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Abstract

Attack on single Escherichia coli spheroplast by antimicrobial peptides

by

Tzu-Lin Sun

Studies of the molecular mechanisms of antimicrobial peptides (AMPs)

have mostly been performed with lipid bilayers, as a substitute for cell

membrane. Hence, there is a persistent question as to whether the action

of AMPs on bacterial membranes can be reproduced on lipid bilayers.

Valuable information was obtained recently from observing the actions

of AMPs on E. coli and Bacillus subtilis by time-lapse fluorescence

microscopy. The goal of my dissertation is to study the direct action

of AMPs on the cytoplasmic membranes by using E. coli spheroplasts,

the cell form from which the outer membranes have been removed.

The key question is how to reveal the response of the spheroplast

to AMPs. In our previous work, the aspiration method on giant

unilamellar vesicle (GUV) has been demonstrated as very effective for

researching membrane effects induced by peptides. This method is

able to measure the membrane expansion due to peptide binding and

simultaneously monitor membrane permeability by using dye indicators.

In this work, a spray method was developed for introducing AMPs and

the experimental procedures was customized for performing the E. coli

spheroplasts experiments.
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The living state of cytoplasmic membrane makes it difficult to deduce

the molecular events from the response of live cells. Hence, the physical

methods which have been developed for researching peptide activity on

lipid bilayers were practiced first. These methods include X-ray diffraction

(XRD), oriented circular dichroism (OCD) and GUV aspiration. These

methods were practiced by studying the question as to why a hydrocarbon-

stapled peptide NYAD-1 drug was reported to have membrane permeating

property.

Melittin was selected as the representative of AMPs for the E.

coli spheroplast experiments. To better understand the characteristics

of melittin, the melittin activity on model lipid membrane was

examined before advancing to the spehroplast experiment. The melittin

transmembrane was proposed by correlating melittin binding on a lipid

vesicle (aspirated GUV imaging) with structural studies in multilayers

(XRD and OCD). This behavior was further determined by using

fluorescence indicator to track the melittin distribution. The toroidal

structure of melittin pore was also detected by grazing-angle X-ray

anomalous diffraction. In the studies of NAYD-1 and melittin on a model

membrane, our discovery of AMP’s transmembrane enables us to clarify

the pore-formation mechanism which has been disputed for decades.

In addition, our past work on the physical property of E. coli

spheroplast cytoplasmic membrane has indicated the existence of a lipid

reservoir. The lipid reservoir dominates the surface tension by balancing

the membrane folds. Finally, we used the aspiration method to hold a

spheroplast so as to measure the change of the spheroplast membrane

area in response to the AMPs’ binding. Further, a fluorescence indicator
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which is able to associate with AMPs was used to monitor the peptide

distribution and another fluorescence dye to monitor the molecule leakage.

The spheroplast study shows that there are similarities and differences

between the responses of spheroplasts and GUVs. The recent findings

on the unique properties of spheroplast membranes are the key for

understanding these results. Our work of understanding the AMPs

activity on membrane is potentially applicable in improving peptide drug

design and delivery for disease treatment.
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Chapter 1

Introduction

Antimicrobial peptides (AMPs) were discovered in the 1980s [1, 2, 3, 4, 5]. Initially the

discoverers had to wrestle with the question about the targets of these antibiotics [1,

2, 3, 4, 5]. By the late 1980s, accumulated evidence, particularly the result that the

natural all-L peptides and their D enantiomers were equally active [4], convincingly

concluded that the main targets of AMPs were the bacterial cytoplasmic membranes,

rather than protein receptors [5]. Since then the studies of the molecular mechanisms

of AMPs have been almost exclusively performed with lipid bilayers as a substitute

for cell membranes [6, 7, 8, 9, 10, 11, 12]. Hence, there is a persistent question as

to whether the action of AMPs on bacterial membranes can be reproduced on lipid

bilayers. Recently, Weisshaar and coworkers have studied the actions of AMPs on

Escherichia coli and Bacillus subtilis by time-lapse fluorescence microscopy [13, 14].

The direct observation of the action of AMPs on bacteria revealed two key steps. The

first is growth halting due to direct interference of the AMP with cell wall synthesis.

This step is recoverable. The second is permeabilization of the cytoplasmic membrane

which is not recoverable. Our goal is to understand the action of the AMPs on

the cytoplasmic membranes. Therefore, we further our study to investigate AMP’s

behavior on cytoplasmic membranes by using E. coli spheroplasts, the cell which the
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outer membranes have been removed from.

AMPs have two-state characteristic when interacting with the lipid membrane

[15]. The AMPs start with the surface state when binding on membrane [15]. This

has been observed in different AMPs with model lipid membrane experiments [6, 7,

8, 10, 11]. Once the amount of bound AMPs reaches a threshold value of peptide

to lipid ratio (P/L∗), the state of AMPs switches from the surface to the insertion

and follows the pore-formation process [15]. Experimental evidence show that the

AMPs kill bacteria with this pore-formation mechanism [6, 7, 16]. Huey W. Huang

proposed an AMP oligomer model based on the free energy principle. This model

is helpful to clarify the pathway of pore-formation [17]. This model has pointed out

that several AMPs would be associated to be an oligomer for forming a single pore

on a membrane when the amount of bound peptides reach P/L∗.

Nevertheless, there are still many issues about AMPs which remain controversial.

For example, the question of whether the peptide permeates through the membrane

first before steady pores formation [18]. In order to clarify these issues effective

physical measures are required. Many published reports have suggested that X-ray

diffraction (XRD), oriented circular dichroism (OCD) and optical imaging are useful

tools for researching the peptide activity on artificial lipid bilayer, such as giant

unilamellar vesicles (GUVs) and stacked membrane specimens [6, 7, 8, 10, 11, 19,

20, 21]. The XRD and OCD are extensively applied in determining the two-state

characteristics of AMPs by correlating P/L and orientation of bound peptides [6, 10,

11, 12]. The GUV imaging is another powerful tool for recording dynamic information

of AMPs’ activity by measuring the membrane expansion and monitoring the molecule

leakage induced by AMPs’ action [6, 7, 10]. Additionally, according to the report [22]

the staple-peptide technique invented by Zhang et al. is able to facilitate the delivery

of peptide drugs into target cells. Therefore, this HIV stapled-peptide drug NYAD-
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1 [22] will be a good sample for practicing these physical methods by studying the

membrane permeability of this stapled peptide drug.

Prior to advancing the study of AMPs’ behavior on bacterial membrane,

researching the direct action of AMPs on model membrane is necessary for

understanding the mechanism of AMPs interacting with the lipid bilayer and for

comparing the response on cytoplasmic membrane. In my works, the melittin was

used as the representative of AMP by its antibacterial activity [11, 18, 23, 24].

Melittin is a prototype of the ubiquitous AMPs that induce pores in membranes [11].

It is commonly used as a molecular device for membrane permeabilization. Even

at concentrations in the nanomolar range, melittin can induce transient pores that

allow transmembrane conduction of atomic ions but not leakage of glucose or larger

molecules [25, 26]. At micromolar concentrations, melittin induces stable pores

allowing transmembrane leakage of molecules up to tens of kilodaltons, corresponding

to its antimicrobial activities [27, 28, 29]. The molecular interaction between a

melittin monomer and a lipid bilayer was first described by Terwilliger et al. [18], who

obtained the X-ray structure of melittin from the crystals grown from salt solutions.

Melittin from bee venom is water-soluble, yet integrates into membranes and lyses

cells. Each melittin chain consists of 26 amino acid residues and exists as a tetramer

in aqueous salt solutions. The melittin is strongly amphiphilic since a bent α-helical

rod. The ”inner” surface of the melittin bent rod largely consists of hydrophobic

sidechains and the ”outer” surface consists of hydrophilic side chains [18]. Terwilliger

et al. suggested that the AMP’s pore-formation results from the area imbalance since

melittin peptides only bind on outer leaflet before forming pores. Despite extensive

studies [11, 30, 18, 31, 32], aspects of the molecular mechanism for pore formation

remain unclear. In our model membrane experiment, the XRD, OCD and GUV

optical imaging can be applied to research the melittin activity on lipid bilayer for
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discovering the course of AMP’s pore-formation.

Apparently the AMPs’ study has obtained solid success by using the artificial

membrane [6, 7, 10]. However, the key question is how to reveal the response

of bacterial membrane to the AMPs attack. Recently we have demonstrated the

effectiveness of XRD, OCD and aspirated GUV optical imaging to correlate the

membrane area expansion with molecular leakage through the membrane in many

peptide activity studies [6, 9, 10, 19, 20, 21]. Since the membrane area expansion

is caused by peptide binding, the correlation revealed a key feature of the AMP

mechanism, i.e., the pore formation is triggered when the bound peptide to lipid

ratio reaches a critical value [33, 17, 15]. We now apply the micropipette aspiration

method to E. coli spheroplasts.

To prepare for the study of AMP’s antibacterial activity on cytoplasmic

membrane, we have used the method of micropipette aspiration to investigate the

physical properties of the spheroplast membranes [34]. This work is primarily

contributed by Yen Sun [34]. We found that the physical properties of spheroplast

membranes were dominated by a membrane reservoir which behaves like membrane

folds. We assume that the membrane reservoir is metabolically maintained by

reversible chemical bonds. The membrane tension of spheroplast is mediated by

chemical bonds to fold and unfold the membrane reservoir. For the determination of

existing reservoir on spheroplast membrane, we proposed a possible model to interpret

the corresponding evidence we obtained in the experiments. We assume that, at

zero tension, the bound state (B) and the unbound state (U) of chemical bonds are

in kinetic equilibrium. This is expressed as a reversible reaction B ↔ U, with an

unbonding rate constant k0
− and a bonding rate constant k0

+. At time zero, a tension

is applied to the bonds, that changes the rate constants to k− and k+. The rate of B
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Figure 1.1: Time dependent area change of spheroplast membrane under a change
of tension. A. At time 0, the tension was increased from 0.25 to 0.83 mN/m. The
images from top to bottom were at t=0, 5, and 70 sec. Scale bar = 2.5 µm. B. After
the membrane area reached equilibrium, the tension was decreased to 0.25 mN/m.
The images from top to bottom were at t=0, 5, and 70 sec. The dash-dot lines
indicate the changes used to calculate the area changes. C. Two area vs. time curves
were performed at different rates of applying tension: red, the tension (from 0.25
to 0.83 mN/m) was applied by lowing the water column at 2 mm/sec; blue, at
10 mm/sec. This figure is reprodued from the work of Y. Sun et al. [34]

.

and U states can be written as

 dNB/dt = −k−NB + k+NU

dNU/dt = k−NB − k+NU

(1.1)

, the N is the amount of state and NB + NU = N the total numbers of B and U

states. The last term of equation (1.1) is equal to

dNU/dt = k−N − (k+ +K−)NU (1.2)
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The above differential equation could be solved and get

NU = N f
U + (N i

U −N
f
U)e−λt (1.3)

,where λ = (k+ + k−). The N i
U and N f

U is the initial and final unbound state

respectively. In figure 1.1 shows the membrane relaxation of spheroplast because

of the lipid reservoir. By fitting the data points shown in the figure 1.1 with the

equation (1.3) this model is consistent with the experiments results.

In addition, the size of E. Coli spheroplast is able to be manipulated by swelling

the volume at different osmolarity level. Base on the measurements of the stretching

moduli ka of spheroplast, Sun et al. found that E Coli. spheroplast will survive even

under 85% diluted surrounded solution. While measuring the ka of less swollen (40%

diluted) and high swollen (85% diluted) spheroplast, the ka reveals two distinct values

of < 100 mN/m for less swollen and ∼ 200 mN/m for high swollen cases. The work

demonstrated that the ka is in the range of 200− 240 mN/m as well as the moduli of

GUV in various lipid compositions [35]. In other words, the surface tension of E. Coli

spheroplast results from the tendency of membrane refolding. Only if the membrane

reservoir of spheroplast is exhausted at an extremely diluted external solution, the

surface tension would be created by stretching lipid molecules. Thus, the results of

ka measurement comprehensively supports the membrane reservoir model.

The reservoir maintains the E. coli spheroplast membrane in a tension-less

condition. However, if a negative suction pressure is applied to the spheroplast

membrane by micropipette aspiration, the membrane area increases by unfolding the

membrane reservoir. Since the membrane reservoir unfolding is a reversible process,

the tendency of membrane refolding provides a tension to balance the externally

applied force. Only if the reservoir is exhausted by subjecting the spheroplast to a

extremely diluted solution, the tension can be created by stretching lipid molecules
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,instead of refolding membrane reservoir. Hence,the physical properties of spheroplast

membranes are unlike lipid vesicle [35, 36]. The response of a spheroplast to the

attack of AMPs is possible to be phenomenologically different from the response of

a GUV. Nevertheless, the effect of AMPs on the spheroplast membranes can still be

understood in terms of the effect of AMPs on GUVs.



Chapter 2

Experimental Techniques

2.1 X-ray lamellar diffraction

For looking insight the interaction of lipid molecules and peptides, the tool allows

visualizing the change of the bilayer structure in nanometer scale is necessary. X-

ray lamellar diffraction lends itself to study the structure of stacked lipid membrane

specimen associated with peptides. In the following we will derive the basic equations

of X-ray diffraction as applied to multilayer membrane sample. The swelling method

for solving phasing problem is discussed in the next. Then the experimental setup is

described in detail.

2.1.1 Basic theory of X-ray lamellar diffraction

The signals of scattered radiation are from the interaction of X-rays and electrons

in the sample, the amplitude is in a function of sample electron density distribution.

The scattered radiation is composed with elastic and in-elastic reflection beam; only

the elastic beam is collected for reconstructing profile, the in-elastic is not producing

diffraction peaks due to incoherent interference. We set the wave vector of incoming
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q

κ0

κ

2θ

Figure 2.1: Definition of the momentum transfer vector q. The angle between
incoming κ0 and outgoing κ wave vector is 2θ.

and of the diffracted beam is κ0 and κ respectively. For elastic scattering only the

direction, but not energy of the incoming beam is changed. We define the momentum

transfer vector q = κ− κ0. Therefore we have|κ| = |κ0| = 2π
λ

and so |q| = 4π
λ

sin θ as

can be seen in Fig 2.1.

The intensity of: X-ray scattering is collected from every electron in the sample,

and the electron density distribution and volume of sample is (r) and V. Therefore

the measured intensity is:

I(q) = Ie

∣∣∣∣∫
v

ρ(r) exp(−iq · r)d3r

∣∣∣∣2 (2.1)

Where Ie is the intensity of scattering by a single free electron:

Ie = I0
e4

m2
eC

4R4

(
1 + cos2 2θ

2

)
(2.2)

In equation(2.2) I0 is the intensity of incoming beam. The factor (1+cos2 2θ
2

) is

called the polarization factor for an unpolarized primary beam, since the incident

radiation polarized in the scattering plane has a cos2 2θ.

In our study the multilayer membrane specimens were used for detecting the

thickness of lipid bilayer with X-ray diffraction. Suppose the multilayer sample is

composed of N bilayers and separated in the z direction with a distance D, and let

the electron density of a single bilayer is ρ(x, y, z). Suppose the sample has uniform



11

lateral structure, the complete density of multilayer sample ρml and can be written

as:

ρml(x, y, z) = ρ(x, y, x+nD) with − D

2
≤ z ≤ D

2
n = 0, 1, 2, ..., N − 1 (2.3)

In our case since the lipid molecules of membrane are fluid in the x− y plane, which

results in the electron density is constant within that plane and ρ(x, y, x) = ρ(z).

Therefore the integral of equation (2.1) can be rewritten as

∫
v

ρ(r) exp(−iq · r)d3r =

∫∫∫
ρml(x, y, z) e−i(qxx+qyy+qzz)dxdydz

=

∞∫
−∞

e−iqxxdx

∞∫
−∞

e−iqyydy

(N−1)D/2∫
−D/2

ρ(z) e−iqzzdz

= δ(qx)δ(qy)
N−1∑
n=0

D/2∫
−D/2

ρ(z) e−iqzze−inqzDdz

= δ(qx)δ(qy)

D/2∫
−D/2

ρ(z) e−iqzzdz
N−1∑
n=0

e−inqzD (2.4)

Since the thickness of bilayer is much smaller than the sample size, the limits of

the two integrals in x and y can be taken to infinity. The δ-function in this equation

indicates the scattering signal is confined to the qz axis in q-space. The sum of the

last line in the equation (2.4) is a geometric series and can be expressed as

N−1∑
n=0

exp(−inqzD) =
sinN qD

2

sin qD
2

exp(−i(N − 1)qD/2) (2.5)

After absolute squaring the exponential factor in the equation (2.5) is a phase

factor and contributes a unity. Thus the scattering intensity of multilayer membrane
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0 π/D 2π/D 3π/D 4π/D
q
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Figure 2.2: The function S(q) = sin2(NqD/2)
sin2(qD/2)

for different values of N. The function

peaks ar values qh = 2πh/D with a peak value of N2 and a width of 2π/(ND)

sample can be rewritten as

I(qz) = Ie
sin2N qzD

2

sin2 qzD
2

∣∣∣∣∣∣∣
D/2∫

−D/2

ρ(z)e−iqzZ dz

∣∣∣∣∣∣∣
2

= IeS(qz)|F (qz)|2 (2.6)

here we define:

F (q) =

D/2∫
−D/2

ρ(z) e−iqzZdz (2.7)

the structure factor of the bilayer, which is the Fourier transformation of the electron
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density of the unit cell including with the bilyaer plus the surrounding water, and

S(q) =
sin2N qzD

2

sin2 qzD
2

(2.8)

the form factor, which contributes the information of the arrangement of unit cells of

whole sample, i.e. the stack of membrane bilyaers of multilayer membrane sample.

The S(q) in the figure 2.2 shows for several values of N. The peaks of S(q) becomes

sharper with the increase of N, while the oscillation between two peaks gradually

decreases. In the large N case the S(q) has appreciable values at

q ≡ qh =
2πh

D
withh = 0,±1,±2, ... (2.9)

The value at peak positions is N2 and the width of peak is 2π/(ND).

In our work ρ(z) the density profile of a single bilayer ( the one-dimensional unit

cell) includes the static information of membrane thickness altered by interacting with

peptide. From the diffraction pattern of multilayer sample to reconstruct density

profile is the primary task. For the reconstruction we assume ρ(z) is periodic in z

and can be expanded to a Fourier series

ρ(z) =
∞∑

h=−∞

ahe
−i 2π

D
hz (2.10)

where the Fourier coefficient ah of the equation (2.10) are given by

ah =
1

D

D/2∫
−D/2

ρ(z) ei
2π
D
hzdz

= F (
2πh

D
)/D (2.11)
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The equation (2.11) proves that the Fourier coefficients of q(z) are F (2πh
D

)

measured in the X-ray diffraction divided by D. However, the F (0) is not available

because of the h = 0 diffraction peak is not able to measure from the forward

scattering. And the equation is

F (0) =

D/2∫
−D/2

ρ(z) ei
2π
D

0·zdz =

D/2∫
−D/2

ρ(z)dz = Dρ̄ (2.12)

The equation above indicates a0 = ρ̄, in here we defines the ρ̄ ≡ ρ0 and we are only

able to measure the electron density relative to a constant ρ0.

So far we are only capable to determine the absolute value of Fourier coefficients

F (2πh
D

) not their phases in the diffraction experiment. To calculate the electron

density distribution by the equation (2.10) from the measured results, determining

phases associated with each F (2πh
D

) is indeed necessary. The phasing method applied

in my experiments will be discussed in the next section.

2.1.2 The phasing problem

The measured intensity of X-ray diffraction needs to invert the Fourier transformation

of equation (2.1) to calculate the electron density profile of sample structure.

Therefore the phase angles of the amplitude of observed signals from scattering beam

are necessary to be determined. This is so-called phasing problem, the main challenge

in the structure determination by X-ray diffraction.

The multi-layer lipid membranes specimens were using in my experiments. The

structure of the sample could be imagined like a single membrane sandwiched by two

water layers as an unit cell, and the thousands of the unit cells are stacked up to form

the sample. The electron density can be assumed to be centrosymmetric since the

symmetric structure of unit cell. In other words ρ(z) = ρ(−z). Th equation (2.7) can
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be rewritten to

F (q) =

D/2∫
−D/2

ρ(z) e−iqzdz

=

D/2∫
−D/2

ρ(z) cos qz dz − i
D/2∫

−D/2

ρ(z) sin qz dz (2.13)

The second term of the last line vanishes because of the sine function is antisymmetric,

and the structure factor F (q) is a purely real function. If the F (q) is written in terms

of its amplitude |F (q)| and phase angle as α(q)

F (q) = |F (q)|eiα = |F (q)| cosα + i|F (q)| sinα (2.14)

and consider the F (q) is purely real we get

sinα = 0 so that α = nπ; n = 0,±1,±2, ... (2.15)

Therefore, the phasing problem of the structure in centrosymmetric electron density

reduces to the determination of the signs related to the observed amplitudes |F (q)|.

In here we are going to introduce swelling method which is greatly applicable to

solve the phasing problem of lamellar diffraction of aligned lipid membrane samples.

And the swelling method is based on Shannon theorem [37]. According to the

theorem, if we have the discrete Fourier series F (2πh
D

) of a function ρ. The continuous

Fourier transform F (q) can be reconstructed by

F (q) =
∞∑

h=−∞

F (
2πh

D
) sinc(

qD

2
− πh) (2.16)

We know qh = 2πh
D

is the hth measured peak position of X-ray diffraction, and
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Figure 2.3: Example of diffraction patterns overlaid for different humidities. The
Bragg peaks change positions with the hydration states from 90 to overhyrated 102%.
The discontinuity at 1.3◦ is due to attenuator used.

the qh is varying with the repeat distance D. Thus in the swelling method, the

sample is hydrated in different extent to change the repeat distance D. The change

of D also alters the position of peaks of form factor (equation 2.8) which depends on

D. Figure (2.3) shows diffraction patterns collected at different hydration states of

the membrane. By swelling the stacked membrane samples, the continuous function

F (q) is transformed with F (2πh
D

) and the observed amplitude of same order peak at

different hydration state should follow the curve of F (q). Thus we should be able to

decide the signs of F (2πh
D

) for interfering correct electron density distribution.

Before applying swelling method to our work, we have to reaffirm that the

structure factors for different swelling states are related to one another. For the

staked membrane sample, we could assume the structure is unchanged while changing
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humidity. Because we are only able to measure the relative electron densities, thus

we can write the electron density of the unit cell ρ(z) relative to the electron density

of the hydration water ρw which is considered a constant. In our case we have

∆ρ(z) =

 ρl(z)− ρw −d
2
≤ x < d

2

0 d
2
≤ |x| < D

2

(2.17)

where ρl is the electron density of lipid bilayer. With the definition of unit cell electron

density, the structure factor F (q) can be rewritten as

F (q) =

D/2∫
−D/2

∆ρ(z) e−iqzdz

=

d/2∫
−d/2

(ρl(z)− ρw) e−iqzdz

=

d/2∫
−d/2

ρl(z) e−iqzdz − ρw d sinc
qd

2
(2.18)

The last line of equation (2.18) tells us that the structure factor is independent of

the repeat distance D and therefore of the hydration state. Thus we have shown

that the membrane sample at different swelling states is probed same structure factor

at different q-values, as is necessary for making phase determination work in our

measurements.

The measured intensity in the X-ray diffraction very depends on the amount of

material, precisely speaking on the number of electrons. In our experiment, we swell

the repeat distance D by increasing the amount of water, therefore the total intensity

diffracted by the sample is enhancing. Take account of this change, we have to rescale

the measured intensity according to the scaling scheme of Blaurock [38] before the

phase determination. Although this is a minor correction for different hydration states
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of the same specimen, this is important and necessary for comparing the results of

the samples with varying amount of lipids.

From the equation (2.18), we know that the structure factor is independent of the

repeat distance D. The same is valid for the square modulus of |F (q)|. The total

scattering intensity is proportional to the |F (q)|2 which could be written as:

∞∫
−∞

|F (q)|2 dq =

∞∫
−∞

∣∣∣∣ ∞∑
h=−∞

F (2πh
D

) sinc( qD
2
− πh)

∣∣∣∣2 dq

=
2π

D

∞∑
h=−∞

|F (2πh/D)|2 (2.19)

where we used equation (2.16)and the orthogonality of the sic function. We assume

that the samples contained with same amount of lipids would give same intensities

of diffraction. Thus for two different D-spacings D1 and D2 of the same sample, we

must require that their total diffracted intensities are equal, i.e.

2π

D1

∞∑
h=−∞

|F (2πh/D1)|2 =
2π

D2

∞∑
h=−∞

|F (2πh/D2)|2 (2.20)

This can be rewritten using that F (2πh/D) = F (2π(−h)/D) and F (0) = d(ρ̄l−ρw) ≈

0 to give the scaling relation:

∞∑
h=1

|F (2πh)/D1|2

∞∑
h=1

|F (2πh)/D2|2
=
D1

D2

(2.21)

The equation (2.21) is the scaling law based on the Blaurock [38]. This relation

is useful to rescale the measured intensities for different hydration states and to plot

them versus q. Then we are able to determine the right phases associated with the

measured amplitudes by corresponding them to a F (q) smooth curve plotted with



19

0.0 0.2 0.4 0.6 0.8 1.0
q[1/A]

300

250

200

150

100

50

0

50
Fh

Phasing Diagram:NYAD1/DOPC(1/50)

RH90
RH95
RH99
RH100
RH101

Figure 2.4: Example of phase diagram of NYAD-1 and DOPC multi-layers lipid
sample. The measure amplitudes (color dots) are plotted by altering thiers signs for
following the F (q) curve.

a set of measured intensities at a certain hydration states. An example of phasing

diagram is shown in the figure 2.4.

Once the phase factor for each measured intensities is determined the density

profile of the lipid bilayer can be calculated according to:

ρ(z)− ρ0 =
1

d

∑
h

F (
2πh

D
) cos(

2πh

D
) (2.22)

Since the F (h = 0) is not measurable, this electron density is only a relative scale

as indicated in the equation (2.22). The figure 2.5 shows the corresponding electron

density profile of lipid bilayers at the swelling states from 90% relative humidity (RH)

to 102% RH (fully hydrated).
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Figure 2.5: The corresponding electron density profile is plotted with the determined
phase factors of figure 2.4.

2.1.3 Membrane thickness measurement

In the figure 2.6 the correspondence of the obtained electron density profile and the

lipid-bilayer model is shown. The two prominent peaks give the positions of phosphate

atoms which has highest electron density in the membrane sample. Therefore the peak

to peak distance (PtP) is the measure of the membrane thickness. The point at the

lowest electron density of the profile corresponds to the center of the bilayer where the

two opposing leaflets of the bilayer meet. Usually the resulting profile could be put on
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Figure 2.6: Correspondence of the electron density profile to the lipid bilayer model.
The distance between two prominent peaks called the phophaste to phophaste
distance (PtP). The D spcaing represents a unit cell included with a lipid bilayer
and a water layer (half/half on both side)

an absolute scale using an appropriate membrane model. However in our experiment,

we are mostly concerned with the shape of the profile and in particular the distance

between the two phosphate peaks, which is not affected by the normalization, an

absolute scale is not necessary for our works.

In biological systems the membrane are usually surrounded by excess water.

Therefore, the state of membrane is at full hydration most close to the biological

environment. Our X-ray experiments are usually done at less than full hydration

since the specimen is washed out at over-hydrated state. This allows us to collect

high order signals from our sample which otherwise would not be accessible due to
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Figure 2.7: Schematic view of the experimental setup for the lamellar diffraction
experiments.

increased undulations and fluctuations of the bilayer.

2.1.4 X-ray system experimental setup

The experiment setup is shown in figure 2.7. The Multilamellar samples were

measured in a temperature humidity chamber. ω − 2θ diffraction was collected on a

four-circle Huber goniometer (Huber Diffraktionstechnik, Rimsting, Germany), with

a vertical line-focused Cu Ka source (λ = 1.542 Å ) operating at 35 kV and 1530 mA.

The incident beam was collimated by a horizontal soller slit and two vertical slits on

the front and the back sides of the soller slit. The horizontal and vertical divergences

of the incident beam were 0.23 and 0.3, respectively. The diffracted beam first passed

through a vertical slit and then was discriminated by a bent graphite monochromator

(selected for 1.542 Å ) before entering a scintillation detector. Thus, the detector

excluded Compton scattering, fluorescence, and most of the x-rays from air scattering.

This diffractometer was designed to minimize the background signal, thus allowing

the measurement of high diffraction orders.

Before the measurement, the aligned multilayer sample was carefully positioned

at the center of the x-ray beam and was oriented so that ω = 0 and λ = 0 coincided.
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We have established an elaborate routine for positioning and orienting the sample as

described in Wu et al.. A two-dimensional ω−2θ scan around the second or the third

Bragg order was used to check the alignment of the ω-angle and the mosaic of the

multilayers alignment. Typically, the full width at half-maximum of the peak on the

ω axis (of the ω − 2θ scan) was 0.20.3◦. Once the sample was properly positioned

and aligned on the diffractometer, each ω − 2θ scan was performed from ω = 0.5◦

to ω = 7.5◦ with a step size of ∆ω = 0.01◦. An attenuator was used to prevent

the first-order Bragg peak from saturating the detector. The scan was repeated

23 times at each of several hydration levels and averaged at each hydration level for

data analysis. Measurements at several hydration levels were for the purpose of phase

determination by the swelling method. Only the results of 98−98 % RH are reported.

(Note that the readings of commercial humidity sensors are not accurate above 98 %

RH; we used the maximum RH above which the membrane samples would flow.) The

procedure of data reduction was described in many of our previous works. Briefly, the

measured diffraction intensity was first corrected for the attenuator absorption and for

the detectors dead-time factor. After removing the background, data were corrected

for sample absorption and diffraction volume. The integrated peak intensities were

then corrected for the polarization and the Lorentz factors. The relative magnitude

of the diffraction amplitude was the square root of the integrated intensity. With

their phases determined by the swelling method, the diffraction amplitudes were used

to reconstruct the electron density profile of the bilayer. Across the bilayer profile,

the phosphate peak to phosphate peak distance (PtP) was measured for the bilayer

thickness. Measurements by the previously described procedure have been applied to

various peptide-lipid mixtures for more than a decade, e.g. [12, 39, 40].
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Figure 2.8: The standard curves of alpha helix (black), beta sheet (red) and random
coil (green) are shown.

2.2 Oriented circular dichroism

Circular dichroism (CD) spectra is extensively utilized of detecting the secondary

structure of proteins or peptides. It takes advantage of the fact that the different types

of protein structures absorb left circularly polarized light (lcp) and right circularly

polarized light (rcp) in different degree. In the figure 2.8 shows the standard curves

of the CD spectra of alpha helix, beta sheet and random coil. For evaluating the

proteins configuration, the three standard curves are superposed to fit the measured

spectrum [41].

In my works, the modified CD method labeled as oriented circular dichroism

(OCD) were also used for detecting the peptides activity in the staked membrane

sample. The OCD invented by Y. Wu et al. [42] is able to probe the orientation
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and configuration of peptide simultaneously. The detection of the structure and

orientation of peptides allows to infer the binding affinity and two-state behavior [15].

Aligned multilamellar samples of peptides in lipid bilayers were kept fully hydrated

in a humidity chamber with quartz windows. The substrates were oriented normal

to the incident light for the measurement of OCD. Our CD and OCD spectra were

measured in a Jasco (Tokyo, Japan) J-810 Spectropolarimeter. Each OCD sample

was measured at least 5 times and averaged. The background spectrum for each

sample was measured for the same amount of lipid on the same substrate. After the

background correction, the spectra of different P/L were normalized by the amount

of peptide.

2.3 Aspirated GUV Imaging

The aspiration giant unilamellar vesicle (GUV) optical imaging is an effective

technique for probing membrane physical properties and membrane response to

pepetide activity. This system is primarily composed with optical microscopy and

micropipette aspiration tool. Based on the need of experiment, different microscopy

is used for observation, i.e., the Confocal microscopy can be applied to detect

the fluorescence intensity change [6] with the optical sectioning ability. The GUV

aspiration technique was developed by Evan Evans [43, 44, 45] in the 1980s. We

customized our own aspiration system according to Evan’s scheme. A fire-polished

glass micropipette with an opening 3 ∼ 5 µm in radius is connected to a water or oil

tower. The water or oil tower enable us to create the suction pressure by adjusting

its height relative to the microscope stage. By controlling the tower’s height the

micropipette is allowed to grab or release GUV with negative or positive suction

pressure respectively. Therefore, we are able to study the peptides’ effect on lipid

vesicle by using the GUV imaging technique.
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2.3.1 Giant unilamellar vesicle production

To understand the mechanism of peptide and lipid bilayer interaction without

the influence of the embedded proteins, the single-bilayer pure lipid vesicles are

extensively used as a substitute of the cytoplasmic membrane for the studies.

According the difference of diameter (d), the lipid vesicles are classified as SUV

(d ≤ 100 nm), LUV (100 nm < d ≤ 1 µm), and GUV (d > 1 µm). In our most

experiments, the GUVs were applied to probe membrane elasticity and record the

membranes effects activated by peptides.

The production of GUVs follows several steps [9, 19]. First, total 50 µl lipids (pre-

solved in chloroform, Avanti) are mixed well with 1000 µl of chloroform and 1000 µl

of trifluoroethanol (TFE) to prepare the stock solution. The GUVs can be labeled

by adding extra dye-conjugated lipids (5 ∼ 20 µl) in the stock solution. Second,

the 40 µl mixed solution is dropped on indium tin oxide (ITO) coated glass slide

to form lipid film. Each production needs two lipid-film slides. Third, theses slides

are vacuumed for at least 15 minutes for evaporating the organic solvent. Then, an

o-ring is sandwiched between the two lipid-film slides and the sucrose solution (pre-

solved in water, ∼ 200mM) has been filled up the space inside the o-ring prior to

sandwiching. Finally, the GUVs is produced by electroformation by connecting the

slides with ∼ 1.2V A.C. current at 10 hz for 2 hours, 5 hz for 10 minutes and 1 hz for

5 minutes. Sometimes the autoformation is used for producing GUVs when the lipids

contain too many ions. The autoformation procedure is referenced to the work [46].

2.3.2 Aspiration method

The aspiration method was developed to probe the membrane property with

qualitative imaging and quantitative measurement [43, 44, 44]. The most significant

feature of this technique is to amplify the membrane expansion effect with the
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Figure 2.9: The GUVs can be manipulated by the micropette. By lowering the
water/oil tower to create negative suction pressure which enabls micropipette to
aspirate GUVs. ∆Pw : water pressure, Pout : pressure outside vesicle, Pin : pressure
inside vesicle, P : pressure inside micropipette and

protrusion sucked into the micropepette. Once the micropipette aspirates the vesicle

with a negative suction pressure the extra lipid would be sucked into pipette tube

and creates a protrusion. We assume the extra lipid membrane sucked into the

pipette is ∆A. The ∆A has to be proportional to the product of protrusion length

(∆Lp) and pipette opening area (Ap). Thus the smaller Ap gives larger ∆Lp.

Based on this feature, the ∆A can be easily calculated by measuring the ∆Lp, if

a micropepette with the suitable Ap is used. The aspiration method has been applied

for measuring the membrane expansion area induced by peptides binding in our many

works [6, ?, 10, 21, 47]. The principle of aspiration method will be explained in detail

in the following paragraph.



28

The certain surface tension of the aspirated GUV can be generated with the

corresponding negative suction pressure by adjusted the water tower level (∆Pw) (the

figure 2.9). In my experiments, the GUVs with the surface tension ∼ 0.5− 1 mN/m

were used for testing the peptide effects, and the corresponding negative suction

pressure is 100 − 200 Pa. First, by observing the flow of micropipette the suction

pressure (P ) is able to be tuned to balance to the outside pressure (Pout) (flow stops)

and set this balance point as ∆P = 0. Then the water level is moved downward

∼ 10 − 15 mm to increase suction pressure to 100 − 200 Pa for aspirating GUV.

Therefore,

∆P ≡ Pout − P = −∆Pw (2.23)

from the Laplace pressure equation: 2τ = (P1 − P2) ·R, we get

 Pin − Pout = 2τ/Rv

Pin − P = 2τ/Rp

⇒ ∆P =
2τ

Rp

(1− Rp

Rv

) (2.24)

the Rv and Rp is the radius of GUV and micropipette respectively. The surface

tension τ is available from last equation and in expression of diameter (Dp, Dv)

τ = ∆P ·Rp/2(1−Rp/Rv)

= ∆P ·Dp/4(1−Dp/Dv) (2.25)

The area expansion (∆A) and volume change (∆V ) also can be precisely computed

with the measurement of the vesicle spherical segment, cylindrical projection
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dimensions and protrusion length (∆Lp).

 ∆A = 8πRv∆Rv + 2πRp∆Lp

∆V = 4πR2
v∆Rv + πR2

p∆Lp

⇒

 ∆A = 2πRp(1−Rp/Rv)∆Lp , if ∆V = 0

∆V = −πRp(Rv −Rp)∆Lp , if ∆A = 0

(2.26)

The equation (2.26) is applicable in calculating the membrane expansion and volume

change due to antimicrobial peptides (AMPs) activity [6, 10, 19]. AMPs are well-know

for its antibacterial activity of killing bacteria with pore-formation mechanism [17,

15, 18]. According to the Huang’s work [17, 15], the AMPs has two-state and pore-

formation behavior. The ratio of bound peptides to lipids is defined as P/L and

the threshold value for pore-formation is labeled as P/L∗. The bound AMPs in the

surface (parallel to membrane) at P/L < P/L∗. Once P/L is above P/L∗, the AMPs

switch to insertion states (perpendicular to membrane), stop stretching membrane

and begin to form pores. When AMPs interacting with memrbane, the AMPs start

to bind on lipid head group of GUV’s membrane, will expel lipid molecules and cause

membrane stretching before forming pores [17, 18]. The volume change (∆V ) is

equal to 0 in this stage. While AMPs are in insertion stage, the ∆A is equal to 0

but volume changes [15]since pore-formation allows solution exchange. Therefore the

equation (2.26) is useful to quantify the AMPs effect by measuring protrusion length

difference.

2.3.3 Aspirated GUV imaging operation

In our experiments, the aspirated GUV imaging played an important role of revealing

the membrane response to the AMPs’ activity. Therefore we developed the transfer-

chamber method to introduce peptides and to aid imaging the GUV’s response. The

figure 2.10 shows the steps of transfer-chamber operation. In each experiment, two

chamber are demanded for observation; a control chamber is filled up with Tris-
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Figure 2.10: The three steps of introdcuing peptides to the selected vesicle by using
transfer-chamber method.

glucsoe buffer (∼ 200 mM , pH 7) for accommodating the GUVs, and an observation

chamber contained with the mixture of Tris-glucose buffer and peptides.

The procedures of operating the transfer-chamber method is shown in the figure

2.10. First, the chambers are coated with bovine serum albumins (BSA, Sigma-

Aldrich) prior to infusion of GUVs for decreasing the glass charge effect of damaging

vesicles. The two chambers sit on the stage side by side with a gap (∼ 0.5 cm) for

avoiding solution exchange. 10 µl solution of GUVs is injected into the observation

chamber filled up only with Tris-glucose buffer. The GUVs will sink to the bottom of

the chamber since vesicles encapsulate sucrose higher than glucose in density. When

the GUVs settle down at the bottom what make it easier to select a intact and

clean vesicle for observation. The observation chamber contains the solution of Tris-

glucose buffer well mixing with peptides. A glass tube with opening ∼ 400 µm in

radius is labeled as transfer tube for shipping the selected vesicle to the observation

chamber from the control chamber. The transfer tube is pre-aspirated with Tris-

glucose buffer and passed through the observation chamber to control chamber. Once

the setup is ready, the experiment can be operated by the following three steps: 1)

the selected vesicle is picked up by micropipette with a moderate suction pressure

(∼ 100 − 200 Pa) and put into the transfer tube for shipment. 2) once the selected

vesicle is loaded inside the transfer tube, we begin to gently move the stage forward to

the side of aspiration pipette until the GUV is transferred to the middle of observation
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Figure 2.11: Shows the expample of membrane permeability detection. The dye
indicator (TRsc, red) was encapsulated inside vesicle to indicate the molecules leakage
induced by AMPs’ (FITC-melittin, green) pore-formaiton. This figure has been
publishe on PNAS journal [16].

chamber. 3) the transfer tube is removed backward to expose the vesicle to peptides

for observing interaction.

2.3.4 AMPs’ pore-formation detection

The aspirated GUV imaging is extensively applicable in researching AMPs’ activity

on lipid bilayer. The AMPs are well-known in attacking bacteria by pore-formation

mechanism [6, 48, 10, 19]. To examine the AMPs’ pore-formation effect, the dye

indicators are encapsulated inside vesicles or added into the external solution. By

monitoring the molecules leakage, we are able to detect the AMPs’ pore-formation. In

my experiments, the molecule leakage was observed by using the Confocal microscopy
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(Nikon C1 siLU4A confocal spectral imaging system and Nikon C2 confocal laser

point scanning systemTokyo, Japan) with 488 nm/561 nm lasers (OBIS/Sapphire,

Coherent, Santa Clara, CA) or by using a conventional inverted widefield microscope

(IX81, Olympus, Tokyo, Japan) and recorded by a Hamamatsu Photonics digital

CCD Camera (model C10600-10B) (Hamamatsu City, Japan).

The figure 2.11 shows an example of AMPs’ pore-formation detection by

using aspirated GUV imaging. The FIT-melittin (FMt) was introduced to study

its direct action on lipid bilayer. The measurements of membrane expansion

((∆A/A)v, diamond), amount of bound FMt (green box) and dye leakage (red dot)

were analyzed and plotted in the bottom chart. The corresponding time lapse images

are shown on the top of chart. For revealing the pore-formation effect, the GUVs

were encapsulated with the dye indicator Texas red sulfonyl chloride (TRsc, 625

MW, Invitrogen Probe). In this work the pore-formation process was successfully

observed since TRsc molecules started to leak when membrane expansion reaches to

∼ 4%. In addition, the figure 2.11 shows the evidence of AMPs stretching membrane

by correlating the membrane expansion (∆A/A)v with the amount of bound FMt

peptides. Therefore, the combination of membrane expansion measurement and dye

leakage detection is a very solid approach to investigate the mechanism of AMP and

membrane interaction by providing dynamic and quantitative results.

2.4 Aspirated cell imaging

Conventionally the studies of researching the AMPs’ activity on bacterial membrane

primarily rely on the qualitative imaging results. Since the aspirated GUV optical

imaging has shown the feasibility in studying AMPs effect on model lipid bilayer with

qualitative imaging and quantitative measurement [6, 48, 10, 19]. Therefore, in my

work I implanted the aspiration technique on the E. coli spheroplasts to reveal the
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Figure 2.12: The E. coli spheroplasts. Top panel from L to R: E. coli cells, filamentous
cells, spheroplasts in 100% STOP solution, and in diluted STOP solutions. A) Size
distribution in different concentrations of STOP solution. B) The average radius
in different concentration. C) Correlation of size with the phase contrast of cytosol
against the outside solution.

response of cytoplasmic membrane to AMPs’ activity. I developed the spray method

for introducing AMPs and customized the procedures for visualizing the observation.

2.4.1 Preparation of E. coli Spheroplasts

This section is majorly excerpted from the work done by Y. Sun et al. [34]. E. coli

K-12 strain MG1655 (ATCC 700926) was purchased from ATCC (Manassas, VA).

Luria-Bertani (LB) medium (5g/L yeast extract, 10g/L peptone from casein, and

10g/L sodium chloride) containing 15g/L agar from EMD Millipore (Billerica, MA)

was used for the growth of colonies of E. coli. The medium was autoclaved before

used for sterility.

We prepared giant spheroplasts of E. coli by following the detailed procedure

described by Renner et al.. Briefly, cells were grown in LB medium by shaking at 37◦C

overnight to the stationary phase. A small aliquot (1:100 dilution) was added into the
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LB medium and incubated in 37◦C while shaking at 200 rpm until the absorbance at

λ = 600 nm reached 0.5 to 0.7. One-half ml of the cell culture was diluted to 5 ml in

LB medium. To grow long filamentous cells, cephalexin (60 mg/ml) was added and

the culture was grown with shaking (200 rpm) at 42◦C for 2 hours. After cells reached

an average length of ∼ 50 mm, cells were harvested by centrifugation at 3000 g for 1

min. The pellet was suspended in 500 ml of 800 mM sucrose solution. Spheroplasts

from filamentous cells were formed by adding the reagents in the following order:

500 ml 1 M Tris HCl (pH 8.0), 24 ml 0.5 mg/ml lysozyme, 6 ml 5 mg/ml DNase,

and 6 ml 125 mM EDTA-NaOH (pH 8.0). After 5 to 20 min at room temperature,

100 ml of STOP solution (10 mM Tris HCl at pH 8, 0.7 M sucrose, 20 mM MgCl2)

was added to stabilize the spheroplasts. We did not find noticeable differences in the

results by different time duration of lysozyme treatments. Spheroplasts were stored

in liquid nitrogen for no longer than 2 weeks. Frozen spheroplasts were thawed slowly

on ice before each use.

The figure 2.12 shows the phase contrast microscopy images and measurements

of the E. coli spheroplasts in different concentration STOP solution. When the

spheroplasts are injected in the STOP soultion from pure to 15 %, the size distribution

points out more large sphoerplasts (radius > 2 µm)appear in low concentration STOP

solution. The average volume is gradually swollen to 1.6 times in radius when STOP

solution < 55 %. The phase contrast indicates the spheroplast with low phase contrast

has larger size. Thus by controlling the osmolarity the volume of spheroplast is able

to be manipulated. This characteristic advantages us in observation by using large

spheroplats.
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2.4.2 Aspirated cell imaging operation

To visualize the application of aspirated GUV imaging to E. coli spheroplast,

I modified the original experimental procedures to adapt to the spheroplast

experiments. In our preliminary tests of aspirated spheroplast, I found that the

protrusion length of spheroplasts was not steady upon shipping spheroplast to

observation chamber through transfer-chamber method. This is probably due to

instability of suction pressure. Therefore, I developed the spray method as a

substitute of the transfer-chamber method for the AMPs introduction.

In the spheroplast experiments, only one chamber is demanded. To improve

the manipulation of spheroplasts by using aspiration mehtod, I swelled the size

of spheroplasts by infusing them with external 40% STOP solution. The 10 ml

of spheroplasts was injected into the chamber containing ∼ 250 µl 40 % STOP

solution. According to the design of experiment, the extra dye indicators are

added into the external solution for observation. The micropipette with ∼ 1 µm

opening in radius was used for aspirating spheroplast with a negative suction pressure

∆P ∼ 200− 500 Pa. The procedures of spheropalst experiment will be explained in

detail in the following content. The procedures includes 3 steps.

1st step: Pre-test for spheroplast selection. Prior to each spheroplast experiment,

the pre-test has to be performed for picking up a E. coli spheroplast selection without

defects by testing membrane elasticity. I used the aspiration method to test the

membrane elasticity. First, the spheroplast is aspirated by micropepette with a

negative suction pressure to create the surface tension (∼ 0.3 mN/m). The membrane

of the aspirated spheroplast is further stretched to a surface tension τ ∼ 0.7 mN/m

by increasing the negative suction pressure, then the tension is released to the original

level ∼ 0.3 mN/m. This step is repeated at least 3 times to examine the response

of protrusion length to suction pressure. Only the spheroplast has quick response to
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the suction pressure change will take further test (2nd step).

2nd step: Background control of protrusion length. The protrusion length is

the crucial parameter for qualifying the AMPs’ binding effect. The background

control of protrusion length is highly demanded for improving the accuracy of

membrane expansion measurement. The selected spheroplast which has passed the

pre-test is aspirated with a moderate suction pressure (∼ 400 Pa) for ∼ 3 minutes.

Then this spheroplast is imaged by Confocal microscopy for 5-7 minutes to record

the background increase of protrusion length. Only the shperolasts which have

background membrane expansion (∆A/A) less than 1.5 % will be used in experiments

for investigating AMPs activity on cytoplasmic membrane. This data will be used as

the control for comparing the experiment results.

3rd step: AMPs introduction by using spray method. Right after passing the

pre-test and background control. The AMP is introduced by spray method for 15-20

minutes observation. A fire-polished glass tube with the opening ∼ 30 µm in radius

is labeled as spray tube. This tube is filled up the mixture of the AMPs diluted

STOP solution at the same osmolarity of solution in chamber. The spray tube is

moved into the chamber and close to the aspirated spherolast at a distance ∼ 50 µm

for introducing AMPs. Please understand that the flow of spray is always unsteady.

While in most times manually tuning spray speed is necessary for better controlling

the flux. In the whole observation the flux has to be a moderate stream. If the flux

is too strong the spheroplast will be killed immediately by large amount of AMPs

binding. The spray method is influenced by various parameters include the peptide

concentration, the distance between target, the flow rate and the spheroplast quality.

This method is completely empirical, there is no well-defined parameter of the spray

method operation. In addition, according to my experience most spheroplasts are

unable to pass the pre-test and background control after exposure in the diluted
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STOP solution for 40 minutes. Therefore, the whole experiment have to be finished

within 40 minutes to guarantee the freshness of the spheroplasts.



Chapter 3

Membrane Permeability of

Hydrocarbon-Cross-Linked Peptides

Our goal is to reveal the direct response of cytoplasmic membrane to AMPs’ activity

by using E. coli spheroplasts. Before advancing to the spheroplast experiments,

we first conducted model lipid bilayer experiment for better understanding AMPs’

characteristics. Therefore I practiced the physical methods which have been

developed for model membrane studies [6, 9, 10, 19, 20, 21] by studying the

membrane permeability of the hadrocarbon-stapled peptide drug NYAD-1. The

methods include X-ray diffraction (XRD) for probing the profile of lipid bilayer

structure [17, 12], oriented circular dichroism (OCD) for detecting the orientation

and configuration [42]of peptides, and aspiration method for measuring the elastic

modulus and membrane expansion stretched by bound peptides [6, 9, 10, 43]. The

hydrocarbon-stapled peptide drug labeled NYAD-1 with rationale design was reported

to be able to penetrate through membrane to kill HIV virus inside cell. This drug

intrigued us to further investigate the mechanism of NAYD-1 permeation.
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3.1 Introduction of hydrocarbon-Cross-Linked

peptides

The lipid matrix of a cell membrane provides a hydrophobic barrier that defines the

boundary of the cell. An intact membrane is crucial for cell function but it is also a

major impediment for the delivery of therapeutic agents into cells. This is so even if

the drug enters the cell by endocytosisin such a case, the drug still needs to cross the

endosomal membrane.

In recent years a new type of drug technology called stapled peptides has been

developed and adopted by the pharmaceutical industry. An all-hydrocarbon staple

cross-links a peptide at i and i+4 or i+7 position to increase its a-helix propensity [49,

50, 22, 51]. The rationale for the stapled peptides is threefold [49]: 1), stabilizing

the peptide in a configuration that matches the binding site of the protein target,

2), protecting the peptide against proteolytic action, and 3), making the peptide

membrane permeable. Although the functionality and stability of stapled peptides

are understandable, it is not clear why the stapled helicity would facilitate cell uptake.

Notably these stapled peptides bypass the Lipinski rules, which stipulate that the

molecular mass of a drug should not exceed 500 Da [52, 53]. Stapled peptides are

several times that size, and yet still traffic to the intracellular targets [50, 22, 54].

The goal of our study is to investigate first, if the peptides indeed gain membrane

permeability by the stapling modification, and second, if so what could be the

underlying mechanism for the membrane permeation. We hope to provide a rational

basis for the use of this new drug delivery technology. Understanding the mechanism

for membrane permeation will facilitate the development of strategies for drug

delivery.

We studied a stapled peptide called NYAD-1 based on a 12-mer peptide capsid
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assembly inhibitor (CAI) that has been found to target the capsid of human

immunodeficiency virus type 1 (HIV-1). CAI inhibits HIV-1 assembly in vitro;

however, it failed to inhibit HIV-1 in cell culture. The x-ray crystal structure of CAI

in complex with the C-terminal domain of capsid revealed that the peptide adopts an

a-helical conformation [51, 55]. Accordingly, Zhang et al. [22] used the hydrocarbon

stapling technique [49, 50, 22] to convert CAI into a stable helical peptide named

NYAD-1. Subsequently, the authors showed the anti-HIV-1 activity of NYAD-1 in cell

culture and that the stapled peptide indeed targeted the C-terminal domain of capsid.

However, cellular uptake is not a proof of self-permeation through the membrane. For

example, cellular uptake of various cell-penetrating peptides has been widely reported,

yet the mechanisms of cell-penetrating peptides are still being debated [56, 57]. With

a fluorescence-labeled NYAD-1 (named NYAD-2) we found that the peptide indeed

permeates across lipid bilayers. To understand what properties of the peptide enable

the membrane permeability, we studied NYAD-1 mixed in lipid bilayers as a function

of the peptide/lipid ratio. We compare the results with antimicrobial peptides and

amyloid precursor peptides. We discuss the important properties of NYAD-1 that

make the peptide membrane permeable.

3.2 Chemical structure of NYAD-1

NYAD-1 is H - Ile - Thr - Phe - X - Asp - Leu - Leu - X - Tyr -Tyr - Gly

- Pro - NH2(with special cyclization to get double bond, X=(S) - alpha - (20 -

pentenyl)alanine) [22]. NYAD-1 and CAI (H-Ile-Thr-Phe-Glu-Asp-Leu-Leu-Asp-Tyr-

TyrGly-Pro-NH2) were synthesized by CPC Scientific (San Jose, CA) under the

supervision of Xiaohe Tong, one of the authors of [22]. NYAD-2 is FITC - (beta

- Ala) - Ile -Thr - Phe - X - Asp - Leu - Leu - X - Tyr - Tyr - Gly - Pro -NH2

(with special cyclization to get double bond, X=(S) - alpha - (20 - pentenyl)alanine;
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Figure 3.1: The sequence of CAI and, in the box, the synthesis of NYAD-1 and
FITC-NYAD-1(also called NYAD-2), reproduced with permission from [22].

FITC=fluorescein isothiocyanate) synthesized by AnaSpec (Fremont, CA). The

chemical structures of NYAD-1 and NYAD-2 [22] are reproduced in the figure 3.1.

3.3 Aspirated GUV experiment

Aspirated GUV experiment is useful for understanding the general behavior of

a new membrane-acting molecule. To begin, if the molecule binds to lipid

bilayers, we can expect an expansion of the membrane area. The consequence
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Figure 3.2: An aspirated GUV of DOPC ( and 0.5% molar ratio of Rh-DOPE) was
introduced into a solution containing 8 µM CAI (A), 8 µM NYAD-1 (B), or 8 µM
NYAD-2 (C) at pH 7. The length of the GUV protrusion into the micropipette,Lp, was
measured at regular time intervals. For the purpose of comparison,DLpwas converted
to the fractional area change ∆A/A by the relation ∆A = 2πRp(1−Rp/Rv)∆Lp.(A)
With CAI, the protrusion length increase is similar to the control runs without
peptides, as shown in (D). (B and C) With NYAD-1/NYAD-2, the protrusion length
increased initially. After the protrusion length reached a maximum, it steadily
decreased; this indicates pore formation. Scale bar= 25 mm. Experiments A, B,
and C were repeated several times with similar results. (D) The protrusion length
change was converted to ∆A/A for CAI (square dots, solid lines) compared with
controls (round dots and dashed lines)2 runs are shown for each. The osmolalities of
the internal and external solutions of GUVs were initially balanced. The protrusion
length increase in a control was due to water evaporation from the external solution.
(E)∆A/A vs. time for 4 runs of the NYAD-1 experiment. (F)∆A/A vs. time for 3
runs of the NYAD-2 experiment. In (E and F), a decreasing ∆A/A is used to indicate
pore formation, not a decrease in membrane area.

of molecular binding may vary. The molecule could simply incorporate into

the lipid bilayer, e.g., curcumin [21]. The molecule could form pores in the

membrane, e.g., melittin [10]. The molecule could turn into aggregates, e.g.,

penetratin [19]. The molecule could extract lipid molecules from the bilayer, e.g.,

tea catechin [47]. These general characteristics of interaction with membranes have
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been shown for a great variety of lipid compositions, with the only differences in

the P/L dependence [58]. Thus, we have arbitrarily chosen DOPC (1,2-dioleoyl-

sn-glycero-3-phosphocholine) with RB-DOPE labeling (1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)) for our investigation.The

initial experiment with an aspirated GUV was to provide a qualitative understanding

of how NYAD interacts with membranes. We observed what happened to the

membrane exposed to NYAD. Equally important was what did not happen to the

GUV, for example peptide-lipid aggregates on the GUV surface.

Figure 3.2 shows separately the responses of a DOPC GUV to CAI, NYAD-1,

and NYAD-2 all at the same concentration 8 µM in pH 7 solutions. There was no

indication of CAI binding to the GUV over a long time (figure 3.2 (A)). The very slow

increase of the protrusion length was the same as in a control run with no peptide (see

figure 3.2 (D)). The background increase (in the absence of peptides) was caused by a

slow increase of osmolality in the exterior solution due to water evaporation. A higher

osmolality in the exterior solution caused an efflux of water from the GUV. A decrease

of GUV volume at constant membrane area caused an increase of the protrusion

length. This background protrusion length increase is added to the protrusion length

increase caused by peptide binding. We normally design our experiment to finish

within a few minutes to avoid this complication (for example, using anionic lipids to

increase the binding rate to cationic peptides). Here, we let the experiment last for 30

min to make sure there is no membrane binding by CAI. The experiment with CAI

was repeated many times at different peptide concentrations (highest 40 µM) with

the same result, all similar to control runs. The conclusion is that CAI has negligible

binding affinity to lipid bilayers.

In the presence of 8 µM NYAD-1, the protrusion length increased and reached a

maximum within 15 s (figure 3.2 (B) and (E)). This membrane area increase implies
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peptide binding. After reaching the maximum, the protrusion length decreased

indicating that pores were formed in the membrane as explained in the Experiment

section. Although the cause of the protrusion length decrease was due to pore

formation, the beginning of pore formation was not coincidental with the point

of maximum protrusion length. Because of the continuing peptide binding, which

continued to increase the protrusion length, the protrusion length did not immediately

decrease as soon as pores appeared.

The same experiment was repeated for NYAD-2 (figure 3.2 (C)) to show that the

FITC label on NYAD-1 did not alter the peptides characteristic property (figure 3.2

(E) and (F)). The modification by the FITC label slowed the action of the peptide

considerably, indicating a lower binding affinity to the bilayer (note the timescale).

Nevertheless, NYAD-2 also caused the protrusion length to increase to a maximum

followed by a steady decrease, showing its pore forming capability.

3.4 Dye leakage experiment

This experiment was performed to confirm the observation of pore formation in

aspirated GUVs. The figure 3.3 shows molecular leakage induced by NYAD-1 at

high concentrations. A GUV containing green dye calcein (MW 623) and red dye

TRD (Texas Red Dextran, MW 10,000) was transferred to the observation chamber.

NYAD-1 dissolved in the external solution was slowly injected into the observation

chamber until its final concentration was 25 µM . After a while both dyes were

observed to leak out, whereas the GUV membrane remained intact(figure 3.3). The

time of leakage depended on the position of the injector relative to the GUV and the

speed of injection.

Understandably, the leakage of calcein was faster than TRD 10K due to the

difference in molecular weight. When the same leakage experiment was performed
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Figure 3.3: A GUV (DOPC) containing green dye calcein (MW 623) and red dye TRD
(MW 10,000) was in a solution of pH 7. NYAD-1 was injected slowly (a duration of
∼ 30s) into the solution until it reached 25 µM . Time zero was at the beginning of
peptide injection. The time of leakage depended on the distance between the injector
and the GUV and the speed of injection; it should not be compared with the figure
3.2 (B). Both dyes started to leak out at the same time. Scale bar = 50 mm.

with antimicrobial peptide magainin, the pores at first allowed both large and small

dye molecules to leak out but after a while only small molecules continued to leak

out, implying a pore size reduction with time [48]. It is not clear from our leakage

curves whether the large dye would leak out completely. The pore size kinetics was

not pursued, because it is probably of no interest to the therapeutic use of NYAD-1

at much lower concentrations.
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Figure 3.4: (A) Confocal images of an aspirated GUV (DOPC) containing a pH 9
solution and 10 µM TRsc (red) in the lumen, first in the control chamber (t¡0) and
then transferred to the observation chamber (time 0) containing a solution of 2 µM
NYAD-2 (green) at pH 7. The binding of NYAD-2 (thegreen intensityon the GUV
boundary increased with time) caused the membrane expansion (protrusion length
increase) with no molecular leakage. (The bright, thin, horizontal red baron the
micropipette was an optical artifact.) Scale bar= 20 mm. (B) Relative intensities of
fluorescence: Red for TRsc inside the GUV (normalized to one at t= 0); Black for the
corrected solution intensity of NYAD-2 outside the GUV, IcO (also normalized to one
at time= 0); Green for the corrected intensity of NYAD-2 inside the GUV divided
by the corrected intensity outside averaged over time, IcO (and divided by 1.78 due
to the pH 9 effect): IcI/(I

c
O · 1.78). Note that the corrected intensity inside the GUV

exceeded the corrected outside intensity after 30 min.

3.5 NYAD permeation experiment

Because NYAD peptide forms pores at high concentrations, the permeation

experiment was conducted at a low peptide concentration, 2 µM , to avoid pore
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Figure 3.5: Peptide permeation experiment in a pH 9 solution both inside and
outside the GUV (DOPC). The top row shows the green channel images for the
intensity of NYAD-2, and the bottom row the red channel for the intensity of TRsc.
The observation chamber was sealed to keep the water from evaporation (hence no
micropipette aspiration). The TRsc intensity was essentially constant in 7 h. The
inside to outside intensity ratios for NYAD-2, IcI/I

c
O, increased from a few percent in

the first image to ∼ 60% after ∼ 7 h.

formation. However, the fluorescence intensity of NYAD-2 at this concentration was

too weak for the permeation measurement. We tested and found that the fluorescence

intensity of NYAD-2 at pH 9 is 1.78 times higher than at pH 7. To make use of this

pH effect, we produced GUVs with a pH 9 solution in the lumen and performed the

permeability experiment in pH 7 solutions.

An aspirated GUV was first imaged in the control chamber (which contained

no NYAD-2) right before it was transferred to the observation chamber. It took

1.5 minutes to readjust the confocal focus after the transfer. Therefore, the first

fluorescence measurement was taken 1.5 minutes after the GUV was exposed to

2 µM NYAD-2. The time sequence of images is shown in figure 3.4 (A). The

protrusion length increased without any sign of decrease, indicating peptide binding

without molecular leakage. The absence of molecular leakage was reconfirmed by the
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constant intensity of TRsc inside the GUV (figure 3.4 (B)). The steady increase of the

FITC fluorescence intensity inside the GUV clearly indicates permeation of NYAD-2

through the GUV membrane. However, after the normalization by the effect of pH

9 (i.e., dividing the corrected inside intensity by 1.78), we were surprised to find the

normalized intensity of NYAD-2 inside the GUV greater than the intensity outside

after 30 minutes (figure 3.4 (B)).

This unusual phenomenon could be explained by a possible pH-effect on the

concentration dependence of the chemical potential. If the peptide can permeate

through the membrane, the chemical potential of NYAD-2 will approach an equal

value inside and outside. However, the concentration dependence of the chemical

potential could be different for pH 7 and pH 9.

We also performed a permeation experiment with a pH 9 solution both inside

and outside of GUV, so that there was no differential pH effect. Figure 3.5 shows

the result. Clearly the fluorescence intensity of NYAD-2 inside the GUV increased

with time and it approached ∼ 60% of the outside intensity after ∼ 7 hours, whereas

the fluorescence intensity of the interior dye TRsc (Texas Red sulfonyl chloride) was

constant. NYAD-2 permeated through the lipid bilayer without causing molecular

leakage. We did not feel it was necessary to continue this manual experiment any

longer to prove the permeation of NYAD-2. For a negative control, the pH 7-pH 9

permeation experiment was performed with fluorescein PEG (1000) replacing NYAD-

2. As expected, no fluorescein PEG was detected inside the GUV.

3.6 Membrane thinning by NYAD-1 binding

Electron density profiles obtained by XRD show that the peptide-lipid mixtures

formed well-defined lipid bilayers (figure 3.6, (A) and (B)). The electron density

of the peptides did not show up in the diffraction-constructed profiles, because the
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Figure 3.6: X-ray lamellar diffraction of NYAD-1/DOPC mixtures in a series of P/L.
(A) Raw data of the diffraction patterns. (B) Electron density profiles of the bilayers:Z
is the distance from the bilayer center. (C) The phosphate peak to phosphate peak
distance across the bilayer, PtP, measured for a series of P/L. The bars show the
range of reproducibility using two to three independently prepared samples.

peptide positions were not correlated from bilayer to bilayer (diffraction is the result

of electron density correlations [59]). The most important effect of peptide binding

is measured by the phosphate peak to phosphate peak distance across the bilayer

(PtP). PtP is a measure of the bilayer thickness. It decreases more or less linearly

with P/L up to a value P/L∗ between 1/15 and 1/12, and levels off for P/L > P/L∗

(figure 3.6 (C)). Previous studies with antimicrobial peptides (AMPs) [6, 60] showed

that AMPs caused a linear decrease of PtP with P/L and followed by a PtP leveling

off, similar to NYAD-1 since peptides insert in the headgroup of lipid molecules.

Once the peptides insert in the lipid headgroups the surface area can be stretched.
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According to the lipid chain volume conservation [61], the increment of surface area of

membrane leads to the thinning of membrane thickness. Neutron in-plane scattering

showed that transmembrane pores were formed in the bilayers for P/L > P/L∗ but

no pores were detected for P/L < P/L∗ [11, 62, 63]. Thus, for AMPs, P/L∗ is the

threshold concentration for pore formation.

Membrane thinning in proportion to P/L implies that peptides bind on the bilayer

interface. Due to the near incompressibility of the hydrocarbon volume in the chain

region of lipid bilayer [64], the area expansion is accompanied by a corresponding

membrane thinning. Thus, the linear thinning detected by x-ray corresponds to the

initial membrane expansion detected in the aspirated GUV experiment.

3.7 OCD measurement

Although NYAD-1 is only 12 amino-acids long, its solution CD is no different from a

normala-helical spectrum (Fig. 7). Its OCD spectra are also similar to that of longer

peptides (figure 3.7). The method of OCD was explained in great detail in Wu et

al. [12]. The most prominent feature fora-helices is the orientation dependence of the

π−π∗ transition near 208 nm. The electric transition dipole for this band is polarized

along the helical axis, therefore the band magnitude is largest when the helices are

perpendicular to the light or parallel to the plane of membrane and vanishes when

the helices are in the direction of light or perpendicular to membrane [42]. The

magnitude of the n − π∗ transition near 224 nm also decreases (but not vanishes),

because the helices change from parallel to perpendicular orientation relative to the

plane of membrane. Figure 3.7 shows that for all values of P/L ≤ 1/20, the OCD

spectra of NYAD-1 are identical and have the largest 208 nm amplitude (compared

with the OCD at higher P/Ls), consistent with the peptide helices being parallel to

the bilayer at low P/Ls. The decrease of 208 nm amplitude for P/L ≥ 1/15 indicate
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Figure 3.7: OCD of NYAD-1 in a series of P/L and a solution CD for comparison.
OCD spectra are mutually normalized to the same amount of peptide; the solution CD
(red) was superimposed by matching a long wavelength region to the OCDs. The OCD
spectra imply that the NYAD-1 helices are parallel to the bilayer for P/L ≤ 1/20. A
fraction of NYAD-1 helices are oriented normal to the bilayer for P/L ≥ 1/15.

that a fraction of NYAD-1 helices changed tonormal orientation, and this fraction

increased with P/L. The transition point where a fraction of helices begin to change

orientation from parallel to perpendicular is between P/L = 1/20 and 1/15, which is

reasonably close to the membrane thinning transition point (P/L between 1/15 and

1/12) where membrane thinning levels off (figure 3.6 (C)). In many other peptide

experiments, we found that these two transition points were in agreement within

experimental errors [6, 60, 65].
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3.8 Discussion

These experimental methods have been used in the past to discover at least four

different types of membrane-active molecules. Our intention is to compare NYAD-1

with them. Curcumin induces a nonlinear membrane thinning as a function of P/L;

its binding states are a combination of interfacial state and chain insertion state; it has

no other effects on the membrane [66, 67]. Tea catechin induces a linear membrane

thinning; it binds only to the interface of membranes but also solubilizes the lipid

molecules [47]. Amyloid peptide penetratin binds to membranes as ana-helix and

induces a linear membrane thinning until P/L reaches a critical value P/L∗; additional

peptide binding (P/L > P/L∗) would turn the peptides intob-sheet aggregates and

come off the external surface of GUV [19, 65]. AMPs induce a linear membrane

thinning until P/L reaches P/L∗; additional peptide binding (P/L > P/L∗) causes

pore formation. Clearly, the membrane interaction behavior of NYAD-1 is closely

similar to AMPs.

First, we found that both NYAD-1 and NYAD-2 bound to the lipid bilayer and

expanded the membrane area, whereas the native peptide CAI did not. To distinguish

whether the peptide binding is on the bilayers polar-apolar interface or into the lipid

chain region, we performed XRD experiment. The result showed that the membrane

thickness decreased linearly in proportion to P/L. This implies that the initial binding

is on the bilayer interface. However, when P/L exceeds P/L∗, the membrane thinning

levels off, exactly in the same manner as AMPs. The dye leakage experiment showed

that NYAD-1 formed pores in the membrane but left the GUV intact.

3.8.1 A method for measuring membrane permeability

To detect the membrane permeability of NYAD, we used the dye-labeled NYAD-

2, which we have shown to have the same membrane interaction as NYAD-1, i.e.,
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binding to the membrane and causing membrane leakage at high P/L. To overcome

the weak fluorescence intensity in low concentrations (e.g., 2 µM), we exploited the

pH dependence of FITC fluorescence whose intensity at pH 9 is 1.78 times higher

than at pH 7. A previous experiment by Zhou and Raphael [68] showed there was

little change in the bilayer elastic properties between pH 7 and pH 9.

The peptide permeation experiment was performed by introducing GUVs

containing a pH 9 solution into a solution of NYAD-2 at pH 7. The result (figure 3.4

(A)) clearly shows thatNYAD-2 peptides permeated through the membrane, whereas

the integrity of the membrane was assured by no decrease of the GUV protrusion

length (see the Experimental section on aspirated GUVs) and no leakage of TRsc.

Permeation was also demonstrated with pH 9 solutions both inside and outside of the

GUV, in the absence of differential pH effect. This method of membrane permeability

measurement could be useful for other membrane-active molecules.

3.8.2 Membrane-bound states and membrane permeability

At low concentrations, the membrane-bound state of NYAD-1 is on the bilayer

interface. Nevertheless, the peptide can translocate across the bilayer. Thus, we

conclude that the hydrocarbon-stapling has imparted three essential characteristics

to NYAD-1 that are relevant to its membrane permeability. First, the hydrocarbon

link provides an amphiphathic molecular surface to the otherwise hydrophilic peptide.

CAI has negligible binding affinity to lipid bilayers, whereas NYAD-1 has a strong

affinity for membrane binding. Second, NYAD-1 has a membrane interacting property

similar to AMPs. Third, the hydrocarbon stapling prevents the peptide from turning

intob-sheet aggregates; the possibility of forming amyloids could deprive a peptide of

its membrane permeability, as in the case of penetratin [19, 65].



Chapter 4

Process of Inducing Pores in Membranes by

Melittin

Melittin is a prototype of the ubiquitous antimicrobial peptides that induce

pores in membranes. It is commonly used as a molecular device for membrane

permeabilization. Even at concentrations in the nanomolar range, melittin can

induce transient pores that allow transmembrane conduction of atomic ions but not

leakage of glucose or larger molecules. At micromolar concentrations, melittin induces

stable pores allowing transmembrane leakage of molecules up to tens of kilodaltons,

corresponding to its antimicrobial activities. Despite extensive studies, aspects of the

molecular mechanism for pore formation remain unclear. To clarify the mechanism,

one must know the states of the melittin-bound membrane before and after the

process. For further investigating the process of melittin interacting with membrane,

I used the aspiration method to observe the dynamics of mellitin effect. We also

collaborated with National Synchroton Radiation Research Center (NSRRC) and

Republic of China Military Academy (ROC MA) at Taiwan to probe the melittin-

induced pore structure by X-ray diffraction (XRD) and oriented circular dichroism

(OCD). The experiments and results of pore structure and peptide orientation
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Run no. 1 2 3 4 5 6 7 8 9 10 Average δ
(∆A/A)∗, % 4.51 2.81 3.29 3.01 3.48 3.69 3.55 3.01 3.05 3.37 3.38 0.49
Melittin conc., µM 2 1 1 1 5 1 0.75 1 1 1

Table 4.1: (∆A/A)∗ is the value of the fractional membrane area expansion at the
onset of molecular leakage from the GUV. Runs 1-5 used FITC-melittin. Runs 6-10
used melittin. δ is the SD. (The average of runs 1-5 is 3.42± 0.59%.)

detection were performed and contributed by M. T. Lee (NSRRC) and W. C. Hung

(ROC MA).

4.1 Correlating melittin binding on a lipid vesicle

with structural studies in multilayers.

Melittin has been shown to cause molecular leakage from varieties of zwitterionic and

anionic lipid vesicles while leaving the membranes intact [10, 70, 71]. Melittin binding

invariably expanded the surface area of the lipid vesicle before molecular leakage

occurred [10, 71]. However, the relation between the membrane area expansion and

the leakage was never precisely measured.

We used the method of aspiration [6, 10] to monitor the membrane area

change of a GUV that encapsulated a solution dye (Texas Red Sulfonyl Chloride

(TRsc)). For technical reasons (e.g., water evaporation), the GUV experiment is

least complicated and most accurately measured if completed in 25 minutes [47].

For this reason, we used a lipid composition that included an anionic lipid [i.e.,

dioleoyl phosphatidylcholine (DOPC) and dioleoyl phosphatidylglycerol (DOPG) at

a 7:3 ratio] to achieve a suitable rate of melittin binding. An aspirated GUV was

transferred to a solution containing dye-labeled melittin (FITC-melittin) varying from

1 to 5 µM in different runs. A reproducible reaction was observed as shown in

figure 4.1. The same experiment was repeated with melittin without a dye label.

The membrane area increase is proportional to the amount of melittin binding. The
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Figure 4.1: Run of the GUV experiment. (Upper) Confocal images of an aspirated
GUV colored green to measure the binding of FITC-melittin on the GUV and colored
red to measure the fluorescence intensity of TRsc (625 M.W.) inside the GUV. A
GUV of DOPC/DOPG at a 7:3 ratio encapsulating the TRsc was introduced into a
solution containing 2 µM FITC-melittin at time 0. Within ∼ 400 s, photobleaching
of the dyes was negligible. (Scale bar = 20 µm.) (The red line on the micropipette
is an optical artifact.) (Lower) ∆A/A (interpretation is provided in Materials and
Methods) and relative fluorescence intensities in time. The strongest fluorescence
intensity for each color is taken as 1. ∆Lp was converted to ∆A/A assuming no GUV
volume change, and therefore was correct only before the leakage (solid diamonds);
only this part is used for analysis. The open diamonds merely indicate the length
change of the aspirated protrusion. This figure is extraplotaetd from the published
article on PNAS.

solution dye encapsulated in the GUV began to leak out when the membrane area

increased by a fraction of 2.84.5% in 10 runs, with no apparent dependence on the
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Figure 4.2: melittin helices and lipid bilayers in fully hydrated multilayers of
peptidelipid (DOPC/DOPG at a 7:3 ratio) mixtures in the P/L. (A) Membrane
thickness, PtP, as a function of the P/L measured by lamellar diffraction. The PtP
linearly decreases with the P/L until P/L∗ ∼ 1 : 45 is attained. (B) Same samples
were measured by the method of OCD to determine the fraction of melittin helices
oriented normal to the plane of bilayers (the remaining fraction was parallel to the
plane). The fraction is linear when plotted against 1/(P/L) [69] for a P/L above
a transition point, P/L∗ ∼ 1 : 45. The error bars are the ranges of reproducibility
using two to three independently prepared samples. This published figure [16] is
contributed by W. C. Hung (ROC MA).

melittin concentration or whether FITC-melittin or melittin was used, averaged to

3.4±0.5% (table 4.1). This range of variability in membrane expansion is comparable

to previous GUV measurements on rupture tension [72].

We then compared this result with the mixtures of melittin and DOPC/DOPG at

a 7:3 ratio in fully hydrated, aligned multiple bilayers in which the peptide and lipid

bilayers were in equilibrium. X-ray diffraction showed that the lipid bilayers had a well

defined, average phosphate peak-to-phosphate peak distance, PtP, across the bilayer

(figure 4.2), from which we obtained the thickness of the hydrocarbon region, h. The

same samples were measured by oriented circular dichroism (OCD) [11, 42] for the

orientation of melittin helices in membranes (figure 4.2). The membrane thickness

initially decreased linearly with the peptide to lipid molar ratio (P/L), but above

a critical value, P/L∗ ∼ 1/45,the membrane thickness leveled off. The fractional

membrane thinning was ∆h/h = 3.3 ± 0.2% at P/L = P/L∗. Correspondingly,

all melittin helices were found to lie parallel to the plane of the membrane in the
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region in which the thickness decreased linearly with the P/L, but above the critical

P/L∗ ∼ 1/45, an increasing fraction of melittin helices changed orientation to being

perpendicular to the membrane (figure 4.2). This correlation between the membrane

thinning and the peptide orientation change has been observed for melittin and other

antimicrobial peptides in many different lipid compositions [58, 15, 69]. Only the

value of P/L∗ and the degree of thinning varied with peptide and lipid composition.

Most importantly, we have used the method of neutron in-plane scattering to detect

the presence of pores in these multilayers. Invariably, we found that pores were

present when the P/L was above the P/L∗ but not when it was below [11, 63]. The

pores in the GUV that allow molecular leakage and the pores in multilayers detected

by neutrons are stable (or steady) pores. Neutron results show that the density and

size of pores in multilayers are constant in time. A GUV with stable pores can last

for hours, apparently reaching an equilibrium state [10, 73].

Thus, we have found a close correlation between the state of the membrane in the

GUV before dye leakage and the state of the membrane in multilayers before pore

formation: (i) In the GUV, the membrane area expansion is linearly proportional to

the amount of melittin binding, and in multilayers, the membrane thinning is linearly

proportional to the P/L, and (ii) the fractional membrane area expansion reached

∆A/A = 3.4± 0.5% when dye leakage began, and the fractional membrane thickness

decrease was ∆h/h = 3.3±0.2% when stable pores began to appear in the multilayers.

This close correlation reasonably suggests that the state of the membrane in the GUV

and the state of the membrane in the multilayers were the same before the formation

of stable pores. In turn, this suggests that melittin monomers initially bound to the

outer leaflet of the GUV had redistributed to both sides of the membrane before the

formation of stable pores.

The equality of ∆A/A and −∆h/h comes from the volume conservation of the
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hydrocarbon region (area, A; thickness, h), assuming that melittin binding has

insignificant penetration into the hydrocarbon region [18]. It is instructive to compare

the experimental agreement between the values of ∆A/A and −∆h/h in melittin

experiments with a counterexample in which the peptide does not translocate across

the membrane. The peptide penetration is soluble in water and binds to GUVs,

and it expands the membrane area just like melittin [19]. However, when the

membrane expansion reached ∆A/A = 1.6 ± 0.5%, penetration helices transformed

to β-sheet aggregates and exited from the outer leaflet of the GUV [19] On the

other hand, penetration helices mixed in lipid multilayers caused membrane thinning

linearly proportional to the P/L, also like melittin. Only when the thinning reached

∆h/h = 4.7 ± 0.5% did the penetration helices transform to β-sheet aggregates and

exit from both sides of the lipid bilayers [74]. Note the large deviation between the

values of ∆A/A and −∆h/h when the peptide bound on the outer leaflet did not

translocate across the bilayer. Thus, a careful comparison of the GUV and multilayer

experiments can distinguish whether a peptide translocates across the membrane or

not.

4.2 Tracking melittin distribution by using TRsc

In the last section, we strongly suggested the melittin translocation by correlating

peptide binding with structural studies. For further determining the transmembrane

behavior of melittin, I applied the TRsc to track the melittin distribution with the

GUV leak-in experiment since TRsc has strong affinity of conjugating the amines of

protein [75]. In this experiment, the GUVs were released in a closed chamber without

being aspirated to earn more time for peptides translocating membrane before forming

steady pores. The calcein was also used to monitor molecule leakage due to melittin

pore-formation.
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Figure 4.3: Top panel shows the images of flaccid GUV control experiment. The
TRsc (red) and calcein (green) were used as to detect membrane permeability. The
bottom chart shows no molecules leakage of both dyes happening during observation.
The scale bar is 40 µm.

The DOPC-DOPG (7:3) GUVs (without membrane dye) encapsulated with ∼

200mM sucrose solution were immersed in the Tris-glucose buffer at high osmolarity

level (∼ 240mM) to create flaccid membrane. The 0.2 µM melittin was infused with

external buffer to examine the response of the flaccid membrane to melittin activity.

The TRsc and calecin were added as dye indicators to detect membrane permeability

by monitoring molecules leakage. The figure 4.4 shows that the boundary of GUV

gradually stained by the TRsc within ∼ 25 minutes observation. Comparing with the

results of control experiment (figure 4.3), this flaccid GUV kept out TRsc and calcein,

and the membrane was not dyed by TRsc. Therefore, the boundary enhancement of
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Figure 4.4: Top panel shows the images of flaccind GUV interacting with melittin.
The TRsc (red) and calcein (green) were used to detect membrane permeability. The
gradul enhancement of GUV boundary in red channel implies that the bound melittin
peptides associated with TRsc. The bottom chart shows the melittin transmembrane
since the before calcein leakage the TRsc intensity gradullay increases while the
calcein keeps constant. The sudden intensity increment of both dyes at ∼ 12 minutes
indicates melittin pore-formation. The scale bar is 40 µm.

TRsc images implies that the melittin peptides can associate with TRsc. The red

color of boundary probably resulted from the TRsc-associated melittin binding.

In addition, the GUV internal intensity of TRsc and calcein was measured and

the curves were plotted in the bottom chart of the figure 4.4. By comparing these

two curves we found that the gradual enhancement of internal TRsc intensity before

calcein leakage at ∼ 12 minutes is due to the transmembrane of TRsc-associated

melittin peptides while internal intensity of calcein kept constant. However, the

calcein start to flux in the GUV at around 12 minutes. This sudden jump of the
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Figure 4.5: X-ray contour of the melittin pore in the R phase of a melittin
di18:0(9,10Br)PC mixture (1 : 40 P/L). To show the contour of the melittin pore
clearly, we used the MAD method to obtain the diffraction amplitudes for Br atoms
alone. The solid lines define the unit cell of the R phase. The electron density is
expressed in a relative scale by color. Br atoms are distributed in the high-density
(yellow-red-black) region. The non uniformity in the low density region is due to
the limited resolution of small-angle diffraction. (Upper Right) Cartoon for the lipid
structure of the melittin pore. The silver layer represents the headgroup layer of the
lipid bilayer. The red layer represents the Br layer, which was detected by X-ray
diffraction. This published figure [16] is contributed by M. T. Lee (NSRRC).

internal intensity of both dyes indicates the melittin pore-formation. The feature of

TRsc association is able to be applied in tracking AMPs’ distribution.

4.3 Melittin pore structure

The melittin induces stable pores in membranes is evident in the GUV experiment,

because melittin caused dye molecules to leak out, whereas the membrane remained

intact. As mentioned above, the pores are also detectable by neutron scattering

in fully hydrated multilayers of lipidmelittin mixtures [6, 62]. Nevertheless, other

possible measures remain applicable for probing membrane structure, i. e., XRD

reconstruction.

In this work, we collaborated with NSRRC to determine the melittin-
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induced membrane pore structure by utilizing Grazing-Angle X-Ray Anomalous

Diffraction [76]. Samples of melittinlipid [di18:0(9,10Br)PC] mixtures at P/Ls of

1:25 and 1:40 were each prepared and organized into oriented multiple layers in full

hydration. OCD [42] of the sample showed that a finite fraction of melittin helices

were oriented perpendicular to the plane of the bilayers in each sample. We know

from previous neutron studies that the formation of pores in multilayers is coincidental

with the appearance of peptide helices in the normal orientation [11, 63, 62]. When

such a lamellar phase was gradually dehydrated, we could see by the changes of the

diffraction pattern that the pores became correlated and developed into a periodically

ordered lattice of the rhombohedral symmetry [77, 78, 79]. The R phase of the

melittindi18:0(9,10Br)PC mixture appeared as the relative humidity (RH) if the

sample chamber was lowered to less than 57% RH at 30◦C. We chose to analyze the

data of the 1 : 40 P/L sample for its better diffraction quality. The multiwavelength

anomalous diffraction (MAD) method [76] was used for reconstructing the structure

of melittin pore (figure 4.5).

According to the neutron scattering analysis, the inner diameter of the

melittin pore was found to be ∼ 4.4nm in both 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine (at P/L = 1/15) and dilauroyl phosphatidylcholine (at P/L = 1/30)

bilayers [11]. As discussed by Yang et al. [11], these pores could not be formed

by barrel-like assemblies of peptide helices [the so-called barrel-stave model [62])]

because the fraction of melittin helices measured to be oriented perpendicular to the

membrane was much less than what was required to line the inner circumferences of

all the pores [in contrast, this was possible for alamethicin, which forms barrel-stave

pores [62]]. Therefore, it was argued that the pore must be at least partially lined

by the lipid headgroups, which is called a toroidal (or wormhole) pore [63]. The

same structure was proposed by Matsuzaki et al. [76, 70] based on their kinetic
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experiments. In the figure 4.5, this structure is now proved by the method of X-ray

reconstruction. However, in the XRD measurement the inner diameter of the melittin

pore was reduced to ∼ 0.7nm upon dehydration to the R phase since toroidal pore

shrinks with dehydration. In contrast, the barrel-stave pore size remains the same

in the fully-hydrated multilayers for neutron scattering and in dehydrated sample for

XRD because that a barrel-stave pore is framed by a peptide assembly and does not

change with the hydration level of the sample.

4.4 Discussion

Recently, Moon and Fleming [80] measured the free energy scale for transferring amino

acid side chains from water to the lipid bilayer interior. Using the model of membrane-

binding melittin of Terwilliger et al. [18], we estimate 27 kBT (kB is the Boltzmann

constant, and T is room temperature) is required for transferring a melittin helix

from interfacial binding to transmembrane insertion into a lipid bilayer. If we use the

translocon-to-bilayer energy scale measured by Hessa et al. [81], the transfer energy is

about 37 kBT. By these estimates, the transfer is probabilistically forbidden; melittin

stays on the interface as long as it binds to the membrane. In comparison, melittin

induces stable pores when the membrane area is expanded by 3.4%. The energy cost

of membrane area expansion elevates the chemical potential of peptide by 1.1 kBT

before the onset of stable pores ([16] SI Text, Energy Calculation).

The most reasonable assumption for melittin translocation across the membrane

before the formation of stable pores is by way of transient pore fluctuations.

It is known that melittin (andother antimicrobial peptides) induce transient ion

conduction at nanomolar peptide concentrations [11, 25]. The ion conductivity

increases with the peptide concentration all the way to the submicromolar range [25,

26]. We define the pores that induce atomic ion conduction but do not allow
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transmembrane passage of glucose and larger molecules as transient pores. Transient

pores of melittin (and other antimicrobial peptides) do not exhibit well-defined single-

channel step conductance, contrary to alamethicin [26]. The molecular configurations

of transient pores are unknown. Given how tightly melittin binds to the interface and

the relatively low energy barrier for pore formation, the transient pore formation is

likely due to the mechanism of the model of Terwilliger et al. [18] (i.e., the stress is

due to one-sided binding that increases the area of the outer leaflet relative to the

unperturbed inner leaflet). This can occur locally by fluctuations. A single transient

pore in an ∼ 100− µm-sized lipid bilayer has been detected [25, 26]. However, such

pores are transient and not stabilized by the edge effect as speculated by Terwilliger

et al. [18].

In contrast, stable pores allow a steady transmembrane passage of molecules up

to tens of kilodaltons [27, 28, 29]. As shown in the figure 4.1, stable pores appear only

when the P/L is above a threshold value P/L∗; no molecular leakage was detected

before the onset of stable pores. Our experiments have clarified the state of the

membrane in the GUV before the formation of stable pores (i.e., melittin monomers

have redistributed to both sides of the bilayer). The two-sided binding stretches

the lipid bilayer by the wedge effect of melittin, and thus builds up a membrane

strain that increases with the P/L. When the strain exceeds a critical value, the free

energy of the strain is lowered by curving the interface through wormhole-like pores

as shown in the figure 4.5 [17, 82]. A qualitative description of the pore-forming

energetics is to view the melittin binding on the interface as generating a positive

spontaneous curvature in the lipid monolayer in proportion to the P/L [83]. In this

view, the membrane before pore formation has built up a bending energy by forcing

two monolayers of positive spontaneous curvature in the planar configuration [84].

Thus, creating an interface of positive mean curvature through the pores would lower
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the total bending energy of the membrane. By this argument, the peptide density in

the pores should be higher than the peptide density on the planar interfaces.

However, why does the formation of stable pores exhibit a threshold [or nucleation-

dependent [73])] behavior at a critical value P/L∗? This is understandable if we view

each pore as an aggregation of four to seven melittin monomers, whereas melittin

monomers are randomly distributed on the planar interfaces [85]. It has been shown

that the critical P/L∗ is equivalent to a critical micelle concentration [17].

In essence, melittin has a strong binding affinity to the lipid bilayer interface,

relative to its water solubility or any other possible binding state with lipid molecules.

Also, its interfacial bound state is compatible with the curved surface in a toroidal

pore. The action caused by melittin in membranes can be viewed as the response of a

lipid bilayer to its excessive interfacial area due to melittin binding. The asymmetrical

interfacial tension due to one-sided binding may be released by peptide translocation

via transient pore formation. Experiments show that stable pores are formed only

when the P/L is in the range of ∼ 1/100 or more [69, 58]. This typically occurs when

the peptide concentration is in the micromolar range (the precise value depends on the

concentration of membranes in the solution) [33, 3, 73]. Given the similarity between

many antimicrobial peptides and melittin [86], we expect a large number of host-

defense antimicrobial peptides to function by the melittin mechanism. Indeed, Last

and Miranker [73] have recently demonstrated that even amyloid peptides induce

stable pores in membranes by the same mechanism. The existence of a threshold

peptide concentration P/L∗ is important. Stable pores are formed only if a cell

membrane attracts an amount of peptide in excess of its P/L*. Thus, different

membranes (e.g., due to the differences of their surface charge) can have different

susceptibilities to a given peptide [33].



Chapter 5

Reveal Cytoplasmic Membrane Response to

AMPs’ Attack

In the chapter 4, the course of melittin activity on artificial lipid bilayer has

been clarified by the experimental evidences. We suggested that the melittin

peptides has three actions when interact with lipid bilayer, which are binding,

transmemrbane and pore-formation. Like other AMPs, melittin also keeps the two-

state characteristics [17, 60, 15, 82]. Our ultimate goal is to reveal the response of

bacterial membrane to AMPs’ activity by using aspiration method. Therefore, to

study this topic I utilized the melittin and E. coli spheroplasts as the substitute to

AMP and to bacterial membrane respectively.

The work of Y. Sun et al. [34] points out that the normal configuration of E.

coli spheroplasts cytoplasmic membrane exhibits membrane reservoir. Only the very

swollen spheroplasts in external solution with low osmolarity (15% STOP solution)

would exhaust membrane reservoir. In this work, the E. coli spheroplasts under

moderate swell (in 40% STOP solution) were used in the experiments. The extreme

swollen spheroplasts were not considered to use due to not normal configuration. The

dye indicators were added in the external buffer, i. e., the calcein or FITC-dextran
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4000 M. W. (FITC-Dex 4k) are used for monitoring molecule leakage of membrane

and TRsc for tracking AMPs’ distribution. I attempt to interpret the mechanism of

AMPs’ activity on cytoplasmic membrane by correlating the results of spheroplast

experiments to the model lipid membrane experiments.

5.1 E. coli spheroplast membrane expansion by

AMP binding

The aspiration method is an effective tool to measure the membrane expansion

caused by AMPs binding. The moderately swollen spheroplasts (in external 40%

STOP solution) were used in the experiments. In the experiment of investigating

melittin permeation (chapter 4), we found that the TRsc is applicable for tracing

AMPs’ distribution since the TRsc associates with AMPs. In the control experiment

(figure 5.1), without adding AMPs the TRsc only stained the cytoplasmic membrane

of E. coli spheroplast (shows bright boundary) and can not permeate through lipid

bilayer (no TRsc intensity increases). The cytoplasmic membrane labeling possibly

resulted from the association of TRsc and membrane proteins. Hence, the TRsc

plays two roles in the aspirated spheroplast experiments. One is to track peptides’

distribution by associating with AMPs, another is to image the outline of spheroplast

for protrusion length measurement by labeling cytoplasmic membrane.

In this work, except for the TRsc the FITC-melittin (FMt) a dye conjugated

AMP was also used to study the correlation of cytoplasmic membrane expansion

with the AMPs’ binding. I applied the spray method for FMt introduction and the

aspiration method for membrane area measurement. The control experiments were

conducted to confirm the stability of our system setup, i.e., the protrusion length of

spheroplast does not increase without introducing AMPs. The figure 5.1 shows a
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Figure 5.1: The moderately swollen E. coli spheroplast in external 40% STOP solution
was aspirated with micropipette, and then introduced 40% STOP solution without
AMPs by spray method. The 5 µM TRsc was added in external solution for labeling
spheroplast. A) Top left panel shows the 5 minutes confocal microscopy images of
spheroplast before the introduction of STOP soultion. B)Bottom left panel shows
the 10 minutes confocal microscopy images of spheroplast after the introduction of
STOP soultion. C) Right panel shows the phase contrasts images of spheroplast
before (TOP) and after (bottom) applying spray method. D) Bottom chart shows
the analyses of memrbane expansion and internal TRsc intesnity. The scale bar is
5 µm

moderately swollen E. coli spheroplast in external 40% solution was used in control

experiment. The TRsc stained the cytoplasmic membrane and clearly showed the

outline of the spheroplast. This selected spheroplast had passed pre-tests (chapter

2.4.2) was imaging for 5 minutes (figure 5.1 (A)) to make sure that the membrane
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Figure 5.2: The moderately swollen E. coli spheroplast in external 40% STOP solution
was aspirated with micropipette, and then introduced 40% STOP solution with 4 µM
FITC-melittin (FMt) by spray method. The 5 µM TRsc was added in external
solution for labeling spheroplast snd tracking FMt distribution . A) Top left panel
shows the 5 minutes confocal microscopy images of spheroplast before the introduction
of FMt. B)Top right panel shows the 15 minutes confocal microscopy images of
spheroplast after the introduction of FMt. C) Bottom left panel shows the phase
contrasts images of spheroplast before (TOP) and after (bottom) confocal imaging.
D) Bottom chart shows the analyses of memrbane expansion (triangle), internal TRsc
intesnity (circle) and FITC-Melittin intesnity (square) on surface. Empty and solid
symbols mean befor and after introducing FMt. The scale bar is 5 µm

reservoir of the spheroplast had stabilized to the suction pressure. Within this period

no TRsc leakage (figure 5.1: Ctrl: TRsc) and background membrane expansion (figure

5.1: Ctrl: ∆A/A) were detected. In addition, I introduced the solution without AMPs

to the spheroplast to test whether the protrusion length can be influenced by the

flow when using spray method (figure 5.1 (B)). Within 10 minutes observation, no
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background membrane expansion was created by the flow of spraying solution (figure

5.1: Exp: ∆A/A) and no increment of internal TRsc intensity (figure 5.1: Exp: TRsc)

was detected. The phase contrast images (figure 5.1 (C)) are taken to reaffirm the

integrity of membrane structure. Once the membrane compromising happens, the E.

coli spheroplast will lose contrast [34]. Comparing with the control in the figure 5.1

(C), the spheroplast did not lose contrast after applying spray method for 10 minutes.

For investigating the correlation of membrane expansion with AMPs’ binding,

the FMt was introduced to reveal the amount of bound peptides on cytoplasmic

membrane. The TRsc was included for staining spheroplast cytoplasmic membrane

and for tracing peptide distribution. The setup of this experiment was as well as the

control. A E. coli sopheroplast was aspirated for 5 minutes imaging for stabilizing

protrusion length. These images were used for comparing the response of spheroplast

under FMt binding. Then 4 µM FMt were introduced to the spheroplast through

spray method. In the figure 5.2, the boundary of spheroplast in green channel

was gradually enhanced with FMt binding and accompanied membrane expansion

(protrusion length increased). The membrane stopped stretching by peptides’ binding

when area expansion reached the maximum value of ∼ 2.2%. The figure 5.2 (D)

demonstrates that FMt intensity on boundary is well following the trend of ∆A/A.

In other words, the extra membrane area created by peptide binding is proportional

to the amount of bound peptides.

In addition, the figure 5.2 shows a gradual increment of TRsc inside spheroplast.

The TRsc started to appear inside the spheroplast after ∼ 3 minutes of FMt

introduction. Before FMt interacting with membrane, the TRsc was kept out of

E. coli spheropplast cytoplasmic membrane (figure 5.2 (A)). However, the course

of TRsc permeation can not be determined in this experiment. In the chapter ??,

we found that the TRsc is able to associate with AMPs and to penetrate through
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Figure 5.3: The detection of E. coli spheroplast membrane permeability is induced
by Melittin. The TRsc (red dot) and calcaien (green dot) were included to trace the
Melittin distribution and monitor the membrane permeability simutanelously. A)
shows the images in merge, red and gree channels from top to bottom. B) presents
the phase contrast images taken at the beginning and the end of obervation. The
chart plots the curevs of spheroplst internal intesnity of TRsc and Calcein. The scale
bar is 5 µm.

membrane with the transmembrane ability. Therefore, the TRsc could be shipped

into spheroplast by associating with FMt probably through transient pore, instead

of through the steady pore formed by FMt. Therefore the course of TRsc leakage

remains unclear in the work.

5.2 E. coli sphoerplast cytoplasmic membrane

permeability

In the last section ( 5.1), the course of AMP-induced permeability effect on E. coli

sphoerplast cytoplasmic membrane is unable to be determined only by using TRsc.

In this experiment, we included one more dye indicator (FITC-Dex 4K or calcein)

which can not associate with APMs for probing the permeability effect.
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Figure 5.4: The detection of E. coli spheroplast membrane permeability is induced by
Melittin. The TRsc (red dot) and FITC-Dex 4K (green dot) were included to trace
the Melittin distribution and monitor the membrane permeability simutanelously. A)
shows the images in merging, red and gree channels from top to bottom. B) presents
the phase contrast images taken at the beginning and the end of obervation. The
chart plots the curevs of spheroplst internal intesnity of TRsc and FITC-Dex 4K. The
scale bar is 5 µm.

The E. coli spheroplasts were immersed in the 40% STOP solution mixed with

0.2 µM Melittin to detect the permeability on moderately swollen membrane. Two

dye indicators of 20 µM TRsc and 20 µM calcein were included already in the melittin

STOP solution for tracing melittin distribution and for monitoring the membrane

pore-formation respectively (figure 5.3). Most spheroplasts were killed immediately

right after immersing in the melittin STOP solution. Therefore, the first several

minutes images were missing for searching an intact spheroplast for observation.

The figure 5.3 (A) shows the time lapse images of this experiment. The image was

started to take with Confocal microscopy after 7 minutes of infusing spheroplasts with

melittin solution. The imaging was stopped after 9.5 minutes observation (7 + 9.5

minutes). Within the observation, the internal intensity of TRsc gradually enhanced

with time before abruptly losing partial interior TRsc at 7+9.5 minutes. The internal
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intensity of TRsc increased to ∼ 2.5 times higher than external TRsc until the calcein

leakage at the the end of observation (7 + 9.5 minutes). This indicates that the

TRsc enhancement only resulted from the melittin transmembrane effect due to the

association of TRsc and melittin. If the steady pores had been formed by melittin, a

simultaneous molecule leakage of both dyes should be detected since TRsc and calcein

have similar molecular weight.

The curves in the chart of figure 5.3 shows the sudden change of internal intensity

of TRsc and calcein at 7 + 9.5 minutes. At this point the calcein begun to flux into

spheroplast and TRsc was ejected out. The internal calcein rapidly reached the same

level of the external within ∼ 1 minutes. Hence, there was no steady pores formed

by melittin before this time point. The phase contrast images were taken before and

after Confocal microscopy imaging (figure 5.3 (B)). The phase contrast images show

that the spheroplast completely lost contrast after melittin attack. This indicates that

melittin compromised E. coli spheroplast cytoplasmic membrane. By comparing the

results of GUV experiments ( figure 4.4), the abrupt enhancement of internal calcein

intensity in spheroplast is different from the gradual increment of calcein in GUV.

This experiment was reproduced by replacing the calcein with FITC-Dex 4K for

confirming the past results are dye-independent. The images were taken after 5

minutes of infusing spheroplasts with the mixture of the 40% STOP solution and

0.2 µM melittin. The concentration of both TRsc and FITC-Dex 4K was 20 µM . The

figure 5.4 shows same phenomena as well as using calcein. The TRsc was transported

into the spheroplast by associating with melittin through transmembrane. Only when

E. coli spheroplast cytoplasmic membrane was compromised by melittin (figure 5.4

(B)), the FITC-Dex 4K suddenly started to flux into spheroplast at 5 + 16.4 minutes

and then quickly reached the intensity which equalize the external within less than 2

minutes. In the mean time the partial TRsc also came out of membrane.
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Figure 5.5: The detection of E. coli spheroplast membrane permeability is induced
by melittin. The moderately swollen E. coli spheroplast in external 40% STOP
solution was aspirated with micropipette, and then introduced 40% STOP solution
with 8 µM melittin by spray method. The 5 µM TRsc was added for staining
spheroplast and tracing melittin peptides distribution; and 20 µM FITC-Dex 4K was
added for monitoring permeability effect. A) Top left panel shows the 5 minutes
confocal microscopy images of spheroplast before the introduction of Melittin. B)Top
right panel shows the 15 minutes confocal microscopy images of spheroplast after the
introduction of Melittin. C) Bottom left panel shows the phase contrasts images of
spheroplast before (TOP) and after (bottom) confocal imaging. D) Bottom chart
shows the analyses of memrbane expansion (triangle), internal TRsc intesnity (circle)
and internal FITC-Dex 4K intesnity (square) on surface. Empty and solid symbols
mean befor and after introducing Melittin. The scale bar is 5 µm
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Run no. 1 2 3 4 5 6 7 8 Average δ
(∆A/A)∗, % 0.94 2.81 3.01 4.53 6.54 6.13 2.20 10.13 4.55 2.97

Table 5.1: (∆A/A)∗ is the value of the fractional membrane area expansion at
the onset of sudden molecular leakage from the E. coli spheroplasts right before
cytoplasmic membrane compromised by melittin. δ is the SD. (The average of runs
1-8 is 4.55± 2.97%.)

5.3 Correlation of cytoplasmic membrane

permeability to membrane expansion

I found that the melittin peptides would translocate bacterial cytoplasmic membrane

and then cause sudden molecule leakage by compromising membrane. However, the

mechanism of melittin activity on cytoplasmic membrane remains unknown. For

clarifying this issue, I applied the aspiration method to investigate the interaction

of melittin and E. coli spheroplasts by correlating the membrane expansion to

permeability. The spray method was also utilized for introducing melittin. The

TRsc and FITC-Dex 4K were included to trace melittin peptides distribution and to

probe the molecule leakage respectively.

The spheroplasts which had passed pre-testes were used for imaging the response

to melittin activity (figure 5.5). The 5 minutes time lapse images were taken as

the comparison for the 15-20 minutes images after melittin introduction (figure 5.5

(A)). Comparing the images before the 8 µM melittin introduction, the cytoplasmic

membrane was stretched to a saturated value ∼ 10% at 15.5 minutes due to

melittin binding. In this period, the TRsc-associated melltin peptides translocated

the cytoplasmic membrane since the internal intensity of TRsc increased to ∼ 2

times higher than the external before membrane compromising at 5 + 16.7 minutes.

Additionally, no molecule leakage of FITC-Dex 4k was detected until membrane

compromising. Once the cytoplasmic membrane degrades, the sudden increment of



77

internal FITC-Dex 4K intensity happens and accompanies partial loss of internal

TRsc. The results are close to the spheroplast experiments without applying

aspiration method (figure 5.4). From the phase contrast images (figure 5.5 (B)),

the membrane compromising is reaffirmed with contrast loss.

The reason leads to multiple times enhancement of the internal TRsc intensity

remains unclear. The living state of shperolasts is much more sophisticated than the

GUVs . The unknown factors or chemical reactions are possible to aid the fluorescence

yield of TRsc. In addition, the sudden molecule leakage since cytoplasmic membrane

compromised by melittin was repeatedly observed for 8 times. The statistic data is

shown in table 5.3. The table 5.3 shows that the values of maximum area expansion

caused by melittin binding on cytoplasmic membrane are very scattered from 0.94%

to 10.13%.

5.4 Wide spectrum of cytoplasmic membrane

expansion by AMPs’ binding

Yen Sun te al. [34] studied the physical properties of E. coli spheroplast and propose

that cytoplasmic membrane exhibits lipid reservoir. However, the influence of

lipid reservoir affects membrane expansion by AMPs’ binding has not be clarified.

For researching this topic, more than 30 measurements of spheroplast membrane

expansion by melittin binding were collected and analyzed. As well as the description

in the previous sections, the moderately swollen spheroplasts which passed the pre-

testes were used in experiments.

According to the results of membrane expansion measurement, I found that the

∆A/A varies in a wide range from ∼ 2% to more than 30%. In most cases, the ∆A/A

would reach a saturated value. In the mean time the peptides binding is in dynamic
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Figure 5.6: The mesurement of E. coli spheroplast membrane expansion due to
AMPs’ binding. The four curves shows the wide range of spheroplast membrane
being stretched by FITC-melittin or melittin peptides’ binding.

balance. In the figure 5.6, four representative curves are shown. In contrast, the

GUVs show more consistent values of ∆A/A measurement. According to the table

4.1, the average ∆A/A is 3.38 and standard deviation is 0.49 of 10 measurements.

Comparing to GUV, the scattered values of ∆A/A of E. coli spheroplast possibly

result from the membrane reservoir. Since the membrane reservoir provides extra

binding sites for AMPs.

5.5 Discussion

In this work, we achieve the study of revealing the response of cytoplasmic membrane

to melittin attack by using E. coli spheroplasts with the aspiration method. We

observed that the melittin activity on cytoplasmic membrane has two distinctive

phases. The two phases are peptides’ binding which induces membrane area expansion

and membrane compromising which causes sudden molecule leakage. By correlating

and comparing the results of the model membrane, we are able to construct the course
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of melittin attack on cytoplasmic membrane.

We found that the area expansion of cytoplasmic membrane is proportional to

the amount of bound peptides before the molecule leakages. According to the

results of model membrane experiments [16, 15], the membrane expansion due to

peptides’ binding is because the peptides insert in the headgroups among lipid

molecules. Hence, the AMPs are possible to bind on the interface of cytoplasmic

membrane. However, the maximum membrane area expansion values ((∆A/A)∗) of

E. coli spheroplasts are very scattered. In contrast, the GUVs show close values of

(∆A/A)∗ measurement [16]. This difference could be because the existing membrane

reservoir provides extra binding sites for melittin peptides [34].

In addition, melittin shows the prominent transmemrbane activity in E. coli

spheroplasts. Based on Huang’s work [17], the AMPs binding can build up the

membrane strain and raise the system’s free energy. Once the P/L reaches the

threshold value P/L∗, the melittin peptides happen state transition and start pore-

formation process membrane. The lipid reservoir of E. coli spheroplasts make

it difficult to form the membrane strain, thus the system’s free energy demands

more peptides binding to reach the potential of state transition (P/L∗). If the

meliitn peptides do have two-state behavior on cytoplasmic membrane, the significant

transmembrane activity exhibiting is understandable since E. coli spheroplasts have

bigger (∆A/A)∗.

Although the E. coli spheroplasts has shown the melittin transmemrbane effect,

the pore-formation on cytoplasmic membrane has not been confirmed in our

spheroplast experiments. From the results of aspirated GUVs experiments [16], the

gradual molecule leakages demonstrate the melittin pore-formation by correlating

with the evidence of structure analyses [16, 15, 11]. While the E. coli spheroplasts

showed a very quick molecule leakage which is very different from the gradual leakage
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in GUVs. Most E. coli spheroplasts were not intact due to the structure collapse after

happening sudden molecule leakages by examining phase contrast images. Hence, the

melittin action leading to molecule leakages is probably to compromise cytoplasmic

membrane.

Thus far, we are able to propose the possible course of AMPs attack on cytoplasmic

membrane based on our findings. AMPs start to bind on the cytoplasmic membrane

and stretch the membrane area by inserting in the headgroups of lipid molecule.

The AMPs can redistribute to both sides of cytoplasmic membrane before membrane

compromising. Once the P/L reaches the threshold value, the AMPs compromise

cytoplasmic membrane and leads to molecule leakages. Our discovery is applicable in

facilitating the study of drug delivery for peptide medicine treatment. The peptide

drug could be enhanced the efficiency of membrane permeation by mimicking the

configuration of AMPs.



Chapter 6

Conclusion

In our work, we have successfully studied the antimicrobial peptides’ (AMPs’) activity

on cytoplasmic membrane of E. coli spheroplast by using microscopy imaging and

micropipette aspiration method. In addition, the giant unilamellar vesicle (GUV)

and staked membrane experiments were performed for comparing and supporting the

results of the spheroplast experiments. We discovered the AMP’s transmembrane

activity which enables us to clarify the pore-formation mechanism by using GUVs.

Hence, allowing us to propose a possible course of AMPs interacting with cytoplasmic

membrane by correlating the results of E. coli spheroplasts and of GUV experiments.

AMPs have been demonstrated to kill Gram negative and Gram positive bacteria

by forming pores [87, 88, 89]. The lipid vesicle, such as the GUV, is a commonly

used tool for probing the AMPs’ effect on lipid membrane [6, 7, 16]. Although the

artificial membrane has been extensively used in AMPs study, whether the model

membrane is a good substitute for cytoplasmic membrane remains questionable.

Instead of using a pure lipid model membrane, the recent study of Weisshaar and

coworkers has advanced the AMPs study to Gram-negative bacteria E. coli [13] and

Gram-positive bacteria Bacillus subtilis [14]. They applied time-lapse fluorescence

microscopy to observe the attack of LL-37 and cecropin [13]. However, the effect
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induced by AMPs on cytoplasmic membrane can not be examined directly since the

existence of the outer membrane of bacteria. Thus, the E. coli spheroplasts without

the outer membrane allow the direct examination of AMPs activity on cytoplasmic

membrane. For a more comprehensive study of this topic, we started from the model

lipid membrane for understanding the characteristics of AMPs [16].

The X-ray diffraction (XRD), oriented circular dichroism (OCD) and GUV

aspiration methods have been well developed for researching peptide activity on lipid

bilayers [6, 11, 12, 10]. I practiced these physical methods by studying the membrane

permeability of the hydrocarbon-stapled peptide drug NYAD-1. [9]. The pathway of

NYAD-1 membrane permeability is able to be constructed with our measured results.

The two-state characteristic of NYAD-1 have been detected by XRD and OCD. The

membrane pores formed by NAYD-1 were proven with aspirated GUV and GUV dye

leakage experiments. The NAYD-1 has a similar course of AMPs in the membrane

activity [15, 60, 17]. Once the bound peptide to lipid ratio (P/L) reaches a certain

threshold value (P/L∗), the state of NYAD-1 bound peptides switches from surface

to insertion and follows pore-formation process [9]. Before P/L∗, the membrane

area is stretched by bound peptites without forming stable pores. The NYAD-1 is

able to permeate through lipid bilayer before stable pores formation. Terwilliger et

al. proposed a model to explain the pore-formation mechanism [18]. The peptides

first only bind on the outer leaflet of the membrane and increase the area of outer

leaflet relative to the unperturbed inner leaflet. The area imbalance leads to the

spontaneous formation of membrane pores. However, the AMP’s pore-formation

mechanism remains controversial. Our discovery of NYAD-1 transmembrane shows

that NYAD-1 peptides can pass through membrane before pores forming. This could

clarify the controversy of the pore-formation mechanism.

For researching the AMPs’ antibacterial activity on cytoplasmic membrane (found
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in the Chapter 4), the melittin was selected as the representative of AMPs for this

study. Prior to the spheroplast experiment, we first studied the melittin activity

on the model lipid membrane(the chapter 4) to better understand the melittin

characteristics. From the XRD and OCD measurements, we found that the melittin

start with the surface state when binding on the membrane interface and cause

membrane stretching [16]. Like other AMPs, melittin also shows two-state behavior.

Once the amount of bound AMPs reaches to P/L∗, the state of AMPs switches from

surface to insertion. In the GUV imaging experiment, the membrane expansion due

to melittin binding was reaffirmed and the leakage of encapsulated dyes indicated the

membrane permeability induced by melittin. The membrane pore structure formed

by melittin was visualized by grazing-angle X-ray anomalous diffraction [76]. The

toroidal pore structure has been reconstructed by computing measured data. Based

on all evidence, we are able to establish the process of melittin attacking membrane

with three steps which are peptide binding, the state transition and the steady pore

formation. The two-state and pore-formation characteristics of melittin is shown as

well as the other AMPs, such as LL-37 and magainin 2 [6, 7]. Most importantly, the

melittin transmembrane has been determined by tracking melittin distribution with

using TRsc. Before steady pores formation, the melittin peptides can redistribute

to both leaflets of membrane. The melittin translocation is possibly gained through

the transient pores. The repeated findings of transmembrane behavior from NYAD-1

and melittin further clarified the AMPs’ pore-formation mechanism. The melittin

two-sided binding stretches the lipid bilayer, and thus builds up a membrane strain

that increases with the rise of P/L. When the strain exceeds a critical value, the

free energy of the strain is lowered by curving the interface through wormhole-like

pores [17, 82].

After understanding the AMPs’ behavior on model lipid membrane, we used the
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E. Coli spheroplast to investigate the activity of melittin on cytoplasmic membrane.

We found that the melittin activity on cytoplasmic membrane has two distinctive

phases. The two phases are peptides binding induces membrane area expansion

and membrane compromising causes sudden molecule leakage. By applying the

aspiration method and adding two dye indicators in the external buffer, we were

able to monitor membrane expansion and molecules’ leakage simultaneously. In

addition, the TRsc one of the dye indicators enabled us to track the location of

melittin for probing melittin transmembrane. We measured the maximum membrane

expansion before membrane compromising. The statistic data shows a wide spectrum

of maximum membrane expansion. This is very different from the aspirated GUV

experiments what shows close values [16]. This difference could be because the

existing membrane reservoir provides extra binding sites for melittin peptides [34].

Furthermore, the melittin shows obvious transmemrbane activity in the spheroplats

before the membrane compromises. I suggest that the AMPs are difficult to build up

membrane strain of E. coli spheroplast since the influence of the membrane reservoir.

Based on the Huey W. Huang’s work [17], the threshold value P/L∗ of state transition

in spheroplast would be higher than in GUV. The E. coli spheroplasts have shown the

consistency of the transmemrbane behavior. However, the melittin pore-formation on

cytoplasmic membrane has not been confirmed in the spheropalst experiments. By

analyzing the rate of molecule leakages, the GUVs showed gradual molecule leakages

that indicates pore-formation [16], while the E. coli spheroplasts showed very quick

molecule leakage. Moreover, most E. coli spheroplasts were not intact due to structure

collapse after molecule leakage by examining phase contrast images. In addition,

the measurements of membrane expansion (∆A/A) show the scattered values of the

maximum ∆A/A, because of the influence of the membrane reservoir leads to the

inconsistent P/L∗. Therefore, the melittin action causes sudden molecule leakages
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probably by compromising cytoplasmic membrane.

Thus far, we could conclude that the cytoplasmic membrane reveals a partially

different response to AMPs activity compared to model membrane. Despite both

the cytoplasmic and model membrane show the membrane expansion due to peptide

binding, but the subsequent pore-formation has not been observed in the spheroplast.

Evidence on model membrane [6, 7, 16] have presented that the pore-formation is

the primary mechanism of AMPs killing bacteria. The two-state characteristic and

oligomer model [17, 82] has been extensively used for explaining the AMPs activity

and pore-formation mechanism. The living state of cytoplasmic membrane and less

effective tools make it difficult to comprehensively understanding the mechanism of

AMPs activity on cytoplasmic membrane. We proposed the possible course of AMPs

attack on cytoplasmic membrane based on our results. AMPs bind on the cytoplasmic

membrane and expand the membrane area. The AMPs can redistribute to both sides

of membrane before membrane compromising. Once the P/L reaches threshold value,

the cytoplasmic membrane is compromised by AMPs and leaks molecules. Although

this study cannot provides a conclusive model for interpreting the mechanisms of

AMPs activity on cytoplasmic membrane, it still gives an new insight into the

interaction of AMPs and bacterial membrane. The aspirated cell method is applicable

for observing other peptides activity and is potential for screening the peptide

drug effect for pre-clinical studies. Additionally, the melittin transmembrane of

cytoplasmic membrane inspires the peptide drug design by mimicking the AMPs’

configuration to improve the efficiency of drug delivery.



Appendix A

Two-state Model

Antimicrobial peptides (AMPs) has two-state characteristic when interacting with

lipid membrane [15]. The AMPs start with surface state when binding on membrane

[15]. Once the amount of bound AMPs reaches a threshold value of peptide to lipid

ratio (P/L∗), the state of AMPs switches from surface to insertion and accompanies

with pore-formation [15]. Many experimental evidences show that the AMPs aid

killing bacteria with this pore-formation mechanism [6, 16]. However the complete

picture of AMPs forming pores remains unobservable by applying current imaging

measures, such as, X-ray diffraction, neutron scattering and confocal microscopy [6,

16, 12, 11]. Huey W. Huang in his article proposed a AMP oligomer model based

on free energy principle. This model is helpful to clarify the mechanism of two-state

transition and pore-formation [17]. Moreover, the lethal concentration of AMPs’

attack is capable to be derived from this model.

µS = −ε0S +
(Ka

2
)(
A2
S

AL
)NS

L
+ kBT lnXS (A.1)

µn = −nε0I + kBT lnXn (A.2)
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Huey W. Huang assumed that several AMPs would be associate to be an oligomer

for forming a single pore on membrane when the amount of bound peptides reach

P/L∗. The chemical potential of surface and insertion states could be written in

binding energy, elastic energy and entropy. The equation ( A.1) and equation ( A.2)

show the system free energy at surface state and insertion state respectively [17]. −ε0S

is the intrinsic binding energy per molecule for the bound states in the S-state. −ε0I

is the energy per molecule for the bound states in the I-state. The last term of each

chemical potential comes from the entropy of mixing (kB is the Boltzmann constant

and T the temperature). The second term on the right hand side of equation ( A.1)

represents the energy created by peptide binding and that is derived as follows [69].

Assuming AS is the unit area increment due to peptide binding. With NS bound

peptides at S-state, the total monolayer area expansion is ∆A = NSAS. The total

monolayer area pure lipid bilayer is A = ALL, AL is the cross section area per lipid

molecule. Hence, the fractional area expansion is ∆A
A

and the corresponding monolayer

tension induced by peptide binding is σ =
(Ka

2
)∆A

A
, where Ka is the bilayer stretch

coefficient, the Ka
2

is the monolayer stretch coefficient. Thus the energy change caused

by δNS peptides at S-state is δE = −ε0SδNS +σASδNS, where the second term is the

elastic energy of area stretching. Although the peptide binding decreases the system

energy, in the mean time the peptides insert in the headgroup of lipid molecules and

generate the elastic energy by stretching the area. The elastic energy is even more

the energy loss of peptide binding. In consequence, the state transition happens since

the system energy increases to overcome the energy barrier.

NB

L
= XS + n(Xs)

nexp[−n(a− bXs)] (A.3)

∆h

h
=
−∆A

A
= −(

As
AL

)XS (A.4)
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Huang also derived from the two chemical potential equations to get the equation

( A.3) for the AMP oligomer model. In the equation ( A.3), the a =
ε0S−ε

0
I

kBT
,b =

Ka(
A2
S

2AL
)

kBT
,

XS
∼= NS

L
, and Xn

∼= Nn
L

. NB is the total number of bound peptides equal to

NS + nNn. The XS can be calculated from the equation ( A.4) by using X-ray

lamellar diffraction to measure the membrane thickness change with peptide binding.

Therefore, this equation contains only two undetermined parameters (a and b) for

computing the number of AMPs forming an oligomer (NB). The reduction of

undetermined parameters greatly enhances the accuracy of calculation.

In addition, the NB of different AMPs is able to be evaluated accurately according

to Huang’s model. The theoretical values of NB have well consistency with the

measured values which are published in previous AMPs’ studies [12, 11, 66] . For

instance, the NB is 8 from computation which is close to 6-8 as reported from the

Alamethicin peptide neutron scattering experiment [12].

The theoretical work of Huang offers an elegant model for NB calculation. This

value points out that the membrane pore has to be formed by AMPs’ oligomer.

Therefore, the pathway of AMP-induced membrane permeability effect could be

clarified by three steps which are peptide binding, state switch, and oligomer

formation. Huang successfully bridged the limitation of imaging measures in

studying AMPs’ behavior by establishing a theoretical model. He made a significant

contribution in discovering the unknown picture of pore-formation mechanism.



Appendix B

Tension-dependent membrane permeability effect

To clarify the surface tension dependence for AMP-induced membrane permeability

effect, the GUVs in external solution at low, even and high osmolarity level were used

in the experiments. The TRsc was added for tracing AMPs’ distribution (section ??),

and the FITC-Dex 4K was used for monitoring membrane permeability by detected

molecules leakage.

The figure B.1 shows images of tense GUV control experiment. The Rhodamine

B-PE labelled DOPC-DOPG (7:3) GUVs (encapsulated 208 mM sucrose solution)

were swollen with the external Tris-glucose buffer at low osmolarity level(180 mM)

to create certain surface tension by stretching ∼ 10% membrane area. Within

observation there was no molecules leakage of TRsc and FITC-Dex 4K emerging

by measured the fluorescence intensity inside the GUV (figure B.1).

I also examined the melittin behavior by using the tense GUVs to confirm our this

results which is consistent to the aspirated GUVs experiments [10]. The figure B.2

shows that the TRsc and FITC-Dex 4k simultaneously leaked into the tense GUV

after 4 minutes interacting with melittin (2 µM). Comparing to the leakage curves

of tense GUVs (figure B.2) to aspirated GUVs (figure 4.1), the similarity of curve

trends indicates that the simultaneous molecules leakage of both dyes resulted form
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Figure B.1: Top panel shows the images of tense GUV control experiment. The TRsc
(red) and FITC-Dex 4K (green) were used to detect membrane permeability. The
bottom chart shows no leakage of both dyes happening within observation. The scale
bar is 40 µm.

the melittin pore-formation.

The GUVs (sucrose solution, 222 mM) with even osmolarity level to external

solution ( Tris-glucsoe buffter, 220 mM) were used as the positive control for

the tense GUVs. The response of even GUVs to the melittin (2 µM) activity

were imaged and shown in the figure B.3. The TRsc-associated melittin peptides

showed transmembrane action before pore-formation at ∼ 46. The steep intensity

enhancement of both dyes after ∼ 46 minutes was probably because the membrane
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Figure B.2: Top panel shows the images of tense GUV responsing to the melittin
activity. The TRsc (red) and FITC-Dex 4K (green) were used as dye indicators for
membrane permeability detection. The bottom chart shows the internal intensity of
TRsc and FITC-Dex 4K simutanelously increased at ∼ 4min since pore-formaiton.
The scale bar is 40 µm.

pores were formed by melittin pepeitdes. The response of even GUVs to melittin

activity is phenomenologically similar to flaccid GUVs since membrane exhibits slight

or no surface tension.

The flaccid GUVs were also created by immersing GUVs (∼ 210 mM) in the the

external Tris-glucos buffer with high osmolarity level (∼ 250 mM). This time I used

the FITC-Dex 4K as the substitute of calcein to monitor membrane permeability

and to reaffirm the permeability effect was not dye dependence. In the figure B.4

shows that the TRsc-associated melittin peptides distributed inside the flaccid GUV

possibly through transmembrane mechanism. When the intensity of TRsc inside

GUV increased to 90% at ∼ 16 minutes, the GUV’s volume has sudden shrinkage
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Figure B.3: Top panel shows the images of GUV at balanced osmolarity level
responsing to the melittin activity. The TRsc (red) and FITC-Dex 4K (green) were
used as dye indicators for membrane permeability detection. The bottom chart shows
the internal intensity of TRsc and FITC-Dex 4K simutanelously increased at ∼ 46min
since pore-formaiton. The scale bar is 40 µm.

and accompanied with molecules leakage of both dyes due to melittin pore-formation.

These phenomena had been repeatedly observed in 6 of 8 cases. Additionally, the

membrane permeability of flaccid GUVs has no dye dependence proven by using

calcien and FITC-Dex 4K.
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The scale bar is 40 µm.
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