tubes is labeled κ, the bending

rigidity of 2 and 3 bilayer would be 4κ and 9κ respectively. With the substitution of

these expressions into equation 4.2, similar equations can be written for 2 and 3 bilayers’
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nanotubes:

LP (2) =
4κπαI

kBT
(4.5a)

LP (3) =
6κπαI

kBT
(4.5b)

Note that in eq. 4.2, r2 = 1/2αI, r3 = 1/3αI was substituted for 2 and 3 bilayer.

Figure 4.11 shows the diagram of the persistence length versus the tubes’ intensity.

This diagram shows the persistence length of 64 individual phospholipid nanotubes.

The scattering of data (intensity above 70 a.u.) represents the multilamellarity of the

nanotubes. Equations 4.3, 4.5a and 4.5b are plotted on this diagram and correspond

to uni (red line), double (blue line) and trilamellar (green line) tubes. As can be seen,

most tubes are unilamellar (data in red shaded region).

Figure 4.11: Diagram of the persistence length of phospholipid nanotube as a function
of their intensity. The data below 70 a.u. (x axis) is in the unilamellar area and has
been discussed in Figure 4.10. The red, blue, and green lines are the theoretical plots
of equations 4.3, 4.5a, and 4.5b correspond to the single, double and trilamellar tubes,
respectively. The errors (color shaded regions) were calculated from the unilamellar

area in Figure 4.10
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4.4 The tubular vesicle

As discussed in sections 2.6 and 4.2, phospholipid nanotubes are unstable and most of

them shrink to liposomes or tubular structures. It was discovered that the final shape

also depends on the chamber shape which contains tubes. Initially, after a semi-two-

dimensional chamber was made, most of the lipid tubes were long with a smaller radius

than the resolution limit of the light microscopy (Figure 4.12 A). However, after a while,

they began to shrink. Most of the thin tubes, and especially the long tubes, shrunk and

converted to tubular vesicles with a measurable radius as could be measured from the

intensity profile across the tube on the confocal images (Figure 4.12 B). This observation

is similar to the prior experiment [49, 76] as it was explained in section 4.2. As in the

three-dimensional chamber, the free end lipid nanotubes finally convert to a spherical

shape (stomatocyte membrane). However in our case, phospholipid nanotubes were in

two-dimensional chamber and there was not enough space for the tubes to transform

to a spherical vesicle. Figure 4.12 C shows an example of two tubes transforming to a

small vesicle and a tubular vesicle. The tubular vesicles have a radius approximately

between 150 and 600 nm and a contour length between 3 and 30 µm.

Figure 4.12: Transformation of phospholipid nanotubes into tubular vesicles. A)
Confocal image of phospholipid nanotubes directly after the 2D chamber was made. B)
The sample after 4 hours when nanotubes converted to tubular vesicles C) Consecutive
fluorescence images of transformation; it begins from one end of the tubes and takes
several minutes to convert to a tubular vesicle or a liposome (small vesicle). Scale bar

is 10 µm.

We measured the radius and length of the tubular vesicles and used them to calculate

the diameter of vesicles if tubular vesicles converted to spherical vesicles. The radii

of the tubular vesicles were calculated by their intensity profiles (Figure 4.13A). The

histogram of radius distribution (Figure 4.13A) shows that the radius of the tubular

vesicles are distributed around 250 nm. If a tubular vesicle with radius r and length

l converts to a spherical vesicle, its diameter would be Ds = 2
√

rl/2. To transform a

tubular to a vesicle, Ds should be smaller than the thickness of the chamber. Figure

4.13C shows the histogram of Ds where is distributed around 2 µm. On the other part,
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the thickness of the chamber that was measured by laser reflection on the water-glass

surface was approximately 2 µm. Hence there is not enough space for most of the

tubulars to convert to vesicles.

Figure 4.13: A) Intensity profile across a typical tubular vesicle. B) Radius distribu-
tion of tubular vesicles. C) Histogram of vesicles’ radius’ if the tubular vesicles could

transform to the spherical vesicles.

4.5 The effect of fluorescent illumination on tube stiffness

The effect of fluorescent illumination (Hg lamp) on phospholipid nanotubes and tubular

vesicles was quantified by measuring their persistence length during a long period of

exposure. The persistence length of several phospholipid nanotubes and tubular vesicles

was measured by 40 second sequential steps during a 5- minute illumination (Figure

4.14 B). The results demonstrate that the persistence length of phospholipid nanotubes

is constant during illumination (blue circle points in Figure 4.14 B). Interesting result

was about tubular vesicles that the persistence length descended significantly during

illumination time (red square points in Figure 4.14 B).

Figure 4.15 shows that the counter length of the tubular vesicles increases during illu-

mination time. Tubes elongated approximately 12%, so then by assuming that the area

was constant during elongation, means that their radius contracted about 10%. The

persistence length of the tube has a linear dependence to its radius, so in this case, the

elongation should change persistence length about 10%; however, Figure 4.15 shows that

the decrease of the persistence length of tubes is about 50%. Therefore, the large value

of decrease in the persistence length of the tubular vesicles cannot just be explained by

the effect of tube elongation. We expected a change in lipid material during illumina-

tion according to previous observations, in which the bilayer tension increases in strong
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illumination [90]. There was no change in the persistence length of the phospholipid

nanotubes during illumination time. As already discussed, phospholipid nanotubes have

a radius from 18 to 100 nm and tubular vesicles have larger radii. Hence, phospholipid

nanotubes have a very high curvature compared to tubular vesicles. Also, the radial

shrinking of a phospholipid nanotube needs needs an energy to alter the bending en-

ergy. This is probably the main reason that explains the constant persistence length of

phospholipid nanotubes during illumination time.

Figure 4.14: Effect of Hg lamp illumination on the persistence length of phospholipid
tubes. A) Consecutive EMCCD images of a typical tubular vesicle which show that
during illumination the tube becomes more flexible. The intensity of the tube decreased
during time due to bleaching. B) The normalized persistence length of phospholipid
nanotubes (red squares) and tubular vesicles (blue circles) as a function of illumination
time. The standard deviation is due to the measurement of the persistence length of 7

phospholipid nanotubes and 7 tubular vesicles.
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Figure 4.15: Normalized persistence length of tubular vesicles versus illumination
time (red square, left axis). Right axis shows the relative change of the counter length

of tubular vesicles (blue points).

4.6 Conclusions

In this chapter, a novel method was introduced to identify spontaneous phospholipid

nanotubes on the basis of their persistence length and intensity under confocal mi-

croscopy. The radius of nanotubes was found approximately 18-100 nm. It was also

discovered that nanotubes with a lowest intensity (related to the persistence length) are

unilamellar, while nanotubes with a higher intensity than the twice of the smallest one

can be uni- or multilamellar. The radius of nanotubes and their multilamelarity can

be considered in the study of the membrane associated proteins binding to high curved

tubes.

In two dimensional chamber, long phospholipid nanotubes convert to tubular vesicles

with a measurable radius from optical microscopic images. It was discovered that long

time illumination of Hg lamp decreases the persistence length of tubular vesicles whereas

the persistence length of phospholipid nanotubes is constant during illumination. These

results are useful and the effect of illumination on membranes during data collecting

under emission of the Hg lamp should be noted.



Chapter 5

Curvature-sensing of BAR

domain proteins and tubulation

of membranes by them

BAR domain family proteins were briefly explained in chapter 3. These domains have

a spontaneous curvature which leads to membrane curvature sensing and the BAR do-

main and its helices can facilitate stabilization electrostatic binding to membranes or

insertion of amphiphatic helices into a membrane. The effect of three BAR domains om

membranes was investigated: F-BAR (Syndapin 1), Arfaptin (classic BAR) and I-BAR

(ABBA type) domains on the membrane and phospholipid nanotubes, which will be

discussed in this chapter.

First, I will describe how F-BAR syndapin 1 senses the various curvatures on a pulled

tether from a vesicle. The persistence length and the stiffness of the F-BAR coated

spontaneous tubes will be discussed. Subsequently, in second section, our investigation

and observation of the tubulation activity of vesicle membranes due to the binding of

Arfaptin-membrane will be explained. Finally, in the last section, The I-BAR effect on

the membrane will de discussed. The tubulation activity of the I-BAR is tested with re-

spect to concentration and tension. These results are important for understanding their

mechanism in cellular remodeling e.g. tension is suggested to be a master regulator in

controlling filopodia formation , endocytosis etc.

40
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5.1 The effect of F-BAR on phospholipid nanotubes

Syndapin 1 F-BAR is a member of the F-BAR domain proteins’ subfamily. As shown

in Figure 3.1, the F-BAR domain has three members: FCHo, FBP17 and Syndapin.

F-BAR domain proteins sense or induce curvature on a membrane and these proteins

bind to membranes in biological processes to remodel membranes at endocytic pathways

and filopodium formation in association with actin filaments. Unlike FCHo and FBP17,

Syndapin contains two wedge loops that can cause tubulation of membranes by inserting

them into the leaflet of membranes.

In this section, the curvature sensitivity of the F-BAR will be shown on different curved

membranes, which were produced by pulling a tether from the lipid vesicles. The results

show that the F-BAR senses highly curved membranes at low density. We also show that

the F-BAR binding on the spontaneous phospholipid nanotubes significantly increases

their persistence length.

5.1.1 F-BAR senses curvature on a tether pulled by optical tweezers

Two kinds of GUVs were made by the electroformation method: Synthetic lipid vesicles

from DOPC, DOPG, DSPE-PEG(2000) Biotin, and Texas Red DHPE(74:25:0.7:0.3 mo-

lar ratio), and other GUVs were made from brain lipid vesicles (see preparation method

in appendix C) in 300 mM Sucrose. The chamber of the micropipette-optical tweezers

assay (appendix C) was made by GUVs in 15 mM NaCl, 270 mM Sucrose incubated with

an attended concentration of the F-BAR and streptavidin coated beads (diameter=4.95

µm). The prepared chamber was placed on the stage of the confocal microscope, a filled

micropipette with 15 mM NaCl, 270 mM Sucrose was gently input close to a vesicle

and, by using a micropipette aspiration assay, a part of the vesicle was aspirated into

the pipette. By using optical tweezers, a membrane nanotube (tether) was pulled out of

the vesicle (Figure 5.2 A). The membrane tension can be controlled by the suction pres-

sure (eq. 2.7), and concerning eq. 2.12b, the tether radius depends on the magnitude of

the membrane tension. The micropipette aspiration equations (2.7 and 2.12b) are not

reliable for F-BAR coated membranes. Therefore, before the main experiments in the

presence of F-BAR, the tether radius was calibrated by intensity techniques; so then

the radii of each tube can be measured by using its intensity. The tube/GUV intensity

ratio was measured at various suction pressures and the tube radius was measured using

eq. 2.12b (Figure 5.1). This ratio was used to estimate the radius of the tubes in all

experiments in the presence of F-BAR.
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Figure 5.1: The tube/GUV intensity ratio versus tube radius. 8 vesicles were used
to collect data.

We observed that F-BAR strongly prefers to bind to the tether with small radii (high

curvature). Figure 5.2 B shows the signals of TR-DHPE (red) and the F-BAR proteins

(white) on the membrane. These signals have been shown in Figure 5.2 C,D as surface

plots.

Figure 5.2: A) Micropipette-optical tweezers assay which is used to make high curved
membrane (tether). B) The confocal microscopy image of the the F-BAR coated mem-
brane with a tether that shows the merged image of two signals: the membrane channel
(red) and the F-BAR channel (white). (C and D) surface plots of two signals correspond

to (B).
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5.1.2 Curvature sensitivity of F-BAR on tethers with different diam-

eters

In the presence of an attendant concentration of the F-BAR, a typical GUV was lightly

aspirated into the micropipette and a tether was extracted by moving the chamber

using a piezo-electric stage. The radius of the tether (or equivalently tube curvature)

was changed using gentle manipulation of the aspiration pressure (see equation 2.7). The

tube diameter at various aspiration pressures was measured using a calibrated intensity

ratio (see Figure 5.1). To quantify the curvature sensitivity of the F-BAR on the tether,

the intensity of proteins on the tube and the GUV (which correspond to the proteins’

density) were measured as well as the intensity of the lipid dye. These intensity values

were substituted in the defined sorting parameter:

Sorting =
1

PCF

(Iprotein/Imembrane)tube
(Iprotein/Imembrane)GUV

(5.1)

where PCF is a factor which arises due to the polarization direction of the scanning

laser [91].

Figure 5.3A shows the sorting parameter for the Synthetic lipid vesicles (DOPC: DOPG

74:25 mol%) as a function of the tubes’ radius’. This diagram clearly shows a strong

preference of the F-BAR for high membrane curvature (thin tubes). The sorting pa-

rameter also has a strong dependence on the concentration of the F-BAR. Sorting was

measured in two concentrations of the F-BAR. In a low concentration, 50 nM of the

F-BAR (indicated as blue points in Figure 5.3A), it is significantly higher than a high

concentration, 500 nM of the F-BAR (indicated as red points Figure 5.3A). The Crowd

of proteins on the membrane minimized sensing at high density. The sorting parameter

was also measured for brain lipid vesicles in low and high concentration of the F-BAR

(Figure 5.3B).

Figure 5.3: Sorting of the F-BAR on tubes with different radius’ and in different
concentrations. The Sorting versus the tube radius for DOPC:DOPG vesicles (A) and
brain lipid vesicles (B) in different protein concentration, 50 nM (blue squares) and 500

nM (red circles). 17 GUVs were used to collect the sorting data.
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5.1.3 Investigation of the stability of a F-BAR coated tether by optical

tweezers

The stability of a F-BAR coated tether was investigated by measuring the tether force.

The tether in different concentrations of the F-BAR syndapin 1 elongated (from initial

length 5 µm to final length 15 µm) by the quick elongation of the tether (10 µm/s).

The optical trap was calibrated by monitoring the position of the bead in the trap at 22

kHz using a quadrant photodiode. The power spectrum analysis of the bead’s Brownian

motion was used to find the spring constant k of the trap (see appendix A). Hence,

during experimentation, the tether force was obtained by measuring the displacement

of the bead, ∆x, from the center of the trap, F=k∆x.

The experiment was done in various concentrations of F-BAR (0 nM, 50 nM or 500

nM). Figure 5.4A presents a diagram of the force changes (∆F ) versus; during elonga-

tion, the tether force increases; see data in 20-21 s in time axis. After elongation, the

force decreases to its equilibrium value (time>21 s). The relaxation behavior was mea-

sured in three bulk concentrations of the F-BAR, 0 nM (blue), 50 nM (red) and 500 nM

(magenta). As seen in Figure 5.4B, the exponential relaxation time increases linearly

with the F-BAR concentration: τ0nM = 0.52 ± 0.01, τ50nM = 1.20 ± 0.02 and τ500nM =

1.71±0.01. In the absent of the F-BAR (bare membranes) the relaxation occurs quickly,

τ0nM = 0.52s, which corresponds with previous observations [92]. In the presence of the

F-BAR, relaxation time may increase due to the reorganization of proteins on the mem-

brane.

Figure 5.4: Relaxation behavior of the tether force after tether length was elon-
gated 10 µm; A) The tether force behavior versus time during time of elongation
(20<time<21) and relaxation (time>21); see inset images. The experiment was done
at three concentrations of the F-BAR, 500 nM (magenta), 50 nM (red) and no F-BAR
(blue). B) The summarized result of several experiments (8 for 500 nM F-BAR and 6

for both 0 and 50 nM F-BAR) during relaxation time.
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5.1.4 The persistence length of F-BAR coated phospholipid nanotubes

The process of creating free end phospholipid nanotubes was explained in chapter 4 as

well as the CCF method to calculate their persistence length. Here, the persistence

length and the rigidity of the F-BAR coated free-end phospholipid nanotubes was cal-

culated. F-BAR proteins bind to a membrane and form a lattice like structure on its

surface [46]; it was expected that this structure would change the rigidity of the mem-

brane. We investigated the persistence length of spontaneous phospholipid nanotubes

in the presence of a high concentration of F-BAR syndapin 1 (3 µm) and finally the

results were compared with the persistence length of bare nanotubes.

Phospholipid nanotubes were created by the swelling method (section 4.2) from POPC:

DOPG: TR-DHPE (73:25:2 mol%). In the first step, a semi 2D chamber was made in

the absence of the F-BAR to measure the persistence length of the nanotubes (in the

unilamellar area, see section 4.3.3 in chapter 4). To determine the tube’s radius, the

average persistence length of several tubes with a minimum intensity was measured and

the result was used in eq. 4.3 to find the proportionally constant α, between the radius of

the tubes and their intensity (r = αI). In this calculation we used a value of κ = 24 kBT

for the bending rigidity of the POPC membrane [93]. Since the radius of the tubes is

related linearly to their intensities in unilamellar area, the tube radius can easily be esti-

mated using α. Figure 5.5 shows the diagram of the persistence length of the nanotubes

versus their radius. In this diagram, eq. 4.2 has been fitted on experimental data of

the bare tubes (blue circles) giving the bending rigidity of the membrane approximately

κ = 22 kBT , which is in agreement with the bending rigidity of the POPC membrane

(κ = 19 kBT in reference [88] and κ = 24 kBT in reference [93]).

To investigate the effect of F-BARon the tubes’ persistence length, they were incubated

in a high concentration of the F-BAR in a 2D chamber. The intensity of the tubes

was measured in the same assay as the bare tubes and their radius was calculated from

their intensity. The red squares in Figure 5.5A represent the persistence length of the

F-BAR coated tubes, which has been plotted versus the tubes’ radius. Interestingly, the

radius of the tubes is smaller compared to bare tubes’ radius; the linear fit of eq. 4.2

to the data provides the bending rigidity of the F-BAR coated lipid tubes κ = 95 kBT .

Hence, syndapin 1 proteins induce more curvature on the tubes. Moreover, their radius

decreases while their persistence length increases. Figure 5.5 shows a bare membrane

nanotube and a F-BAR coated membrane nanotube ( B and C in Figure 5.5 illustrate

three consecutive images of fluctuation in different colors were merged). They have the

same radius, but the F-BAR coated nanotube has a bigger persistence length (bare tube,

R=24 nm and Lp = 1.7µm; F-BAR coated tube, R=22 nm and Lp = 4.3µm).
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Figure 5.5: The F-BAR changes the persistence length and radius of membrane tubes.
A) The persistence length diagram of phospholipid nanotubes for the bare membrane
tubes (blue circles, 12 tubes) and the F-BAR coated tubes (red squares, 11 tubes). B
and C) Three consecutive merged images of a bare lipid tube (B) and a F-BAR coated
tube (C) which have a similar size. The F-BAR coated tube is clearly more straight

than the bare lipid tube. The images are 13µm× 13µm.

5.1.5 Tubulation of the vesicle membrane in the presence of the F-

BAR

The tubulation of GUVs’ membrane was observed in the presence of F-BAR with a 3 µM

concentration during the experiment and the chamber preparation (Figure 5.6). This

observation clearly reveals that the F-BAR domains induce membrane curvature at a

high concentration. Tubulation of the membrane in the presence of the BAR domains

was investigated in more detail with respect to the Arfaptin and I-BAR domains. This

will be discussed in the following sections.

5.2 Arfaptin coated phospholipid nanotubes

Arfaptin domain proteins as well as the F-BAR domain have positive charges on their

concave side and have the ability to induce a positive curvature on a membrane. Our

research revealed that the tubulation of membranes happens in the presence of a high

concentration of Arfaptin (Figure 5.7). In this experiment, GUVs were created by

the electroformation method from POPC:DOPS:TR-DHPE (79.5:20:0.5) in 300 mM

sucrose. The GUVs’ solution was suspended in an isotonic medium, 280 mM sucrose

plus 10 mM PBS buffer, and before being delivered to the chamber, incubated in a
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Figure 5.6: Tubulation of the membrane: the GUV was incubated in a buffer solution
270 mM sucrose and 15 mM NaCl with 500 nM of F-BAR proteins. Membrane and

proteins signals are red and green respectively. The scale bar is 10µm.

3 µM concentration of Arfaptin domain proteins. The Arfaptin domains had been

labeled with Alex 488, fluorescent dye, with an excitation maximum of 495 nm and

an emission of 519 nm. The chamber was made (appendix C) and transferred to the

microscope. After several minutes, there were many protein coated vesicles exhibiting

tubulation (Figure 5.7). The Arfaptin coated nanotubes around the GUVs have a similar

intensity, and hence a similar thickness. They were very flexible and tangled compared

with the F-BAR membrane tubulation (see Figure 5.6 and 5.7 for comparison). It can

be said that they have a smaller persistence length than bare tubes and F-BAR coated

phospholipid nanotubes since Arfaptin coated tubes are thinner and appear more flexible

than them. In our Matlab program, the tracking and digitizing of a filament with a bigger

persistence length than 1 µm was quite simple. However, with regard to the Arfaptin

coated nanotubes, they seem to have the persistence length less than 1µm, because it

was not possible to track and find the persistence length form confocal images.

Figure 5.7: Tubulation of a typical vesicle membrane: the GUV was incubated in a
buffer solution of 280 mM sucrose and 10 mM NaCl with 3 µM Arfaptin proteins. The
membrane and protein signals are red and green respectively. The scale bar is 10µm.
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5.3 I-BAR coated phospholipid nanotubes

In contrast to other BAR domains, I-BAR domains have a positive intrinsic curvature.

They bind to a membrane with their convex face. They can bind to membranes by

either electrostatic interactions such as IRSp53 and IRTKS or additionally by penetrat-

ing the amphipathic helix into the membrane such as MIM and ABBA [94]. I-BAR

domain proteins regulate the protrusions of filopodia [75, 95] and play an important

role in remodeling the membrane in the phagocytosis process [73]. Here, the tubulation

dynamics of GUVs were investigated, which were exhibited by binding I-BAR domain

proteins (ABBA type) to the vesicle membrane. In particular, the persistence length

of the I-BAR coated tubes was measured for the first time. Experimental methods and

results will be described in the following subsections.

5.3.1 Tubulation by I-BAR domains can be reversibly controlled by

protein concentration

GUVs were made in 300 mM sucrose from DOPC:DOPS:TR-DHPE (79.5:20:0.5) . A

chamber and micropipette for injecting the I-BAR (or aspiration) was prepared as ex-

plained in appendix C. The pipettes were filled with I-BAR proteins with a concentra-

tion of 40 µM and then the tip of a typical micropipette was gently positioned into the

chamber, close to an attended GUV; the system was allowed to equilibrate a few minutes

before the I-BAR injection.

The I-BAR (ABBA type) was injected by the micropipette around a typical vesicle.

During the injection, inwards’ I-BAR coated tubes emerged and began to elongate. Fig-

ure 5.8 1 shows that the binding between proteins and the vesicle membrane occurred as

soon as I-BAR was injected. Tubulation began to form on the injection side of the mem-

brane (left side in Figure 5.8 2) and then spread to the entire surface of the membrane

by increasing the concentration of proteins (Figure 5.8 3). When injection was stopped

and therefore , concentration of I-BAR around the vesicle had decreased (due to protein

diffusion to the other parts of the chamber), tubes began to shrink toward the mem-

brane (Figure 5.8 4,5). This experiment revealed that the tubulation on the membrane

depends on the protein concentration and that can be reversibly controlled. I-BAR do-

mains had been labeled with YFP, fluorescent dye, with an excitation maximum of 514

nm and an emission of 527 nm.
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Figure 5.8: Tubulation of a typical vesicles’ membrane: Red and green signals are
membrane and ABBA signals, respectively. Step 1) ABBA injected around the vesicles;
there is a good binding between proteins and the membrane. Step 2) ABBA was injected
from the left side of the vesicle causing it to tubulate from that side. Step 3) More
ABBA was injected and there is maximum degree of tubulation. Step 4 and 5) There
was no injection of ABBA and with a decrease of the I-BAR concentration, tubes shrink

to the GUV membrane. The scale bar is 10µm.

Figure 5.9 shows the diagram of intensity around and inside a typical vesicle during

I-BAR injection. When ABBA concentrations around the vesicle (red points) increased,

ABBA coated tubes began to grow toward the inside of the vesicle. Then the intensity

of the protein signal was increased at the inside of the vesicle due to the increase of the

tubes’ amount. The intensity of the inside of the vesicle was measured in two areas, the

center circle with 2/3 of radius of the vesicles (area 1) and the area between area 1 and

the membrane (area 2). It can clearly be seen in Figure 5.9 that, at the beginning of

injection, tubes are short and only fluctuate in area 2, so the intensity of area 2 increases

(green points), however, for area 1 the intensity is almost zero. By increasing ABBA

concentration to a maximum amount, the tubes then to elongate further and reach area

1. Subsequently, the intensity of this area 1 (blue points) increases as well as area 2.

After halting the injection, the ABBA concentration begins to decrease and the tubes

shrink back to the membrane (last image of the vesicle).
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Figure 5.9: Tubulation of a vesicle membrane by ABBA domain proteins and the
elongation of the created tubes by its concentration. With increasing ABBA concen-
tration around the membrane, tubes are generated and begin to elongate and fill the
inside area of the vesicle (area 1 and 2, see text). The tubes are reversible and shrink
back to the membrane by decreasing the concentration of proteins. In first the image
of the vesicle, there is no injection of ABBA and so then the radius of vesicle was

quantified by using the membrane signal. Scale bar is 10 µm

The other important parameter is how much of the membrane area could decrease be-

cause of tubulation. For measuring the decreased area, the radius (area) of the vesicle

is calculated during the injection of ABBA (tubulation). Figure 5.10 shows the diagram

of the vesicle radius vs. time. The radius of the vesicle decreases due to tubulation (an

increase of I-BAR concentration around the vesicle) and increases after halting the in-

jection (the shrinking of the tubulation to the membrane). As an example for the vesicle

which has been shown in Figure 5.10, the radius of the vesicle reduces from ∼12.5 µm

(the first image in Figure 5.9) to ∼11 µm (the third image in Figure 5.9) by tubulation.
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Figure 5.10: Increasing ABBA intensity (till t= 5 s) leads to the tubulation of the
vesicle and, as a result, the radius of the vesicle decreases (see vesicle images in Figure

5.9).

5.3.2 Tubulation by I-BAR domains can be reversibly controlled by

the membrane surface tension

In the aspiration method, a part of the vesicle is aspirated into the micropipette. As

it was explained in Section 2.6 the aspiration pressure on the membrane increases the

tension (equation 2.7) and the area of the membrane (equations 2.8 and 2.9). Increasing

tension of the membrane could also be induced by the tubulation of the membrane. In

the aspiration method a tube with a large radius (the pipette’s radius) is aspirated into

pipette from the vesicle but in tubulation many of the inward nanotubes are produced

by the I-BAR proteins. The question is if it is possible that nanotubes shrink back to

the membrane due to aspiration of a tubulated vesicle. Figure 5.11A shows a schematic

of a tubulated vesicle by the I-BAR domains and the idea of the reversibility of tubes

on the membrane during micropipette aspiration (Figure 5.11B). Therefore the tension

can apparently regulate the formation of tubes. This result has important implications

to undrestanding how the membrane tension regulates flopodia formation.

The GUVs’ chamber was prepared as explained in appendix C in 20mM PBS and 260

mM sucrose with 3 µM I-BAR domains. This concentration of I-BAR was enough to

tubulate the vesicles. The aspiration glass micropipettes were made in a diameter of

5 µm to 10 µm. The pipettes were then filled with the sample solution containing 2

mg/ml BSA (to prevent adhesion of the membrane lipids to the internal surface of the

micropipette) in 20mM PBS and 260 mM sucrose. Then the tip of a typical micropipette

was gently positioned into the chamber close to a tubulated GUV and the system was
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Figure 5.11: A schematic of a tubulated vesicle by I-BAR (A) and the reversibility
of tubes to the membrane by micropipette aspiration (B).

allowed to reach equilibrium a few minutes before the imaging and aspiration of the

GUV. Aspiration of the membrane into the micropipette caused the tubes to shrink

back on the membrane (Figure 5.12 1-3). The aspiration length for the disappearing

tubes was different depending on how much of the area of the vesicle was tubulated before

aspiration. To consider reversibility of the tubes, the aspirated vesicle was pushed out

of the micropipette and the vesicle re-tubulated after the extra tension disappeared on

the membrane (Figure 5.12 4-6).

Figure 5.12: Micropipette aspiration of a typical tubulated vesicle. Steps 1-3) by
aspiration of a vesicle, the tension on the membrane increases and it causes the tubes
to shrink back to the membrane. Steps 4-6) The reversibility of tubulation: the vesicle
was pumped out of micropipette by reversing the pressure inside the micropipette which
decreases the tension on the membrane and allows IBAR to form inward tubes. The

scale is 10 µm.
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5.3.3 The persistence length of I-BAR coated phospholipid nanotubes

In section 5.1, it was explained how the F-BAR can sense various curvatures on a mem-

brane and bind to membrane nanotubes. We also found the persistence length of F-BAR

coated nanotubes. Here, the same method was used to find the persistence length of

the I-BAR coated membrane nanotubes. I-BAR domains (ABBA type in our research)

bind to vesicles membrane and generate nanotubes in a diameter of 55 nm [94]. The

radius of ABBA coated nanotubes is then known (r ≈ 27 nm) and by measuring their

persistence lengths, the bending rigidity of I-BAR coated tubes can be calculated (see

equation 4.2).

The chamber containing the GUVs was prepared as it was explained in the previous

subsection. Subsequently, consecutive images of several GUVs with I-BAR coated nan-

otubes were taken under confocal microscopy. Tubes in focus were tracked and digitized

by using the Matlab program. Then tangent vectors along the nanotube (one vector at

each digitized point) were extracted. Figure 5.13 shows a typical tubulated vesicle with

many ABBA coated tubes and a tracked line of one of them. In each vesicle, approxi-

mately 100-150 tubes were digitized for measuring persistence length. The persistence

length was measured for tubes of several vesicles with a result of  Lp ≃ 7.6 ± 0.2 µm.

By using equation 4.2, the bending rigidity of the ABBA coated nanotubes was found

to be approximately 44 kBT , which is twice as much compared to a bare membrane.

IBAR can therefore mechanically stabilize filopodia to some degree in cooperation with

the internal actin.

Figure 5.13: A) Nanotubes tracking: I-BAR coated nanotubes in focus from consec-
utive images were digitized to measure the persistence length. Scale bar is 5 µm. B)
The CCF graph of I-BAR (ABBA) coated membrane nanotubes, the slope identifies

the persistence length of approximately 7.6 µm , see equation 4.1.

Confocal microscopic images are not snapshots. Thus, it takes time to scan the length

of a tube. Fluorescence snapshot images are usually used to find the persistence length

of a filament. However, in our research, confocal images were used. To see how this

issue effects our results, spontaneous phospholipids nanotubes were made form POPC
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and their persistence length was measured from Hg the lamp snapshots as well as from

confocal microscopy images (scan rate 400-500 Hz). Figure 5.14 shows the consecutive

images of a typical phospholipid nanotube, which were taken by confocal microscopy

(Figure 5.14A) and an EMCCD camera (Figure 5.14B). The nanotube is seen a tiny

crinkle in the confocal images. However as shown in CCF diagram (Figure 5.14B), it

has not effect on the measurement of the persistence length. This result confirmed that

the confocal images can be used to find the persistence length of nanotubes (with our

scanning rate to capture confocal images).

Figure 5.14: The consecutive images of a typical phospholipid nanotube which were
captured by confocal microscopy (A) and an EMCCD camera (B). C) CCF graph of
the persistence of nanotubes which was created from the confocal images (red points)

and an EMCCD camera (blue points).

5.3.4 Making inward tubes by optical tweezers without and in presence

of I-BAR

Lipid nanotubes (normally called tether) can be extracted from the membrane by ap-

plying a point force using optical tweezers. Pulling the tubes outward (tethers) from the

vesicle membranes was already used to consider the curvature sensing of BAR domain

proteins on the membrane, e.g. F-BAR and N-BAR domains which sense and generate

positive curvatures. I-BAR proteins have negative curvatures and induce inward vesicle

tubulation. These proteins bind to the nanotubes’ membrane from the inside leaflet

against the F-BAR and N-BAR domains. Making an inward tube by using optical

tweezers has been successfully done recently [96]. Here, for the investigation of I-BAR

sensing, an inward tether was pulled into the vesicle membrane. GUVs were prepared

in 200 mM sucrose and were delivered to the chamber with 2.5 micrometer beads and a

low concentration of salt (10 mM). Optical tweezers were used to push a trapped bead

inside the attached vesicle to create the inward tube, however, the force of the optical

tweezers was not enough to make the inward tether. To decrease the tether force, GUVs

were incubated in 280 mM sorbitol and 10 mM salt. In this situation, in order to balance

the osmotic pressure, a volume of water from the inside of the vesicle permeates to the
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outside medium and the vesicle becomes floppy resulting in a decrease in the membrane

tension. The force to create a tether from a vesicle membrane will decrease linearly with

the tension (see equation 2.12a). Thus, it was quite simple to make the inward tube

from the floppy vesicles. Figure 5.15 shows a typical experiment to create an inward

tube and the tether force during the process.

Figure 5.15: Inward nanotube (consecutive phase contrast microscopic images): a
2.5 micrometer bead pushed to the inside of the vesicle membrane to make an inward
tether. B) The tether force behaviors versus elongation time. The scale bar is 10µm.

Inward tubes which were created from floppy vesicles have a larger radius than ordinary

vesicle tethers (Figure 5.16 A). In the second step, approximately 2 µm ABBA domain

proteins were added to the chamber and an inward tube was pulled into the proteins’

coated vesicle membrane (Figure 5.16). The ABBA coated inward tubes were observed

to have a smaller radius compared to tubes without the ABBA. It seems ABBA proteins

induce more curvature on inward pulled nanotubes, which create thinner nanotubes as

shown in Figure 5.16 B.

Figure 5.16: Inward nanotubes. The inward nanotube pulled by optical tweezers force
from bare vesicles (A) and an ABBA coated membrane (B). The scale bar is 10µm.
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5.4 Conclusions

Membrane nanotubes with different radii (curvatures) were extracted from the vesicle

membranes and the curvature sensitivity of the F-BAR proteins was investigated by

measuring the sorting of proteins on the GUVs and tubes. The result revealed the high

preference of the F-BAR to bind to thin nanotubes at low protein concentration. The

rigidity of the F-BAR coated membrane nanotubes was also measured and calculated by

analyzing their persistence length. The smallest radius for bare spontaneous nanotubes

is approximately 20 nm whereas F-BAR proteins bind to nanotubes membrane and

induce more bending (make them thinner). The smallest radius was measured for the

F-BAR coated tubes approximately 10 nm. The tubulation of the vesicle membrane was

observed at high concentration of the F-BAR and Arfaptin domains and it was found

that Arfaptin coated tubes are more thinner and flexible than F-BAR coated tubes.

We also saw that I-BAR domains create inward tubulation of the vesicle membrane

depending on I-BAR concentration and that it can be reversibly controlled by changing

the external protein concentration. By micropipette aspiration, it was proved that the

tension on the I-BAR coated membranes can control the tubulation in a reversible

manner. Together these results show that IBAR and membrane tension play together

in mechanically regulating membrane protrusion which has important implications for

understanding the stability and formation of membrane structures like filopodia.



Chapter 6

Conclusions and outlook

Two aims were formulated for the overall project, which were: to investigate the me-

chanical properties of phospholipid nanotubes and to measure the effect of BAR domain

proteins on lipid nanotubes.

Confocal microscopy together with Hg lamp illumination were used to capture the images

of phospholipid nanotubes . The curvatures on the phospholipid nanotubes during ther-

mal fluctuation were seen using images from Mat Lab software. These curvatures were

then used to find the persistence length of the phospholipid nanotubes. The nanotubes’

radii were calculated by quantifying the magnitude of the tubes persistence length and

their intensity under confocal microscopy. For the first time, the linear dependence be-

tween the persistence length and tubes’ radius was proven. It was also discovered that

phospholipid nanotubes are either uni- or multilamellar when formed by spontaneous

swelling.

Phospholipid nanotubes with different diameters (or curvatures) were extracted from the

vesicle membranes in the presence of F-BAR proteins. Intensity measurements from the

protein signal on tubes of controlled radius showed that F-BAR has a high preference

for thin nanotubes. The persistence length analysis of the F-BAR coated nanotubes

revealed a high bending rigidity in comparison to the bare nanotubes. In addition, with

a high concentration of F-BAR proteins, tubulation of the membrane was seen around

the vesicles membrane in a similar fashion as for Arfaptin.

The tubulation of the membrane in the presence of I-BAR proteins was investigated.

I-BAR contrary to F-BAR and Arfaptin caused tubulation on the inside of vesicle mem-

brane. A linear dependence was discovered between the elongation of tubes and the I-

BAR concentration. Furthermore, the micropipette aspiration of the tubulated vesicles

proved that tubulation reversibily depends on membrane tension. Finally, the persis-

tence length of the I-BAR coated phospholipid nanotubes was found approximately 2

times bigger than bare membrane nanotubes with the same diameter.
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Knowledge of the interaction between membrane nanotubes and BAR domain proteins

is useful to understand the role of membrane associated proteins in biological processes,

e.g. endocytosis, membrane budding and filopodium formation. The presented results

and analytical methods developed here provide an excellent strategy for investigating

the mechanical effects of BAR domain proteins (or other membrane binding proteins)

on tubular membranes. The results from these experiments will contribute to the un-

derstanding of the mechanisms behind the formation of the many tubular shapes found

in cells.



Chapter 7

Appendices

7.1 Appendix A

Driving of the equation 4.1

The bending energy of a filament with length L is given by [80]:

Ebend =
EI

2

∫ L

0
(
dθ

ds
)2ds (7.1)

where EI is the flexural rigidity of the filament (E and I are Young’s modulus and the

geometrical moment of inertia of the cross-section of the filament respectively). θ(s) and

s are the tangent angle and the arc length along the filament respectively.

The persistence length is called the competition between the thermal and bending energy,

Lp = EI
kT . The cosine (tangent) correlation function (CCF) is a mathematical method

to characterize the space curves of the filament. CCF is defined as:

g(s) =< t(0).t(s) >=< cosθ(s) > (7.2)

where t(0) is a tangent vector in the initial position and s is the distance of the tangent

vector t(s) from t(0) (Figure 7.1A). The average is over time during fluctuation, which

involves all configurations of the filament.

For small angles (θ(s) << 1), eq. 7.2 can be rewritten as [97]:

g(s) =< 1 − θ2(s)

2
> (7.3)

All possibilities of the tangent vector orientation in three dimensions can be written as:

< θ2(s) >=
1

Z

∫ 2π

0
dϕ

∫ π

0
θ2sinθe(EI/2kBTs)θ2dθ (7.4)
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where

Z =
1

Z

∫ 2π

0
dϕ

∫ π

0
sinθe(EI/2kBTs)θ2dθ (7.5)

Equation 7.4 can be rewritten as:

< θ2(s) >=
−2kBTs

I

∂LnZ

∂E
(7.6)

By substitution of θ instead of sinθ for small angels and changing variable u = (EI/2kBTs)θ
2

:

Z =
2πkBTs

EI

∫ ∞

0
e−udu =

2πkBTs

EI
(7.7)

Hence, by substitution equations 7.6, 7.7 and 7.4 in eq. 7.3:

g(s) = 1 − kBT

EI
s = 1 − s

Lp
(7.8)

In the s << Lp, it is obtained:

g(s) = exp(
−s

Lp
) (7.9)

In two dimensions, Lp should be replaced with 2Lp.

Figure 7.1: A) A drawing of a tube with tangent vectors B) A small section of the
tube which shows two principal radii of curvatures and bending angles

Driving of the equation 4.2

The bending energy of the membrane with area A and the two principal curvatures of

C1, C2 are given by the Helferich energy as:

EH =
κ

2

∮
(C1 + C2 + C0)

2dA (7.10)
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In our case the lipid composition in the two leaflets is the same and also there is no

difference between the solution of the inside and outside of the vesicle which causes a

value of zero for the spontaneous curvature (C0 = 0). Figure 7.1B shows a bend on a

nanotube with two principal curvatures. The bending angles are θ and φ. Therefore,

C1 and C2 are given by:

C1 =
1

r
(7.11a)

C2 =
cosφ

R + r cosφ
(7.11b)

For a small bend, the area element is given as dA = rdφ.(R+r cosφ)dθ. Thus, for small

angel ∆θ, the bending energy becomes [48] :

∆EH =
κ

2

2π

r

1√
1 − r2c2

∆S (7.12)

where c is the curvature of the tangent circle on the selected element and ∆S = R∆θ.

Taylor series of ∆EH becomes:

∆EH =
κπ

r
∆S +

rκπ

2
∆Sc2 + ... (7.13)

The first term is the bending energy for creating tube and the second term is the bending

energy of the tube’s backbone.

On the other hand, for a filament, the bending energy of the filaments’ backbone in two

spatial dimensions is given by the persistence length term Lp , as [48]:

∆E =
KBTLp

4
∆Sc2 (7.14)

Hence, eq. 4.2 can be obtained by the combination of equations 7.13 and 7.14 :

LP =
2κπr

kBT
(7.15)
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7.2 Appendix B

Power spectrum method for calibration of optical tweezers

The position of a bead in trap, x(t), is described well by the Langevin equation [98]:

mẍ(t) + γẋ(t) + kx(t) = Ftherm(t) (7.16)

with m the bead’s mass, γ the friction coefficient, and k the trap stiffness. In water,

the first term is negligible compared to the other terms. Ftherm(t) is a random thermal

fluctuation force.

A quadrant photodiode (QPD) was used to detect the position of the bead in the trap

which the raw data of photodiode (S(t)) is in volts. S(t) and x(t) are linearly proportional

(x(t) = βS(t)). The Fourier transform of the voltage signal with time T, can be written

as:

S(f) =

∫ T
2

−T
2

S(t)ei2πftdt (7.17)

The power spectrum of the data can be obtained by using eq. 7.16 and 7.17:

P (f) =<
|S(f)|2

T
>=

kBT

2γπ2β2(f2
c + f2)

(7.18)

where fc is the corner frequency and is related to the trap stiffness, fc = k
2πγ .

Figure 7.2 shows a power spectrum of a bead that was used in our experiment.

Figure 7.2: Power spectrum diagram for calibration of the optical trap. It illustrate
the Fourier transformed of photodiode data with a Lorentzian fit on them (see eq. 7.18)

giving the corner frequency of fc = 261Hz.
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7.3 Appendix C

Preparation of the giant unilamellar vesicles

To make synthetic lipid GUVs, DOPC, DOPG, DSPE-PEG(2000) Biotin, and Texas

Red DHPE (molar ratio of 74:25:0.7:0.3) were mixed in chloroform. Hence, by using a

Hamilton syringe, 10 µl of lipid solution was spread on the glass slides’ surface, which

was coated in indium titanium oxide (ITO). In order to better spread of the highly

charged lipid mixture, about 30% volume ratio methanol was used. To evaporate the

chloroform and methanol, slides were dried under nitrogen flow for a few seconds. Hence,

the slides were placed into a vacuum chamber for 1-2 hours to complete the evaporation

of chloroform (and methanol). Finally, giant unilamellar vesicles were prepared by the

electroformation method in a 300mM sucrose solution.

Preparation of the chamber for tether pulling and protein injection

A thin, square frame from PDMS was coated on a clean glass slide (25 X 50 mm # 1)

and the inside volume of the frame was filled by α−Casein solution (2 mg/ml) and al-

lowed to incubate for 15 minutes. Then the volume was successfully washed with 15mM

NaCl, 270mM sucrose. Coating the glass with α − Casein prevents membrane-glass

adhesion. The chamber was closed with a coverglass to allow using the immersion oil

condenser (for measurements the trap signal by photodiode). One side of the PDMS

was removed to allow the pipette to enter the chamber and the volume was loaded with

a vesicle solution.

Glass micropipettes were made using a micropipette puller (P-97 Flaming/Brown Mi-

cropipette Puller, Sutter Instruments) and their tip fabricated to a diameter between 5

µm to 10 µm using the Micro Forge MF-900, Narishige co. ltd Japan. In the aspiration

experiment, a pipette was filled with α−Casein solution and washed several times with

15mM NaCl, 270mM sucrose. Then pipette was filled with 15mM NaCl, 270mM sucrose,

wich was gently pipetted into the chamber.
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FBAR Syndapin 1 recognizes and
stabilizes highly curved tubular
membranes in a concentration
dependent manner
Pradeep Ramesh1, Younes F. Baroji1,2, S. Nader S. Reihani1,3, Dimitrios Stamou4,5, Lene B. Oddershede1,5

& Poul Martin Bendix1

1Niels Bohr Institute, University of Copenhagen, Blegdamsvej 17, 2100 Copenhagen, Denmark, 2Department of Physics, Institute
for Advanced Studies in Basic Sciences (IASBS), Zanjan 45137-66731, Iran, 3Department of Physics, Sharif University of
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Center of Excellence for Biomembranes in Nanomedicine.

Syndapin 1 FBAR, a member of the Bin-amphiphysin-Rvs (BAR) domain protein family, is known to induce
membrane curvature and is an essential component in biological processes like endocytosis and formation
and growth of neurites. We quantify the curvature sensing of FBAR on reconstituted porcine brain lipid
vesicles and show that it senses membrane curvature at low density whereas it induces and reinforces tube
stiffness at higher density. FBAR strongly up-concentrates on the high curvature tubes pulled out of Giant
Unilamellar lipid Vesicles (GUVs), this sorting behavior is strongly amplified at low protein densities.
Interestingly, FBAR from syndapin 1 has a large affinity for tubular membranes with curvatures larger than
its own intrinsic concave curvature. Finally, we studied the effect of FBAR on membrane relaxation kinetics
with high temporal resolution and found that the protein increases relaxation time of the tube holding force
in a density-dependent fashion.

P
roteins containing BAR domains that can either sense or generate curvature on phospholipid membranes
are associated with cellular sites where severe bending of membranes takes place. Working in tandem with a
panoply of other host proteins, BAR domain proteins appear to play a crucial role in cellular cargo

trafficking through coordinated membrane and cytoskeletal remodeling1–3. Consequently, they influence a vast
array of physiological activities ranging from T-tubule formation in muscle cells to neuromorphogenesis1. In
addition, their malfunction is implicated in diseases such as bladder carcinoma, Alzheimer’s, and Huntington’s,
as well as cancer progression4.

Bar domains belonging to a variety of proteins have been shown to detect membrane morphologies that have a
tubular or spherical shape5–13. In an experimental assay where a membrane tube is pulled out of a GUV the
membrane bound proteins are allowed to freely diffuse between the low curvature compartment (the GUV) and
the highly-curved tube, thus mimicking the curvature landscape and connected membrane structures displayed
in cells. Proteins containing NBAR domains were shown to up-concentrate on tubular membranes with curva-
tures that strongly correlated with the BAR domain’s high intrinsic curvature9,11,13,14. Besides having a concave
side, with cationic residues that bind to negatively charged membranes, NBAR domains are also equipped with N-
terminal hydrophobic helices which insert into membranes upon binding. These N-terminal helices are impli-
cated in membrane deformation2 and were found to sense membrane curvature in liposomal assays7.

FBAR domains, however, are less curved than NBAR domains, and a variety of proteins containing FBAR
domains are commonly associated with a range of biological processes where membrane remodeling takes
place1,3,15,16. The molecular domain curvature differs among the various known species of FBARs with differences
in both the degree and the dimensionality of the curvature3. In addition, electron micrographs of FBAR domains
highlight their ability to self-arrange in an assortment of lattice configurations17, thus enabling them to aggregate
on membranes whose curvatures are higher than the concave curvature of the FBAR domain itself16. Interestingly,
the FBAR domain of syndapin 1 has a distinctly unique shape when compared to other types of bar domains.
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Besides having a shallow curvature on its concave side, the tips of the
FBAR domain also point away from the central (long) axis of the
protein, giving it a characteristic tilde-shape16. Due to this pro-
nounced two dimensional curvature, syndapin 1 can constrict mem-
branes into tubules having a range of curvatures16 thus giving it an
important role in a host of biological functions. Unlike NBAR, syn-
dapin 1 contains two wedge loops that can insert into the hydro-
phobic region of the bilayer which seem to be critical for its tube
forming ability18.

Sensing of membrane curvatures by the FCHo2 FBAR domain was
reported in both a single liposome assay and in a bulk assay with
conflicting results7,19. The shallow molecular curvature of the FBAR
domain’s concave side does not necessarily dictate its sensing beha-
vior, since it could bind at an oblique angle to the tube axis16, or
binding could be dominated by membrane insertions of hydrophobic
residues displayed on the concave side of the BAR domain5,7.

To quantify syndapin’s curvature sensing behavior, we pulled a
membrane nanotube, with controlled diameter, out of a GUV using
an optical trap while simultaneously imaging the protein density
on the tube and the GUV by confocal fluorescence microscopy.
Interestingly, we found an increased sensing of membrane curvature
even when the membrane curvature exceeded the protein’s intrinsic
curvature. By performing force spectroscopy using a photodiode
detection system with high temporal resolution of 45 ms, we mea-
sured the relaxation behavior of the tube holding force in response to
a rapid elongation of the tube. We demonstrate that binding of
syndapin affects the relaxation behavior of the pulled tube after rapid
elongation, hence, the BAR domains have a mechanical effect on the
tube, even at relatively low FBAR concentrations. This conclusion
was supported by conducting fluctuation analysis of the thermal
motion of free membrane tubes showing that tubes formed in pres-
ence of FBAR domains were thinner but still stiffer than sponta-
neously formed membrane tubes without proteins bound.

Results
Curvature assay. We used an SH3 mutant FBAR domain of
syndapin 1 which efficiently binds and deforms membranes but is
not autoinhibited by the SH3 domain20. The curvature preference of
the protein was investigated using membrane nanotubes of variable
radii that were pulled out of GUVs held by a suction pipette (see
Fig. 1a). The suction pressure was used to regulate the membrane
tension thus controlling tube radius21. By measuring the tube/GUV
intensity ratio versus aspiration pressure we obtained a calibration
curve (see Fig. S1 and eq. S1–S2). This ratio was then used in all

subsequent measurements to deduce the tube radius from the tube/
GUV intensity ratio using a curvature insensitive membrane dye.

The length of the aspirated membrane tongue inside the pipette is
proportional to the applied suction pressure and the GUV acts as a
reservoir of lipids and proteins. We performed experiments with
both artificial lipid mixtures (DOPC:DOPG 3:1) as well as with
GUVs made from porcine brain lipid extracts. Fig. 1b shows an
overlay of the membrane (red) and protein (white) channels and
illustrates syndapin’s strong preference for high curvatures (small
tube radii) on tubes made from brain lipid extracts. To illustrate
the relative tube/GUV intensities of the membrane and protein
channel, the intensities of the two respective channels are plotted
in Fig. 1c,d as surface plots. The membrane signal of the tube is
slightly above background (Fig. 1d), as opposed to the tube’s protein
signal, which is equivalent to that on the GUV (Fig. 1c), thus showing
that the protein has a strong preference for the tube.

Upon gentle aspiration of GUVs decorated with FBAR, membrane
tethers were pulled by translating the GUV and micropipette away
from the optically trapped particle using a piezo-electric stage con-
troller. The pulling force and the suction system were allowed to
briefly equilibrate before initiating confocal acquisition of the mem-
brane and protein channels. Aspiration pressure was then slowly
varied, thus effecting a change in tube diameter according to the
well-known Laplace relation (see supplementary information, eq.
S1–S2). In this manner, we were able to explore a physiologically
relevant range of tube diameters, and explicitly quantify protein
sorting between the tube and the GUV reservoir as a function of tube
diameter and bound density.

Syndapin 1 senses curvature on artificial and brain lipid GUVs. To
quantitatively evaluate the sensing characteristics of the FBAR of
syndapin 1 we measured the relative density of FBAR on tubes of a
range of radii as a function of bulk protein concentration. The
protein density on tubes is measured relative to the density on the
GUVs and is expressed as a Sorting number, according to eq. 1, where
Sorting 5 2 means that the density is two-fold higher on the tube
than on the GUV. Sorting is defined as

Sorting~
1

PCF

(Iprotein=Imembrane)tube

(Iprotein=Imembrane)GUV
, ð1Þ

where PCF is a polarization dependent correction factor which arises
due to the polarization dependence of the membrane incorporated
fluorophore22. The bound protein density is itself contingent on a
host of factors, namely bulk salt and protein concentration, as well as

Figure 1 | Assay for testing the curvature preference of syndapin 1. (a) A high curvature brain lipid tube is extracted from a Giant Unilamellar

Vesicle (GUV) using optical tweezers. The figure is a composite of a raw data image of the GUV and drawings of the pipette, optical tweezers and the

photodiode detection system. (b) Fluorescence intensity is collected from two channels: the membrane channel (red) and the fluorescent FBAR channel

(white). The image is an overlay of these two channels showing a significant up-concentration of FBAR on the highly curved tube. (c) and (d) show

intensity plots of the FBAR and the TR-DHPE membrane dye, respectively, for a segment of the GUV and the tube.

www.nature.com/scientificreports
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membrane composition, to name a few parameters that can be
macroscopically tuned. The sorting versus radius for the artificial
mixture is plotted in Fig. 2a and clearly shows a high affinity of
FBAR for thin tubes. Also, partitioning of the proteins for the tube
was strongly dependent on the bulk concentration of FBAR. For
50 nM FBAR we measured up to 10–15 fold higher density on the
tubes whereas for 500 nM FBAR the sorting was severely attenuated
to approximately 2–3. This sorting behavior was measured for both
the synthetic mixture in Fig. 2a as well as for the more natural
composition of the brain lipid system, Fig. 2b. Similar density
dependent sorting was observed for NBAR proteins on the same
kind of GUV/tube system made of similar synthetic lipid mixture
as shown in Fig. 2a11,13 and was attributed to crowding effects at high
density.

It is evident from Fig. 2 that the result of changing the membrane
composition is not dramatic. However, this is not trivial as the brain
lipid mixture and may contain additional lipid species, such as
phosphoinosotides and other negatively charged lipids that facilitate
binding of the FBAR domain to the membrane. Hence, experiments
can be performed even at high ionic strength on brain lipid extracts.
We did observe a similar sorting profile near physiological salt con-
centrations using brain lipid GUVs (see Supplementary Information,
Fig. S2). Our observation that syndapin 1 is able to sense high cur-
vatures with strong affinities even at near physiological salt concen-
trations (100 mM) suggests that curvature sensing is indeed a very
pronounced and fundamental property of this protein.

Notably, in experiments with high protein concentration
(500 nM) in bulk but with lipid mixtures that have lower charge
density, and hence a very low affinity of FBAR for the GUV mem-
brane, we observed high density on the tube relative to the GUV (see
Fig. S3 and movie 1). This experiment shows that even at high solu-
tion concentrations the sorting efficiency can be high as long as the
density on the membrane is kept low to avoid effects of crowding.

As a control for the curvature sensing of another protein, we added
fluorescently labeled streptavidin (STP) to the GUVs and subse-
quently formed membrane tubes from the streptavidin coated
GUVs’, see Fig. S4 for two examples. Strong sensing was not observed
for high curvature tubes, R 5 18 nm, neither for [STP] 5 500 nM
nor for [STP] 5 10 nM. Only residual up-concentrations of 1.9
and 1.5 of streptavidin on the tubes were measured for these two
concentrations.

BAR domains have been reported to oligomerize into ordered
lattices on tubes16,23. We do not expect any such effects at the low

concentration where we observe the strongest sensing, since the
molecular density on the membrane is low. To assess the mobility
of the membrane bound protein at an initial 500 nM solution con-
centration, we performed fluorescence recovery after photobleaching
(FRAP) experiments on both the GUV and the tube, see Fig. S5a and
b. The FBAR domains on the GUV rapidly recovered to the initial
unbleached value Fig. S5b (green circles), whereas the recovery on
the tube (blue diamonds) was slower and only partial within the
timescale of the experiment. The protein on the membrane tube
diffused to recover the bleached area with a diffusion coefficient of
D 5 0.6 mm2/s, as shown in Fig. S5c. This provides an upper limit for
the mobility on the tube since we cannot exclude the possible
exchange of protein with the solution phase. However, we see that
the recovery proceeds from the GUV reservoir towards the trapped
particle thus confirming diffusive mixing with the GUV. We there-
fore only expect minimal exchange with the solution phase on the
timescale of the FRAP experiment. Despite the protein mobility, we
still observe a mechanical effect due to the protein on the bilayer
when the membrane tension is suddenly decreased as shown in Fig.
S6. A decrease in aspiration pressure does not immediately increase
the tube diameter. Instead, the excess area results in an increase of
the tube length, and the tube bends out of the focal plane of the

Figure 2 | FBAR sorting depends on membrane curvature and protein
concentration. (a) FBAR binding to tubes made of a synthetic lipid

mixture (25 mol% DOPG and 74 mol% DOPC). (b) Curvature sensing on

tubes of brain lipid extracts. In both (a) and (b) the sorting is measured at

protein concentrations of 50 nM (blue squares) and 500 nM (red circles).

Data were collected from 17 GUVs in 11 experiments. Error bars denote

the standard deviations of the data points within the bin intervals.

Figure 3 | Relaxation kinetics of tube restoring force after a 10 mm step
elongation in the presence or absence of FBAR. The elongation is

performed at 10 mm/s and the position of the particle is recorded with

45 ms time resolution. (a) Force versus time relaxation behavior of the

force DF shown for three different concentrations of FBAR. Prior to

elongation of the tether the force, F, equals the equilibrium holding force,

Fh, of the short tether and DF 5 F2Fh 5 0. After elongation DF at different

protein concentrations relaxes back to zero. Inset, images of GUV and tube

before and after elongation (images are contrast enhanced for visibility).

(b) Superimposed average relaxation behavior of a number of

experiments. Experiments are performed at 500 nM (magenta, average of

8 experiments), 50 nM (red curve, average of 6 experiments) and in

absence of FBAR (blue curve, average of 8 experiments). The exponential

relaxation time, t, increases with FBAR concentration with t0 nM 5 0.52 6

0.01 s, t50 nM 5 1.20 6 0.02 s, t500 nM 5 1.71 6 0.01 s.

www.nature.com/scientificreports
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microscope (Fig. S6). This strongly implies that the protein influ-
ences the curvature elasticity of the bilayer.

Membrane relaxation depends on protein concentration. The
mechanical effect of syndapin 1 on the membrane was investigated
by performing a fast elongation of the tube while subsequently
measuring the relaxation behavior of the force to equilibrium, see
Fig. 3a. The bulk protein concentration in these experiments was
held constant at 0 nM, 50 nM or 500 nM and we quantified the
stabilizing effect of the protein through the decay constant of the
force relaxation.

To assess the fast relaxation kinetics of elongated tethers in the
presence or absence of FBAR, we measured the force, F, exerted by
the optical trap during and after the rapid tether elongation, as shown
in Fig. 3. The position of the particle and the force, F, was continu-
ously monitored at 22 kHz using a photodiode detection scheme24,25.
The optical trap was calibrated to find the spring constant k by
characterizing the harmonic trapping potential, using power spectral
analysis of the particle’s Brownian motion in the trap26, see Fig. S7.
The force, F, was then obtained as the displacement of the trapped
particle from the trap center, Dx, times the trapping constant k, F 5

kDx. The particle was brought into contact with the GUV, a short
tube of 5 mm was pulled slowly, and subsequently the tube length was
then rapidly extended by 10 mm at a velocity of 10 mm/s.

Figures 3a and 3b summarize the results of the force kinetics
experiments. The effect of FBAR on tube relaxation kinetics can be
quantified as the relaxation rates of the decaying force or displace-
ment which are t0 nM 5 0.52 6 0.01 s, t50 nM 5 1.20 6 0.02 s, and
t500 nM 5 1.71 6 0.01 s respectively, see Fig. 3b. The relaxation of
the force in the absence of FBAR occurs within hundreds of milli-
seconds, consistent with relaxation dynamics in lipid bilayers27,28. In
the presence of FBAR, the relaxation time increases in a concentra-
tion dependent manner. The increased relaxation, which can be
observed at a concentration of 50 nM (see Fig. 3) may reflect reor-
ganization of the protein on the tube which occurs slower at higher
concentrations when the proteins are in a crowded environment. The
increased relaxation times at concentrations as low as 50 nM shows
that FBAR from syndapin 1 has a mechanical effect on tubes at
concentrations well below 8 mM at which tubulating activity of the
protein was observed16.

Syndapin 1 stiffens tubes at high density. At higher FBAR
concentrations one might expect to see an increased rigidity of the
tube caused by the onset of intermolecular contacts between adjacent
FBAR dimers along the tube surface as supported by previous
findings of FBAR lattice formation using electron microscopy16.
Oligomerization of BAR domains on tubes can influence the
rigidity of tubes by forming a lattice like structure on the tube
surface. The laterally contiguous protein shell can significantly
stiffen the tube in the case of strong intermolecular contacts as
observed on NBAR and FBP17 FBAR domains17.

Based on crystallography, it has been suggested that FBAR from
syndapin 1 forms rather weak intermolecular interactions on tubes
formed in presence of high concentrations of syndapin 116. We tested
this by comparing the persistence lengths of tubes containing synda-
pin 1 with lipid tubes containing no protein. Tubes composed of
25 mol% DOPG and 73 mol% POPC and 2 mol% TR-DHPE were
formed by incubation of high concentrations of syndapin 1 with
GUVs. Tubes containing no protein were simply formed by gentle
hydration of a lipid film that is normally used to form GUVs, but also
spontaneously forms tubes29,30. To keep the tubes within the focal
plane of the microscope, the tube assay was conducted inside a quasi-
two dimensional chamber with a height of ca. 2–5 mm that was
deduced from laser reflection at the water/glass interfaces31.

The persistence length, Lp, of lipid tubes is a function of the mem-
brane bending rigidity, k, and tube radius, R32,

Lp~
pRk

kBT
, ð2Þ

where k5 24 kBT is the bending rigidity for POPC membranes33. We
used this expression to calibrate the tube radius. Unilamellarity of
tubes can be assumed when tubes are formed by adding syndapin 1 to
GUVs since these tubes are formed from mostly unilamellar vesicle,
therefore, the intensity scales linearly with the tube radius. Tubes
formed spontaneously by gentle hydration can be multilamellar
which would add uncertainty to the size determination. According
to eq. 2, unilamellar tubes having a persistence length of ,1–2 mm
would have radii of ,20–30 nm, see blue line in Fig. 4a. If these tubes
were multilamellar it would imply that the tubes were even thinner
since otherwise the persistence lengths would be larger than ,1–
2 mm. We consider it unlikely that tubes formed spontaneously
would both have radii below 20 nm and be multlilamellar due to
the high energy of bending of multilayered membranes. We mea-
sured the persistence lengths of several tubes having similar intens-
ity, and hence similar thicknesses, thus providing an estimate of the
radius, R, of the tube. Since the intensity scales linearly with radius,
we could infer the radius for any tube by measuring the intensity of
the membrane dye.

Consistent with the theoretical prediction of eq. 2, we measured a
linear dependence of Lp on R for POPC-DOPG membrane tubes, as
shown in Fig. 4 (blue circles). Using linear regression we obtained a
bending rigidity of the membrane of k 5 22 kBT that is consistent
with the value of k 5 24 kBT as measured for POPC membranes33.

The red squares in Fig. 4 denote the persistence length of FBAR
tubes of various diameters. By linear fitting of eq. 2 to the data, we
find that the bending rigidity of the tubular surface has increased by
nearly five fold to k 5 95 kBT. Hence tubes formed in presence of
syndapin 1 are clearly stiffer than bare lipid tubes. The effect of FBAR
on tube stiffness is illustrated in Fig. 4b and Fig. 4c in which two tubes
having similar sizes are plotted at three different time points repre-
sented by three different colors. The tube in Fig. 4b contains no
syndapin 1 and shows strong deflections. The tube in Fig. 4c, formed
in presence of 3 mM syndapin1, however, appears much more
straight.

Discussion
Knowledge about the mechanical effect and curvature sensing ability
of pacsin 1/syndapin 1 is limited. Previous work has shown that

Figure 4 | Membrane tubes decorated with FBAR are stiffer than tubes
without FBAR. (a) The persistence length for tubes formed at high

concentrations of FBAR (red squares, 11 tubes) and bare tubes (blue

circles, 12 tubes) formed by gentle hydration. (b 1 c) Examples of tubes

having similar sizes but different stiffness as a result of binding by FBAR.

The colors represent different time points separated by 884 ms. (b) No

FBAR, R 5 24 nm and Lp 5 1.7 mm. (c) Incubated with 3 mM FBAR,

R 5 22 nm and Lp 5 4.3 mm. The images are 13 mm 3 13 mm.
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syndapin 1, unlike other proteins containing NBAR or other types of
FBAR domain, does not form tubes having specific diameters that
correlate with the intrinsic BAR domain curvature16,20. A remarkable
feature of syndapin 1 is its ability to generate a range of curvatures
going well above its own intrinsic concave curvature. In cells, synda-
pin 1 has been associated with narrow tubes at late stages of endo-
cytosis through its interactions with mechanoenzymes such as
dynamin which is known to bind to full length syndapin and relieve
it from its SH3-clamped configuration20.

We show here that the sensing of membrane curvature by synda-
pin 1 persists for curvatures above its intrinsic radius of curvature
(,21 nm34) of its concave face, see Fig. 2 and Fig. S8. The sorting
efficiency of FBAR continues to increase with curvature down to a
tube diameter of 10–15 nm (Fig. 2). Previous work has revealed that
FBAR of syndapin 1 exhibits a pronounced two dimensional curv-
ature, allowing the domain to adopt various configurations on tubes
depending on the tube radius16. Syndapin 1 exhibits a lateral curv-
ature with the tip regions bent away from the central body by as much
as 61u16, which could explain its affinity for a range of curvatures
including curvatures higher than the curvature of the concave face of
the BAR, see Fig. S8. Moreover, syndapin 1 contains two wedge loops
that are essential for the tubulating activity of the protein and could
influence its sensing ability by the favored insertion of the hydro-
phobic loops into highly curved membranes. Sensing of another less
curved FBAR (FCHo2) was reported to be enriched on small lipid
vesicles, with radii down to 50 nm, by a factor of ,30. This effect was
attributed to sensing by the hydrophobic part and not to the shape of
the BAR domain7. The wedge loops on syndapin 1 are located near
the distal ends of the, almost straight, central part of the protein (see
Fig. S8a)16. Binding at an oblique angle would increase the alignment
between the central part of the protein with the axis of the tube. This
would lead to greater proximity between the membrane and the
wedge loops, and therefore more efficient insertion of the loops into
the membrane. The enrichment we measured on tubes reached 10–
15 times the density on the GUV and occurred at radii down to 10–
15 nm, see Fig. 2. Tubular systems pulled out of GUVs differ from
lipid vesicles by having two different principal curvatures, a nonzero
curvature along the azimuthal direction, and zero curvature along
the tube, whereas the principal curvature of lipid vesicles are equal
which could affect the curvature sensing of proteins. Also, tubes
extracted from GUVs are in diffusive contact with a zero curvature
membrane reservoir (GUV) thus allowing the proteins to redistrib-
ute between regions having different membrane curvature thus mim-
icking the membrane structures observed in endocytosis and the
golgi network.

Similar results for curvature sensing, as observed here, have been
obtained with NBAR domains from amphiphysin by using a similar
tube/GUV assay11,13,14. The binding of NBAR was strongly curvature
dependent at low protein concentrations and was strongly attenuated
at higher densities. In ref.11 the highest sorting ratio exceeded 80 at
low protein density and equaled approximately 15 at higher densi-
ties. We observed a similar strong density dependence of the sorting
behavior in Fig. 2a,b where the protein concentration in solution was
changed by a factor of 10. NBARs are highly curved domains with a
radius of curvature of ca. 11 nm and contain N-terminal a-helices
that insert into bilayers; these are two factors that could make NBAR
a more efficient curvature sensor of highly curved membranes com-
pared to the FBAR domain of syndapin 1.

Mechanical effects imposed by BAR proteins on membrane tubes
have been shown for NBARs and other FBAR domain proteins11,17.
Notably, tubes formed by the FBAR FBP17 were measured to have a
persistence length of 142 mm, much stiffer than the helical coat
formed by dynamin which has Lp 5 37 mm17. NBARs were measured
to have much shorter persistence lengths of ca. 10 mm17. However,
despite the importance of the tube diameter in these measurements,
no correlation with tube diameter was given in the above references.

We measured a persistence length ranging from ca. 1.5 mm to 6 mm
for tube radii between 10 nm and 25 nm, see Fig. 4a. Comparing the
measured persistence lengths, in presence of FBAR, with persistence
lengths of tubes in absence of FBAR we get a 5-fold increase in the
tube stiffness which we attribute to the protein coat constituted by
syndapin 1. This relatively weak stiffening by syndapin FBAR when
compared to other FBARs and NBAR reported in Ref. 17 indicates
that FBARs from syndapin 1 adopt a more labile higher order
molecular arrangements on tubes as suggested in Ref. 16.

The mechanical effect of syndapin 1 was also quantified at lower
concentrations (50 nM and 500 nM) by performing step elongation
experiments and by measuring the kinetic force response in the
holding force, as shown in Fig. 3. We observed an increase in relaxa-
tion time in presence of FBAR when compared to protein free tubes
reflecting a change in the elastic response of the GUV/tube system. It
is evident from Fig. 3 that the proteins act to stabilize the tube and
make it less elastic. This mechanical effect is even present at 50 nM
FBAR (Fig. 3, red curves). The dynamic increase in the membrane
tension caused by rapid elongation relaxes within hundreds of milli-
seconds (see Fig. 3a), whereas the relaxation in the presence of pro-
tein is significantly slower, as seen in Fig. 3b,c. This slow down of
relaxation with increasing concentrations of protein shows that
crowding effects could restrict reorganization of the protein on the
tube. The time dependent change in the holding force reflects the
effect of the protein on the bending energy, k, of the bilayer as can be
seen from eq. S3 and eq. S4 in Supplementary Information. The
stiffening of the tubes measured in Fig. 4 on the other hand reflects
lateral stiffening of the tube due to the dense coat of protein on the
tube surface and could originate from weak lateral interactions
between the FBAR domains as reported in16. The time dependent
change in the tube restoring force after step elongation is similar to
what has been observed for other curvature generating proteins like
amphiphysin NBAR14, but is in striking contrast to the behavior
observed for dynamin which showed an abrupt force change only
after forming a continuous scaffolding shell around the lipid tubule
extending from the GUV to the trapped particle9.

FBARs of syndapin 1 were found to sense membrane curvatures
higher than its own intrinsic curvature both on tubes formed from
synthetic lipid mixtures and on tubes formed from brain lipid
extracts. Up-concentration of FBAR on the tube relative to the
GUV was strongly density dependent with partitioning between
low and high curvatures being amplified at lower FBAR densities.
Moreover, syndapin 1 was shown to mechanically perturb the mem-
brane tube in a concentration dependent manner, as was measured
by force relaxation measurements where the force decay was mea-
sured during a step elongation of the tether. Finally, by analyzing the
thermal fluctuations of free tubes suspended in a 2D chamber, we
measure a five-fold increase in the persistence length of tubes con-
taining FBAR, implying that FBAR has the ability to form lateral
intermolecular contacts along tubular structures that stiffen mem-
brane tubes.

Methods
A syndapin 1 SH3 mutant Q396R/E397R, labeled with GFP, was kindly donated by
Volker Hauke (Laboratory for Membrane Biochemistry & Molecular Cell Biology,
Freie Universität Berlin) and stored in a salt buffer (20 mM HEPES, 150 mM NaCl,
pH 7.4). Details about the mutant and the purification process are given in Ref. 20.
Details of the materials used are given in Supplementary Information.

Giant unilamellar vesicles (GUVs). GUVs were prepared by electroformation using
indium titanium coated slides on which the film was spread and subsequently
hydrated. See Supplementary information for more details on the procedure for GUV
formation and on formation of tubes.

The experimental Setup is described in Supplementary Information and the prin-
ciple behind the optical trapping and calibration system is given in24,26,35.

Step elongation experiments. A program was written in Labview (National
Instruments) to control the piezo stage to perform a sequence of controlled
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movements at different velocities while acquiring data from the photodiode. Initially,
the stage was moved at 1 mm/s to form a tether of 5 mm, subsequently we performed
two rapid pulls separated by 40 s. Each pull was performed at 10 mm/s. During the
whole experiment the position of the particle was recorded by the quadrant
photodiode at a 45 ms time resolution.

Data analysis. All image analysis was performed in Matlab (The MathWorks, Natick,
MA). Vesicle fluorescence intensities for each channel were calculated by
thresholding the images using the background level plus one standard deviation of the
noise as the threshold. The integrated intensity of all pixels falling above the threshold
for the GUV and the tube, respectively, were quantified for both the protein and
membrane channel and the relevant ratios were quantified as described in the paper.
A polarization correction factor (PCF)22 was found by measuring the residual Sorting
at tube diameters of R , 100 nm (where membrane curvature effects should be
negligible) and was used to normalize the Sorting in all experiments. Tube persistence
lengths were analyzed by a custom made Matlab program using the method described
in Ref. 36.

Sample preparation. The experimental chamber for tube pulling is described in
Supplementary Information. To measure the shape of freely floating tubes we made
quasi-2D chambers with a height of ca. 3–5 mm as measured by laser reflection at the
glass water interfaces. After coating two clean glass surfaces with a-casein we added
1 mL of solution, containing tubes, onto one glass and subsequently placed the other
glass on top without any spacer. The spreading of the droplet forms a hydration layer
on the glass and is sufficient for creating a thin 2D layer of a few micrometers.

Further details of the materials and methods for preparing micropipettes and the
sample chamber are given in Supplemental information.
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SI Materials and Methods 

Materials. 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 1,2-dioleoyl-sn-glycero-3-phospho-(1'-rac-

glycerol) (DOPG), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-

2000] (DSPE-PEG(2000) Biotin), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), as well as 

Porcine Brain Lipid extract (Polar), were obtained from Avanti Polar Lipids. Texas Red® 1,2-

dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylammonium salt (Texas Red® DHPE) was 

obtained from Invitrogen and dephosphorylated α-Casein from bovine milk was obtained from Sigma-

Aldrich. A GFP labeled  syndapin 1 SH3 mutant Q396R/E397R, was kindly donated by Volker Hauke 

(Laboratory for Membrane Biochemistry & Molecular Cell Biology, Freie Universität Berlin) and stored in a 

salt buffer (20mM HEPES, 150mM NaCl, pH 7.4). Details about the mutant and the purification process are 

given in (1). Streptavidin coated microspheres (diameter = 4.95µm) were purchased from Bangs 

Laboratories.  

Giant Unilamellar Vesicles (GUVs). GUVs were prepared as follows: lipids, consisting of DOPC, DOPG, 

DSPE-PEG(2000) Biotin, and Texas Red DHPE, were mixed in chloroform and brought to a final 

concentration of 1mM, according to a molar ratio of 74% PC, 25% PG, 0.7% PEG-Biotin, and 0.3% Texas 

Red. Brain Lipid GUVs were prepared as follows: 80 µl of Porcine Brain Lipids were mixed with 14 µl of 

DSPE-PEG(2000) Biotin (1 mg/ml) and 6 µl of Texas Red DHPE (1 mg/ml) in 900 µl of Chloroform.  10 µl of 

lipid solution was then spotted onto indium titanium oxide (ITO)-coated glass slides using a Hamilton 

syringe and subsequently dried under nitrogen flow for a few seconds. To assist spreading of the highly 

charged lipid mixture it was found useful to add 30% of methanol to the lipid mixture prior to spreading 

on the ITO glass. The slides were then placed in a vacuum chamber and allowed to dry for 1h at room 

temperature. Vesicles were then prepared using electroformation in a 300mM sucrose solution.  



Tube persistence lengths Tubes were formed by mixing GUVs and FBARs at a concentration of 3μM FBAR. 

Tubes without FBAR were formed by gentle hydration which is known to result in formation of GUVs and 

tubes (2, 3). Tubes formed by this method are not very stable and tube diameter will increase over time 

and round up if stored for days. We found that POPC was better suited for spontaneous tube formation 

than DOPC; therefore we used POPC in all experiments involving measurements of persistence lengths.  

The tubes were first imaged using confocal microscopy to obtain the fluorescent image of the tube with 

low background intensity for size measurement. Subsequently, the fluctuations of the tubes were 

visualized using a fluorescent lamp and a cooled EMCCD camera (Ixon, Andor) with 56ms time resolution 

and 162.5nm pixel size.  

Sample Preparation. The experimental chamber for tube pulling was fabricated as follows: a thin, square 

frame was excised from PDMS and lightly coated with vacuum grease to facilitate adhesion to a clean glass 

slide (25 X 50 mm #1). In force measurements where the quadrant photodiode was used the chamber had 

to be closed with a top coverglass to allow immersion oil condenser to be used. For these experiments we 

used a horse-shoe shaped chamber where one of the sides on the square PDMS frame was removed to 

allow the pipette to enter the chamber. 200 µl of α-Casein solution (2 mg/ml) was then added to the 

volume and allowed to incubate for 15 minutes. The chamber was then successively washed with buffer 

(15mM NaCl, 270mM Sucrose), upon which GUVs incubated with a set concentrations of FBAR syndapin 1 

were then gently pipetted into the chamber. Streptavidin coated microspheres (diameter=4.95 µm) were 

added to the chamber just before transferring the sample to the microscope and the system was allowed 

to equilibrate over a period of 10 minutes before imaging.  

Glass micropipettes were fabricated using a micropipette puller (P-97 Flaming/Brown Micropipette Puller, 

Sutter Instruments) and microforged to a diameter of 5 µm to 10 µm using Micro Forge MF-900, Narishige 

co. ltd Japan. The pipettes were back-filled with coating solution (2 mg/ml α-Casein in 15mM NaCl and 270 

mM Sucrose) to prevent irreversible adhesion of membrane lipids to bare glass.  

Tube radius measurements 

Tube radii were calculated from the measured membrane tension, σ, and the bending rigidity, κ, of the 

membrane as given in eq. S1.  
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The membrane tension is found by measuring the aspiration pressure ∆P, the pipette radius, Rp, and the 

radius of the GUV, RGUV, used in the aspiration experiments and by applying eq. S2.  
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where ∆P is the difference in pressure inside and outside the micropipette measured using a differential 

pressure transducer, DP103 Validyne Engineering, CA. For each pressure we measured the tube/GUV 

intensity ratio for the membrane incorporated dye TR-DHPE. The measured relation between the tube 

radius and the tube/GUV intensity ratio is plotted in Fig. S1. The slope of the curve in Fig. S1 is used in the 

experiments to find the tube radius from the fluorescently measured tube/GUV ratio. 

Tube holding force 

The equilibrium force needed to hold the tube is determined from the membrane , σ, and the bending 

rigidity κ,  

2 2f    .     eq. S3 

For proteins having tubulating activity eq. S3 is modified to yield (4),  

2 22 2 2s sf C C         eq. S4 

Where Cs is the spontaneous curvature adopted by the tube in presence of the protein.  

Mobility of the protein on the tube 

A part of the tube or GUV was bleached by significantly increasing the laser power and the subsequently 

recovery of the bleached region was quantified as a function of time, see Fig. S5C. The diffusion constant 

was found by applying a model for diffusion in one-dimension (5) describing the recovered fraction, R, as a 

function of time 
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   eq. S5 

where D is the diffusion coefficient, L =X2-X1 is the length of the bleached tube segment, s is the distance 

to the source which in this case is the GUV reservoir and erf is the error function. The model assumes a 

reflecting boundary condition at the position of the trapped bead at which the diffusing molecules are 

reflected at the end of the tether (5). Nonlinear least square fitting was used to fit eq. 5 to the data 

presented in Fig. 5C, by using D as a fitting parameter, giving D=0.6μm2/s.   

 



 

Figure S1 Calibration of tube/GUV intensity ratio versus tube radius. By varying the suction 
pressure different tube radii were obtained, see eq. S1-S2 (6, 7).   Data were collected from 8 
vesicles and errorbars denote the standard deviation of the data points in each bin. The 
straight line fit goes approximately through zero (-0.02), indicating essentially no partitioning of 
the lipid marker (TR-DHPE). 

 

 

Figure S2 Membrane curvature sorting of FBAR on brain lipid tubes at high electrolyte 
concentration, [NaCl] = 100mM. The protein density is almost 10 fold higher on the smallest 
tubes relative to flat membranes. Since binding of FBAR to model membrane mixtures at high 



salt concentrations is inefficient, similar experiments could not be carried out with membranes 
made from 25 mol% DOPG and 74 mol% DOPC. The graph represents a collection of three 
experiments. 

 

 

Figure S3 Membrane curvature sensing at low FBAR density. The membrane composition is 84% 
DOPC, 15 % DOPG and the salt concentration was kept low at 24mM. (A) Image of the GUV 
membrane, contrast has been enhanced to make the tube more visible. (B) Pulling of a 
membrane tube shows up-concentration of FBAR on the tether relative to the GUV. (C+D) 
Surface plots of the images in (A) and (B) showing significant up-concentration of FBAR on the 
tube relative to the GUV membrane. (E) Membrane tube intensity and FBAR intensity plotted 
over time while the aspiration pressure and hence the tube diameter is varied over time. Red 
curve represents the membrane intensity (TR-DHPE) that is proportional to the tube diameter. 
Blue line represents the signal from the FBAR (labeled with GFP) and is proportional to the 
protein density. The protein density is seen to be anti-correlated with the tube diameter clearly 
demonstrating strong sensing of the membrane curvature by FBAR. 

 

 



 

 

Figure S4 Control experiment showing that streptavidin binding to biotin linkers displayed on 
the membrane surface does not strongly sense curvature. Streptavidin is labeled with Alexa 
Fluor488 and the bilayer is labeled with 0.3 mol% TR-DHPE and contains 0.7mol% Biotin-
PEG2000-DSPE. Streptavidin binds to the biotin linkers on the GUVs surface and hence 
competes with the streptavidin binding of the trapped particles to the GUVs that are needed to 
pull out membrane tubes. As a consequence tethers detached more frequently than in FBAR 
experiments but we obtained several images from tethers that were stable for tens of seconds. 

 



 

Figure S5 FRAP experiments demonstrating the mobility of FBAR at the same concentrations as 
used in the sensing experiments (500nM). (A) Images of the GUV and tether before (left 
images) and after bleaching (right images). The black and white images are recorded in 
reflection mode to ensure that the bleached portion of the tether remains in focus during the 
experiment. The colored images are fluorescence images of Syndapin FBAR. The junction 
between the GUV and the tether is bleached. (B) Recovery on the tube (blue diamonds) and on 
the GUV (green circles) at 500nM FBAR bulk concentration. (C) Recovery of fluorescent 
intensity after bleaching on the tube. The recovery trace was fitted to a one-dimensional 
diffusion model described by eq. S5 yielding a diffusion coefficient of D=0.6 μm2/s. Inset shows 
the gradient along the bleached tube (contrast enhanced). 

 



 

Figure S6 FBAR changes the curvature elasticity of the lipid tube. (A) After aspiration of the 
GUV into the micropipette a tube is pulled and entirely located within the focal imaging plane.  
(B) The aspiration pressure is lowered and the aspirated membrane area flows back into the 
GUV and the tube leading to an elongation of the tube. (C) The aspiration pressure is further 
decreased, the tether further elongates and goes out of the imaging focus plane.  (D) Color 
overlay of the images in A (blue), B (green) and C (red). All intensities originate from the 
fluorescently labeled FBAR and have been contrast enhanced for visibility. 

 

 

 

Figure S7. Calibration of the optical trap using powerspectral calibration. A timeseries of 3s is 
Fourier transformed and the power spectrum is fitted to a Lorentzian with the 
cornerfrequency, fc, as a fitting parameter. The figure shows the calibration of one of the beads 
used for the experiments shown in Fig. 3, yielding fc = 261.1±6.1Hz. Full line shows the 



Lorentzian fit. The trap was calibrated before attachment of the particle to the membrane. The 
inset shows the Gaussian position distribution reflecting the harmonic trapping potential.  

 

 

 

Figure S8 The shape of syndapin 1 FBAR fits well to tubes having high membrane curvature. (A)  
Schematics of the two dimensional curvature of syndapin 1. The concave curvature is seen from 
the side as well as the two hydrophobic wedge loops that are positioned at the end of the 
central part of the protein near the tip regions. The tip regions are also bent away from the 
central part of the protein with an angle of ca. 61° (8) giving the protein a pronounced two 
dimensional curvature.  

 

Legend for Video 1 

Video showing the up-concentration of FBAR on the tube shown in Fig. S3. The lipid 

composition in this experiment has low charge density (15% DOPG) which leads to low density 

of protein on the GUV (below the background ). However, the protein still binds to the tube 

when the tube diameter decreases.  The tube diameter is varied, as shown in Fig. S3, by varying 

the aspiration pressure.  
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illumination of lipid fluorophores can have a profound 
effect on the lipid bilayer which we sensitively detect as 
a continuous change in the tube persistence length with 
time. The novel assay and methodology here presented has 
potential for quantification of the structural reinforcement 
of membrane tubes by scaffolding proteins.

Keywords Persistence length · Membrane nanotube · 
Fluorescence · Confocal microscopy · Lamellarity · Vesicle

Introduction

Cells contain complex networks of highly curved tubu-
lar membranes important for cellular transport and com-
partmentalization (Sciaky et al. 1997; Voeltz et al. 2006). 
Extracellular lipid tubes also function as inter-cellular com-
munication channels called Tunneling Nanotubes (TNTs) 
(Iglič et al. 2007; Rustom et al. 2004) that are used by cells 
to convey specific chemical signals or even as transport 
channels for larger cargos like liposomes, viruses or orga-
nelles (Gerdes and Carvalho 2008) between cells. Shorter 
tubular structures are also abundant in cells, e.g., as tran-
sient neck regions connecting spherical membranes with 
the plasma membrane in fusion intermediates (Chen and 
Scheller 2001) or in invaginations like endocytosis (Hurley 
and Hanson 2010). In pathogenesis, tubular membranes, 
called invadopodia, are essential structures for the invasive-
ness and metastatic potential of cancer cells (Kabaso et al. 
2011). These very essential functions of lipid nanotubes in 
life make it highly desirable to understand their basic bio-
physical properties.

To better understand the role of membrane tubes in 
cells and their interplay with membrane associated pro-
teins and chemicals, different model membrane systems 

Abstract Membrane nanotubes, ubiquitous in cellular 
systems, adopt a spectrum of curvatures and shapes that 
are dictated by their intrinsic physical characteristics as 
well as their interactions with the local cellular environ-
ment. A high bending flexibility is needed in the crowded 
cytoplasm where tubes often need to bend significantly in 
the axial direction at sub-micron length scales. We find the 
stiffness of spontaneously formed membrane nanotubes 
by measuring the persistence length of reconstituted mem-
brane nanotubes freely suspended in solution and imaged 
by fluorescence microscopy. By quantifying the tube diam-
eter we demonstrate for the first time that the persistence 
length scales linearly with radius. Although most tubes 
are uni-lamellar, the predicted linear scaling between tube 
radius and persistence length allows us to identify tubes 
that spontaneously form as multilamellar structures upon 
hydration. We provide the first experimental evidence that 
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have been used. Molecular motors can be efficiently used 
to create membrane tubes out of lipid reservoirs (Koster 
et al. 2003; Shaklee et al. 2008) but another assay that 
gives a higher degree of control over the tube radius are 
membrane tubes pulled out of Giant Unilamellar lipid 
Vesicles (GUVs) using optical tweezers (Cuvelier et al. 
2005; Heinrich and Waugh 1996). The control over tube 
radius (typically between 10 and 100 nm) by regulating 
the membrane tension makes this assay ideal for quanti-
fying the affinity of proteins for tubes of different diam-
eter as recently demonstrated for the FBAR domain of 
Syndapin 1 (Ramesh et al. 2013) or for investigating the 
effect of cholesterol on the Nano-mechanical properties 
of membranes (Khatibzadeh et al. 2012). One shortcom-
ing of the tether-pulled-from-vesicle assay is the need 
for applying tension to the membrane in the formation 
of the tube and the permanent connectivity of the tube to 
the GUV. Due to this fixation of the tube it is not straight 
forward to extract interesting information about physical 
properties of the tube like the persistence length which 
gives insight into the mechanical properties of the tube. 
In particular, the persistence length is assumed to yield 
important information regarding lateral contacts between 
scaffolding proteins and hence of the protein mediated 
reinforcement of the membrane tube, as has been shown 
theoretically (Cui et al. 2013) and experimentally (Frost 
et al. 2008; Ramesh et al. 2013).

In some very specific cases, it is possible to produce 
lipid nanotubes with predefined radius by molecular sculpt-
ing or templating processes (Kameta et al. 2011). These can 
be used in drug delivery applications as they are harmless 
to the body and resistant to microbial attack (Zhou 2008). 
However, to design the optimal drug delivery container, it 
is essential to know how the stiffness and strength of mem-
brane tubes relate to their diameter but so far only a few 
attempts to do so exist (Zhao et al. 2006, 2008).

The persistence length (LP) of a biopolymer or tube 
describes the length scale over which it appears straight 
with respect to thermal fluctuations. LP depends both on 
material properties and geometry and is a widely used 
measure to characterize the mechanical properties of a flex-
ible biopolymer or tube. Therefore, much effort has been 
put into extracting the persistence length of biopolymers 
such as actin filaments (~17 μm) (Le Goff et al. 2002; 
Ott et al. 1993) microtubules (several millimeters) (Gittes 
et al. 1993), and single-wall carbon nanotubes (26–138 μm 
depending on diameter of the nanotube) (Fakhri et al. 
2009). However, in most studies concerning membrane 
tubes the persistence length is critically affected by the 
lamellarity and diameter of the tube, hence information 
regarding the number of lamella and size of the tube is 
important if, e.g. the effect of protein binding on the tube 
stiffness is studied.

Here we present a novel assay for distinguishing uni- 
and multilamellarity of Phospholipid Nanotubes (PNTs) 
by correlating their fluorescent intensity with their ther-
mal shape fluctuations while freely suspended in a quasi-
two dimensional (2D) space. Our tracking and persistence 
length finding method is an extension of the method used 
to find the persistence length of actin filaments (Ott et al. 
1993). In addition, by observing the fluorescently labeled 
membrane tubes in confocal fluorescence microscopy we 
obtain an accurate value of the fluorophore intensity which 
scales linearly with tube diameter if within the focal depth 
and if the tube is unilamellar (Sorre et al. 2012; Stepan-
yants et al. 2012; Tian and Baumgart 2009). Our analysis 
confirms the predicted theoretical scaling relation between 
persistence length and tube radius. We also use the experi-
mentally obtained information to distinguish between uni-
lamellar and multilamellar PNTs. The lamellarity of a PNT 
is important as it influences the physical properties of the 
PNT and most likely also the interaction between PNTs 
and curvature sensing or inducing proteins. Importantly, we 
find that fluorescent illumination influences the rigidity of 
PNTs and larger tubular vesicles which form by spontane-
ous longitudinal shrinking and radial swelling of PNTs.

Phospholipids nanotubes and tubular vesicles

Material

The non-labeled lipids “1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine” (POPC) and florescent labeled phos-
pholipids 1,2-dihexadecanoyl-sn-glycero-3-phosphoethan-
olamine, triethylammonium salt (Texas Red DHPE) were 
purchased from Avanti Polar Lipids and Invitrogen, respec-
tively. Dephosphorylated α-Casein from bovine milk used 
for coating of the sample chamber was purchased from 
Sigma–Aldrich.

Phospholipid nanotube formation

A phospholipid stock solution was made from POPC and 
TR-DHPE (98:2 mol%) in concentration of 10 g L−1 in 
chloroform. 50 μL of this solution was dried out at the 
bottom of a glass vial in vacuum forming a lipid film on 
the glass. Subsequently, the lipid film was hydrated with 
300 μL of milli-Q water at room temperature for 5 h. 
Finally, 1 μL from 50 times diluted solution was sand-
wiched between a cleaned coverslip and a microscope slide 
which were coated with α-Casein solution (2 mg mL−1) 
prior to use in order to prevent adhesion of PNTs to the 
glass surfaces. The chamber was sealed-off with vacuum 
grease to prevent drying of the sample. A schematic of the 
sample is shown in Fig. 1a.
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Imaging

Fluorescently marked PNTs were imaged using a con-
focal microscope (SP5, Leica) where the fluorophores 
could be excited either by the confocal lasers or by 
a Hg lamp. A water immersion objective (Leica HCX, 
PL APO, 63×, NA = 1.2 Water Corr CS) was used to 
minimize spherical aberration while imaging at deeper 
positions in the sample. A cooled EMCCD camera 
(Ixon, Andor) was used to record the fluorescent images 
from Hg excitation. This allowed for a much higher 
time resolution than the confocal imaging, leading to 
less time delay between pixels of each frame and hence 
less blurring of the tether image. Seven consecutive 
images of two different tubes are shown in Fig. 1b and 
c, respectively.

The difference in intensity level between the two tubes 
is proportional to the difference in tube diameter. Pixel 
size calibration was performed by moving a stuck bead by 
a piezo stage with steps of 500 nm in the lateral direction 
while recording its image. One pixel in the EMCCD cor-
responds to 162.5 nm. The confocal scanning yielded a 
better axial resolution (~0.5 μm), minimizing stray light 
from out-of-focus; therefore, confocal imaging was used 
for determining the intensity of each tether. Throughout 
all experiments the confocal settings were kept constant 
such that the fluorescence from individual tethers could 
be directly compared. EMCCD recording allowed for 
simultaneous recording of all pixels in the image contrary 
to sequential confocal scanning. Hence, the EMCCD 
recording of Hg excited fluorophores was used for deter-
mining the shape of the tube and hence its persistence 

length. In a typical experiment, first a confocal image 
of the tube was acquired (to determine the intensity of 
the tube) and then a series of ~200 EMCCD images were 
recorded (to determine its persistence length). An infra-
red laser (Spectra-Physics J20-BL106Q) coupled into the 
optical pathway of the microscope was used for thickness 
measurement of the sample chamber. By measuring the 
axial distance between reflections of the laser from glass-
water interfaces at both sides of the sample chamber and 
accounting for the focus shift of the laser at larger depths 
(Reihani et al. 2011) the thickness of the sample cham-
ber was measured to be 2–3 μm allowing for quasi-two 
dimensional movement of the nanotubes between the 
surfaces.

Analysis of PNT images

To determine the shape of the filament at different time 
steps one has to fit a curved line along the tube, a so-called 
skeleton of the tube. The selection of points along the skel-
eton is referred to as digitization of the tube. Our digiti-
zation method builds upon the method presented by Ott 
et al. (1993) for the digitization procedure we developed a 
MATLAB program which works as follows: After defining 
the start position of the nanotube by a click on the image, 
the program draws a circle with a radius of 3–8 pixels 
(depending on rigidity of the filament) centered at the 
starting point (as shown in Fig. 2a). The highest average 
intensity value along the arc is used to determine the tube 
elongation direction. The cross section between the most 
intense part of the arc and the tube defines the second point 
along the tube. A second circle with same radius is drawn 
and the procedure is repeated. Connection of the resulting 
points produces a line, the “crude skeleton” (Fig. 2b). In 
order to improve the spatial resolution, the program plots 
an intensity profile perpendicular to the crude skeleton at 
each pixel. A Gaussian fit to the intensity profiles defines 
the most-likely center position of the tube with sub-pixel 
resolution, the skeleton (Fig. 2c). With this method there 
is no need to convert the image into binary format, thus no 
part of original data is lost. As a final step, in order to digi-
tize the skeleton, the program plots circles with predefined 
radii along the skeleton. Intersection of the plotted circles 
with the skeleton defines the Digitized Points (DP) along 
the skeleton which are used for persistence length calcula-
tions (Fig. 2d, e).

Formation of tubular vesicles

PNTs are not stable and most of them shrink to liposomes 
or tubular structure in several hours. Initially, after a semi-
two dimensional chamber with tubes had been prepared, 
the majority of the lipid tubes were several microns, up to 

Fig. 1  Assay for imaging fluorescently labeled PNTs. a A schematic 
of the chamber and an image of typical tube that has been captured 
by confocal microscopy (see also Video 1 in Supplemental Material). 
b, c Seven consecutive images of two different PNTs are displaying 
a clear difference in intensity levels. The first image in the top left 
corner of both b and c is a confocal image used for intensity cali-
bration; the other images were obtained by the EMCCD. A chamber 
depth of 2–3 μm constrains the PNTs to move in two dimensions and 
forces them to stay approximately within the focus during the experi-
ment. Each snapshot is separated by 5 s (order of images is from left 
to right, then top to bottom). Scale bar is 5 μm
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tens of micros, long and their radii were smaller than the 
resolution limit of light microscopy. But after a while they 
started to shrink longitudinally and radially expand. Most 
of the thin tubes, especially the longest ones, shrinked and 
converted to tubular vesicles (see Video 2) with a diameter 
larger than the diffraction limit (250 nm), hence, the diam-
eter could be estimated from the confocal images. This 
observation is in accordance with prior observations (Kralj-
Iglič et al. 2001; Paredes-Quijada et al. 2009). An example 
of several tubes transforming from PNTs to tubular vesicles 
is shown in Fig. S1. In the current work we define a tubu-
lar vesicle as a tubular structure where its two membranes 
could be optically distinguished. The tubular vesicles used 
in this work have radiuses approximately between 150 and 
600 nm and contour lengths between 3 and 30 μm.

Results and discussion

Quantification of persistence length of PNTs

To measure persistence lengths of PNTs, we located a PNT 
with both ends free and acquired first a confocal image 
and then a series of EMCCD images of the tube. Figure 3a 
show cross-sections of intensities for confocal images of 
typical PNTs shown in the inset of Fig. 3a. Clearly tube 2 
(upper inset) is thicker than tube 1 (lower inset). After digi-
tization of the nanotube skeleton, tangent vectors along the 
nanotube (one vector at each DP) were extracted. The per-
sistence length of the nanotube, LP, is related to the correla-
tion of the tangent vectors along the arc, t(s), in the follow-
ing manner (Fig. 2e) (Dio and Edwards 1986):

where 〈 〉where denotes averaging with respect to s. The 
logarithm of the correlation of tangent vectors along the 
two tubes shown in Fig. 3a is shown in Fig. 3b as func-
tion of separation, x, along the arc. The persistence lengths 
are derived from the slope of this graph and have values of 
(2.36 ± 0.08) and (8.32 ± 0.07) μm for the thin and thick 
tube, respectively.

(1)�t(s) · t(s + x)� = exp

(

−x

2LP

)

Fig. 2  Illustration of nanotube tracking and digitizing procedure. a A 
circle is drawn with its center at the end of one PNT. The intersection 
between the arc and the filament determines the center of the next cir-
cle. b Connection of the circle centers gives the crude skeleton of the 
PNT. c The maximum of the intensity profiles perpendicular to the 
tube defines the tube skeleton with sub-pixel resolution. d The tube 
is digitized along the skeleton at equal spacing. e Tangent vectors on 
filament

Fig. 3  Quantification of tube persistence length. a Intensity profiles 
across two typical PNTs, insets show confocal images of the tubes. b 
Natural logarithm of the correlation of the PNT tangent vectors along 
the arc, see Eq. (1). The persistence length of the more intense tube 
2 is 8.32 ± 0.07 μm which is significantly larger than that of tube 1, 
2.36 ± 0.08 μm
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The logarithmic correlation shown in Fig. 3b scales line-
arly with x for most separation distances. However, for large 
x there is a deviation from linearity which is caused by the 
fact that the average is done over a smaller number of data 
points. Figure S2 shows how the logarithm of the tangent 
vector correlation changes with number of frames analyzed. 
The larger the number of frames analyzed, the longer the 
linear range. In the data analysis only the linear region was 
used to extract the value of the PNT persistence length.

Nanotube radius

For all analyzed PNTs we measured their persistence length 
and determined the intensity across the tube (as shown in 
Fig. 3a). The relation between the persistence length and 
the maximum intensity across the tube, Imax, for 64 individ-
ual tubes is shown in Fig. 4a. The scaling between LP and 
intensity is linear for small intensity levels and becomes 
increasingly scattered for larger tube intensities.

The persistence length of a nanotube is related to its radius, 
r, by (Derényi et al. 2002; Yamamoto and Ichikawa 2012):

where κ and kB denote the bending rigidity and Boltzmann’s 
constant, respectively. If the tube diameter is smaller than the 
confocal imaging depth and if the tube is unilamellar, then:

where α is a proportionality constant. This gives:

Therefore, for a unilamellar lipid nanotube we expect a 
linear dependence between the persistence length and the 
maximum intensity of the tube. We note that TR-DHPE 
has been shown not to have a preference for certain curva-
tures (Tian and Baumgart 2009; Ramesh et al. 2013) and 
therefore we can assume that intensity scales linearly with 
the thickness of the tube. As it can be seen from Fig. 4 for 
intensities below ~70 a.u. LP does scale linearly with Imax. 
In fact, this linear correlation can be extended such that it 
goes through all the lower data points. The data points well 
fitted by this line should therefore originate from unilamel-
lar tubes and the data points located above the line prob-
ably originate from multilamellar tubes. Also, one can rec-
ognize a minimum intensity (~30 a.u.) for the nanotubes.

For tubes having walls composed of two or three bilay-
ers we expect the bending rigidity, κ, in Eq. (4) to scale 
with the total wall thickness, h, as (Rawicz et al. 2000).

(2)LP =
2κπr

kBT

(3)r = αImax

(4)LP =
2κπαImax

kBT

(5)κ =
KAh

2

24

where KA is the area compression modulus. Assuming that 
2 bilayers correspond to one bilayer of double thickness we 
get the following relation for the bending rigidity:

κ1 = κ One bilayer

Fig. 4  Quantification of PNT radius and lamellarity. a Persistence 
lengths of PNTs versus the maximum intensity across the tube. The 
solid red line, dashed blue line and dashed green line correspond to 
the expected scaling for single, double and trilamellar tubes, respec-
tively (see text). The color shaded regions are relative errors extrapo-
lated from the first data points with I < 70. Inset, linear fit of Eq. (5) 
through data points originating from unilamellar tubes with Imax < 70 
a.u. The slope directly yields a conversion factor between Imax and 
tube radius, which is used to create the upper axis of the graph giving 
values of tube radii. b Illustration of the effect of multilamellarity on 
the fluorescent intensity from a PNT. If the smallest unilamellar PNT 
has an intensity of Imin, the intensity of a multilamellar PNT starts 
from (2 + Δr/rmin)Imin, where Δr is the thickness of a lipid bilayer 
thus explaining the absence of multilamellarity for the tubes having 
lowest intensity. c The scattering of data points in (a) could be due to 
different combinations of radii and lamellarity which can give similar 
intensity signals as depicted schematically
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The radius scales with intensity, I, for tubes with 1, 2 or 3 
bilayers as r1 = αI , r2 = 1/2 αI , r3 = 1/3 αI as depicted in 
Fig. 4c.

Inserting these expressions into Eq. (2) we get for the 
persistence length for tubes with n bilayers.

Equation (6) is plotted in Fig. 4a together with the data. 
The data are plotted together with solid and dashed lines 
corresponding to 1 (solid red), and 2 (dashed blue) and 3 
(dashed green) bilayers, respectively. We note that the scat-
tered data points do not follow the blue or green dashed 
lines but they are rather randomly scattered between the 
red solid and blue dashed line in Fig. 4a. We thus conclude 
that we are not only dealing with two closely spaced bilay-
ers but also thinner tubes existing within thicker tubes. 
Another contribution to the scattering could arise from dif-
ferent combinations of tube radii and lamellarity giving the 
same intensity, as depicted in Fig. 4b and c. Finally, the 
measurement error contributes to some scattering [error in 
measuring intensity of tubes (±1) and persistence length 
(~5–15 %)].

The scattering of the data points in Fig. 4a for intensities 
larger than 70 could also originate from inhomogeneity of 
the lipid mixing among different tubes resulting in dif-
ferent intensities from similar tubes. However, due to the 
large number of fluorescent molecules in each tube (>104) 
we do not expect significant statistical fluctuations in the 
density of fluorophores between different tubes. To con-
firm this we also measured the intensity from the GUVs 
that were originally connected with the tubes during elec-
troformation. As shown in Fig. S4 we find the intensities to 
be centered on values corresponding to distinct number of 
lamellae which strongly indicates a homogeneous mixing 
of the lipids. The contribution of the experimental noise to 
the scattering observed in Fig. 4 was ~5 % as revealed by 
intensity profiles along tube segments that were entirely 
in focus, see Fig. S5. The intensity profiles plotted in Fig. 
S5 also clearly reveal that tubes having distinctive intensi-
ties can have similar persistence length, thus strongly sug-
gesting the presence of multilamellarity for thick tubes in 
Fig. 4. Finally, we note that the membrane dye TR-DHPE 
has been shown to exhibit self-quenching at high concen-
trations. At 2 mol % as used here we could expect some 
degree of self-quenching but this will not affect the tube 
measurements since the quenching will be constant for 
all tubes given that the density of dyes among the tubes is 
constant.

κ2 = 4κ Two bilayers

κ3 = 9κ Three bilayers

(6)LPn
=

n2πκα

KBT
I .

For a lipid nanotube the balance between the bend-
ing energy of a tube and the surface energy of the cor-
responding flat membrane area yields a minimum 
radius, rmin, below which spontaneous tube formation 
is unfavorable. The bending energy of a tube is given 
by Ebend = κnLr−1 with L and r being the length and the 
radius of the tube, respectively. The edge energy is given 
by Eedge = 2γ(2πr + L) where γ denotes the edge tension 
of the membrane. For a long and slender tube, the first term 
of Eedge can be neglected. Equating Ebend and Eedge and 
solving for r gives the minimum radius of a stable tube; 
rmin = πκ(2γ)−1. For POPC with κ = 19 kBT (Arriaga et al. 
2009) and γ = 6 ± 0.3 pN (García-Sáez et al. 2007) the the-
oretical minimum radius would be rmin = 20.4 ± 1.1 nm. In 
order to estimate the minimum radius of nanotubes from 
experimental results one should note that as visualized in 
Fig. 4b, the intensity of a PNT with a double bilayer must 
be larger than twice the minimum intensity because the 
radius of the outer bilayer must be larger than that of the 
inner layer. Therefore, it is quite certain that all tubes with 
Imax below ~70 a.u. are single bilayer nanotubes. The lin-
ear fit shown as a red line in Fig. 4a to data points with 
Imax below ~70 returns a value of α = 0.616 ± 0.04. This 
value can be used to calculate the radius of a unilamellar 
tube from the measured value of Imax through Eq. (3). The 
resulting tube radii are given in the upper horizontal axis of 
Fig. 4a inset. Note that the data show minimum radius of 
18 nm for PNTs which is in good agreement with the theo-
retically predicted value.

The persistence length can also be cast in terms of 
Young’s modulus, E, and the moment of inertia, I, describ-
ing the tube geometry: LP = EI and I = 0.25π

(

r
4
o − 4

i

)

 
where ro denotes the outer radius and ri the inner radius 
of the tube, respectively. When one bilayer is added on a 
unilamellar PNT, its outer radius increases by (at least) 
the thickness of the bilayer while its inner radius remains 
unchanged. The quadratic dependence of the persistence 
length on the outer radius of the PNT predicts that the 
increase in the number of bilayers would rapidly increase 
the persistence length of the PNT. This explains the scat-
tering of the data points for the tubes presented in Fig. 4a.

Effect of fluorescent illumination on tube stiffness

Illumination of fluorescently labeled lipid bilayers has been 
associated with morphological changes of tubes (Stepan-
yants et al. 2013) or shrinking of the bilayer area of GUVs 
(Karatekin et al. 2003; Sandre et al. 1999). We also consid-
ered the effect of fluorescent excitation light on the PNTs 
after long time exposure. During time the PNTs change 
aspect ratio as they become shorter and thicker (as explained 
in “Material”), the PNTs evolve into tubular vesicles whose 
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two bilayers can be optically distinguished. This process 
takes hours and is shown in Fig. S1. Seven PNTs and seven 
tubular vesicles were illuminated with a fluorescent lamp 
for about 5 min and during this time consecutive images of 
them were captured by a camera. The persistence lengths 
of each tube during this time were calculated with 40 s 
sequential steps (Fig. 5). Interestingly, the effect of illumi-
nation on the tube persistence length is different on PNTs 
and tubular vesicles. The persistence lengths of PNTs were 
constant during the illumination period (blue circle points 
in Fig. 5), however, for tubular vesicles, the persistence 
lengths decreased during illumination (red square points in 
Fig. 5). The decrease in persistence lengths of the tubular 
vesicles was associated with a gradual increase in the total 
contour length showing that the tubes radially contract and 
elongate during intense illumination, see Fig. S3. However, 
the slight increase in length is in most cases below ~12 % 
during the period of illumination which cannot alone 
explain the large decrease in the measured persistence 
lengths. The consequences of strong illumination has been 
shown to result in loss of lipid material and an associated 
increase in bilayer tension (Karatekin et al. 2003). Although 
the mechanism behind this effect was not resolved we can 

expect a similar loss of lipid material in our experiments. 
For the thinner tubes (PNTs) we did not detect a change in 
the persistence length during the 5 min of illumination (blue 
circle points in Fig. 5). The PNTs, used in this work, have 
diameters ranging from 18 to 100 nm and consequently the 
lipid bilayer is already strongly curved around the tubular 
axis. As the bending energy stored in the lipid bilayer scales 
with r−1 a radial shrinking of PNTs would result in a much 
higher energy increase than for tubular vesicles. This prob-
ably explains why relatively uncurved tubular vesicles can 
become thinner and more flexible upon irradiation whereas 
highly curved PNTs with diameters of a few tens of nanom-
eters keep a constant diameter and hence a constant persis-
tence length.

Conclusion

We devised a novel fluorescence based method for quan-
tifying the persistence length, diameter and lamellarity of 
phospholipid nanotubes (PNTs). The values of persistence 
lengths, LP, of PNTs ranged from 1 to 40 μm and the radii, 
r, ranged from 18 to 100 nm. These values are in accord-
ance with previous work on PNTs (Yamamoto and Ichi-
kawa 2012). However, we also found that several of the 
PNTs, in particular the larger ones, were in fact not uni-
lamellar but multilamellar. This lamellarity of a PNT has 
huge implications for its physical properties as well as for 
its interaction with proteins. As several PNTs are multila-
mellar, the theoretical relation between r and LP was modi-
fied to represent tubes with several bilayers by modeling 
the multilayer as a bilayer with increased thickness. Val-
ues of LP from PNTs coated by scaffolding proteins have 
been reported to vary between 9 and 142 μm (Frost et al. 
2008; Ramesh et al. 2013). However, our results show that 
a change in tube radius or the possibility of multilamellar-
ity does have huge influence on LP and should be consid-
ered when investigating the mechanical reinforcement of 
membrane tubes by scaffolding proteins. Importantly, we 
also provide the first experimental evidence of the effect of 
fluorescent illumination on the rigidity of PNTs and tubu-
lar vesicles revealing that only tubular vesicles become 
increasingly flexible due to illumination whereas the much 
thinner PNTs maintain their rigidity during illumination.
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Kralj-Iglič V (2007) Possible role of flexible red blood cell mem-
brane nanodomains in the growth and stability of membrane 
nanotubes. Blood Cells Mol Dis 39(1):14–23
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Fig. S1 Spontaneous transformation of PNTs into tubular vesicles. A) Confocal image of PNTs 
confined in a semi two dimensional chamber. B) After four hours there are many tubular 
vesicles. C) Consecutive fluorescence images of longitudinal shrinking of PNTs into tubular 
vesicles and liposome. This change takes several minutes. Scale bar is 10μm.  



 
Fig. S2 Logarithm of correlation between the PNT tangent vectors versus separation distance for 
different numbers of analyzed frames. Data is from the tube shown in Fig. 1C. The number of 
frames, fN , used are 120, 240 and 360 frames, respectively. The larger the number of frames, the 

longer the linear region. 
 
 

 
Fig. S3 Effect of illumination on the relative length and on the persistence length of tubular 
vesicles. Left axis: Normalized persistence lengths of tubular vesicles versus exposure time (red 
square). Right axis: Relative change of the length of tubular vesicles (blue points). 
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