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c) Chapter 4

HLH/ helix5-loop-helix6 /α5-loop-α6 :

Ac(RDGVNWGRIVAFFSFGGALCVESVDKEMQVLVSRIAAWMAT)YLND HLE

Bcl-X(C): Ac(ERFNR WFLTG MTVAG VVLLG SL)FSR K

Bax-C: GTPTW QTVTI FVAGV LTASL TIWKK MG

d) Chapter 5

NK-2Val: KILRG VCKKI MRTFL RRISK DILTG KK

NK-2Ile: KILRG VCKKI MRTFL RRISK DILTG KK

Citropin1.1: GLFDV IKKVA SVIGG L-NH2

Lipids

POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine

POPG: 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]

POPE: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
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Some of useful lipid structures∗.

Figure 1: Chemical structure of POPC

Figure 2: Chemical structure of POPG

Figure 3: Chemical structure of POPS

∗http://www.avantilipids.com/index.htm
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Figure 4: Chemical structure of DOTAP

Figure 5: Chemical structure of DOPC

Figure 6: Chemical structure of DOPE

Figure 7: Chemical structure of DOPG

Figure 8: Chemical structure of DOPS
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Figure 9: Chemical structure of DPhPC
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Fig. 1.1:   Schematic view of a membrane (Adopted from http://ntri.tamuk.edu/cell/membranes.html)

Fig. 1.2: Schematic view of micelles, bicelles and a lipid bilayer containing proteins.



Chapter 1

Introduction to biomembranes &

methodologies

1.1 Biomembranes

1.1.1 Introduction

Membranes are organized assemblies composed mainly of lipids, proteins and which

are often covered by sugars. They are highly selective barriers, which contain pumps

and gates. A membrane bilayer with an embedded protein is shown schematically in

Fig 1.1. The bilayer structure has a thickness of about 5nm, and consists of different

lipids and proteins. The lipids and proteins are held together by co-operative non-

covalent forces.

In aqueous solution, the polar head groups of lipids like to be exposed to wa-

ter, while the hydrophobic hydrocarbon tails tend to avoid it. There are different

arrangements of lipids. The most relevant to NMR investigations are micelles and

lipid bilayers/ bicelles. Models of a lipid bilayer, micelles and bicelles are shown in

the figure 1.2. The usual structure in biological systems is a bilayer membrane1.

In water, phospholipids assemble and in many cases spontaneously form bilayer

phases. The driving forces are the hydrophobic and van der Waals interactions

between the fatty acyl chains. Biomembranes are usually not simple lipid bilayers.

They contain proteins, phospholipids, and glycolipids. Generally, the biomembranes

assume a mosaic structure where the membrane components are asymmetrically

1
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Fig: 1.3 Structure of lipid molecule



1.2 Lipid bilayers 2

distributed between the two sides and laterally. The cell membranes inner and outer

monolayers differ in composition and structure. Because of protein asymmetry,

the functional characteristics of the inner and outer surfaces vary. Moreover, in

membranes all copies of a protein are incorporated in the same orientation2.

The biological membrane is a dynamic structure with a complex chemical com-

position whose physical properties can have important consequences for cell physi-

ology. The phase behaviour of biological membranes is complex and often difficult

to describe in detail.

1.2 Lipid bilayers

Lipids are amphipathic biomolecules, i.e. they contain both hydrophilic and hy-

drophobic moeties and they are highly soluble in organic solvents. The polar head

group can be either charged or neutral (zwitterion). The nonpolar tail usually

consists of two hydrocarbon chains (figure 1.3). In general, the fatty acyl chains

contain an even number of carbon atoms, most frequently 16 or 18. The carbon-

carbon bonds may be saturated or unsaturated. The chain length and their degree

of unsaturation has a strong effect on membrane fluidity. Lipid molecules of the type

found in the cell membranes readily form monolayers when spread on the water sur-

face. In aqueous solutions, two such monolayers align back-to-back resulting in a

bilayer. Such structures are spontaneously formed when phospholipids are dispersed

in aqueous buffer. At physiological temperatures, biological lipid bilayer membranes

are liquid crystalline systems and below transition temperatures, they become gel-

like systems. The bilayers are often specified as planar to show that they are flat

and to distinguish them from curved membrane systems such as liposomes. Pure

lipid bilayers show inert behavior and a high electrical resistance i.e. they exhibit a

large resistance for ions. This situation changes, if channel proteins are incorporated

into them, a process called ’reconstitution’. Electrophysiological measurements on

planar lipid bilayers where single channel currents can be readily measured have

played an important role in the development of channel concepts of model mem-

brane bilayer3. Molecular structure of some of the commonly used lipids are shown

in pages v-vii.
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1.2.1 Ion channels

Ion channels are formed by membrane-inserted proteins or peptides. Their function

is to facilitate the penetration of ions across biological membranes. Membranes, or

phospholipid bilayers, build a hydrophobic, low dielectric barrier to hydrophilic and

charged molecules. Ion channels provide a high conducting, hydrophilic pathway

across the hydrophobic interior of the membrane.

Ion channels can be classified according to the chemical or physical modulator

controlling their gating activity1, as summarized below:

- ligand-gated channels

- voltage-gated channels

- second messenger-gated channels

- mechanosensitive channels

Channels are also ion selective. They can discriminate between size and charge

of the permeant molecule. Currently the 3-D structures of most ion channels re-

mains up to date unknown, with two notable exceptions, porins and a K-channel,

both of bacterial origin ∗. The bacterial porins is first among the solved ion channel

structure at atomic resolution less than 0.3nm. The bacterial porins is a family of

homo-trimeric channel proteins, in which each subunit contains 16 to 18 transmem-

brane, anti-parallel β-strands forming a β-barrel structure4. Whereas the crystal

structure of a non-voltage gated, two-transmembrane spanning K-channel from the

bacteria Streptomyces lividans (KcsA K+ channel) has been solved to 3.2 angstrom

resolution (without amino acids 126-158 at the carboxy terminal end)5. The inner

helices of KcsA K+ channel were tilted with respect to the membrane normal by

about 25◦. Helices were found to be slightly kinked with the wider part facing the

outside of the cell allowing the structure to form the pore region near the extracel-

lular surface of the membrane. However, biological ion channels can respond with

structural and conformational changes to various stimuli (e.g. membrane electric

field, ligand binding, and covalent modifications1). The transmembrane conductiv-

ity is a function of the open/closed channel conformation.

∗http://www.mpibp-frankfurt.mpg.de/michel/public/memprotstruct.html
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1.3 Structure determination of biomembranes

Membrane proteins are abundant in nature. They are estimated to constitute a third

of the proteome. A common property of membrane proteins is the embedding of a

part of their structure in the lipid-bilayers. Therefore, transmembrane proteins me-

diate communication between both sides of the membrane. In their lipid-embedded

domain, two types of secondary structure have predominantly been observed, i.e, β-

strands and α-helices. β-strands are found in the outer membrane of Gram-negative

bacteria, mitochondria and chloroplasts, forming pores known as β-barrels. Single

and bundled transmembrane (TM) α-helices have a broader range of functionalities

and complexities. Membrane proteins are involved in almost every process of the

cell, so they carry scientific importance. It is established that they account for the

activity of nearly 60-70% of all prescription drugs6. Despite of their significance,

only few structures of membrane proteins are known †. The reasons for this are

the experimental difficulties that have been encountered using classical techniques,

such as X-ray diffraction, or solution NMR for studying the lipid-embedded protein

domains.

The biochemical expression and the growth of well-ordered three-dimensional

crystals of required size has been the major obstruction in attaining high-resolution

structures of membrane proteins. The number of variables involved in crystallization

of membrane proteins (e.g. pH, temperature, protein concentration) is greater than

for soluble proteins, because of the need for detergents to solubilize the hydrophobic

part of these proteins. Therefore obtaining a crystal that diffracts below 3Å remains

a difficult task despite innovative crystallizing strategies improving the production

of crystals7.

Electron crystallography takes advantage of the fact that membrane proteins

arrange themselves more readily into 2D planar ordered structures a less stingent

condition than the formation of 3D crystals. 3D information is gained by combining

projections of 2D crystals that have been recorded at different tilt angles. The

purple membrane of Halobacterium halobium contains sheets of bacteriorhodopsin,

a protein of 248 amino acid residues which binds retinal in our eyes. During 1975,

7Å model of bacteriorhodopsin was first obtained by using electron microscopy using

two-dimensional crystals8. Later this technique was extended to high resolution (3Å)

where the details about the complete assembly of seven helices was obtained9. The

†http://www.mpibp-frankfurt.mpg.de/michel/public/memprotstruct.html
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Figure. 1.4: Schematic view of bacteriorhodopsin, a membrane protein containing seven helices
from electron microscropy (Source: David L, Nelson and Michael M, Cox. Principles of
Biochemistry).



Fig. 1.5:  NMR timescale and proteins dynamics (Watts A, BBA. Reviews on Biomembranes  1998)
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helices were found to be tilted by about 20◦ with respect to the plane of membrane

(Figure 1.4). Near-atomic resolution of aquaporin-1 was recently obtained with

cryo-EM method10.

Difficulty for studying the membrane proteins by solution NMR is that they are

embedded in extended lipid bilayers. Therefore, membrane mimicking environments

that can solubilize membrane proteins and produce fast tumbling molecules have

been sought in the form of organic solvents or detergents.

In solution NMR the spectral resolution depends strongly on how fast the mole-

cules tumble. Large molecules or complexes tumble slowly, i.e, they have long ro-

tational correlation times (a quantitative measure of rate of molecular rotation)

which results in line broadening and loss of signal intensity. Membrane proteins

impose the limitations for studying proteins using solution NMR techniques. In

case of organic solvents and detergents, tertiary structures can be totally or par-

tially lost. Also, the resulting size of mixed protein-detergent micelles eventually

becomes a limiting factor mainly for alpha helical proteins, which show a strong

signal overlap in solution state NMR spectra11. Loss of signal intensities and line

broadening of the NMR signals are often due to the transverse relaxation. At higher

magnetic field strengths, chemical shift anisotropy (CSA) of 1H, 15N and 13C nu-

clei can lead to significant transverse relaxation. The rate of transverse nuclear

spin relaxation increases with molecular size and has greater effect on the solution

NMR structural studies of biological macromolecules. However, by using Transverse

Relaxation-Optimized Spectroscopy (TROSY), transverse relaxation can be largely

suppressed, which results in improved spectral resolution and improved sensitiv-

ity for large proteins (e.g 110-kDa protein 7,8-dihydroneopterin aldolase (DHNA)

and outer membrane protein A)12,13. TROSY utilizes the constructive interference

between dipole-dipole coupling and chemical shift anisotropy14.

Solid-state NMR can be used when crystallization is difficult or when the volume

of mixed protein-detergent micelles exceeds the level that can be tackled with solu-

tion NMR. In solid-state NMR, protein samples are used, where the reorientation

of a molecule is very slow on the NMR time scale or nonexistent, as in the case of

membrane proteins reconstituted in lipid bilayers (Figure 1.5)

The problem of slow tumbling (which is associated with lipid bilayers or large

molecules) can be solved in solid-state NMR either by using uniaxially oriented

samples (OS NMR)15, or by magic-angle spinning (MAS NMR)16. Complementary

information such as orientational constraints relative to the membrane plane (in ori-
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ented sample solid-state NMR) and distances or torsional constraints (in MAS NMR)

can be obtained using these approaches. A unique set-up of experiments combining

oriented sample solid-state NMR and MAS NMR was also used for studying the

membrane embedded protein samples17. Higher rotation speeds were also attained

by placing the sample on a flexible substrate that can be rolled inside the rotor18.

Uniaxially oriented samples are generally prepared magnetically (e.g. bicelles) or

mechanically by exposing to a magnetic field. as shown in Figure 1.6.

The PISEMA (Polarization Induced Spin Exchange at the Magic Angle) exper-

iment enables the determination of peptide orientations of alpha helical peptides19.

When the resonance patterns are plotted for all the residues in a uniformly 15N -

labelled peptide, they form characteristic wheel-like representations referred to as

Polarity Index Slant Angle (PISA) wheels, which will allow the determination of

the average α-helix tilt angle20,21. In magic angle spinning NMR line narrowing

and increased resolution are obtained by averaging the anisotropic couplings in a

sample that contains randomly oriented samples. This is achieved by spinning the

sample around an axis, tilted at 54.70 relative to the externally applied field. Us-

ing this method, orientational information is lost, but dipolar interactions can be

reintroduced. At the same time, homonuclear or heternuclear couplings can be rein-

troduced which is used for precise distance measurements. Compared with solution

NMR, it is possible to obtain measurements with a greater accuracy and precession

(0.1-0.2Å). The specific incorporation of isotopes into the larger proteins can be uti-

lized by a combination of synthetic step with expressed protein ligation strategies,

which uses both native protein ligation and protein expression. This method allows

the folded recombinant proteins to be joined together.22,23.

1.4 Nuclear Magnetic Resonance

‡

Solution NMR spectra consist of a series of sharp resonances, due to averaging of

anisotropic NMR interactions by rapid random tumbling (when samples are spun).

In contrast, solid-state NMR spectra are very broad, as the full effects of anisotropic,

i,e. orientation-dependent interactions are observed. The presence of broad NMR

lineshapes once thought to be a hindrance, actually contains much information on

‡ 24,25,26,27
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the structure and dynamics of molecules in the solid state24.

In the solid-state, there are many ways for a nuclear spin to communicate with

its surroundings. The various Hamiltonians are described as follows24,25:

• Zeeman Hamiltonian HZ : This pertains to the strong Zeeman interaction due

to the external magnetic field B0. This interaction is time independent. Its strength

far exceeds most of the other interactions in NMR spectroscopy.

• RF Hamiltonian HRF : This arises due the presence of the RF irradiation field

BRF and is time dependent.

The internal spin interactions Hamiltonian Hint are characterized by a spatial

part and a spin part. They are in general time dependent and the time dependence

arising due to a manipulation of either the spatial part or the spin part or both:

• Dipole-dipole Hamiltonian HDD: This is due to direct magnetic interaction

between nuclear spins. If the spins involved are the same kind of spins like HII

and HSS, it is called homonuclear dipolar interaction (Hhomo
DD ). If the spins are of

different kind, e.g. HIS, it is called heteronuclear dipolar interaction (Hhetero
DD )

•HQ : Interaction of quadrupolar nuclei with surrounding electric field gradients.

•HCS : Indirect magnetic interaction between the nuclear spins and B0 mediated

via the electron cloud.

Hint can be further cast into isotropic and anisotropic forms. The isotropic

part has no orientation dependence (with respect to B0). However, in general, each

nuclear spin has a well defined orientation with respect to B0. Therefore, the total

spectral response of the whole powdered sample (where all the orientation present)

in the solid-state is a cumulative response of the ensemble of nuclear spins.

Due to these interactions, spin state energies are shifted resulting in their direct

manifestation in the NMR spectra. In most cases, we can assume the high-field

approximation; that is, the Zeeman interaction and other external magnetic fields

are much greater than internal NMR interactions. Correspondingly, these internal

interactions can be treated as perturbations of the Zeeman Hamiltonian.

A priori, all NMR interactions are anisotropic - their three dimensional nature

can be described by second-rank Cartesian tensors, which are 3 × 3 matrices.

H = I · ~σ · S =
(

Ix Iy Iz

)















σxx σxy σxz

σyx σyy σyz

σzx σzy σzz





























Sx

Sy

Sz















(1.1)
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Figure 1.6: Oriented bilayers and projection of chemical shift tensors (B.Bechinger BBA. Biomembranes,
2004)
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Figure 1.7: Ellipsoid representation of the CSA tensor
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The tensor takes into account the orientation dependence of an NMR interaction

with respect to the cartesian axis system of the molecule. These tensors can be

diagonalized to yield three principal components which describe the interaction in

their own principal axis system (PAS), all off-diagonal elements being zero:

HPAS =















σxx 0 0

0 σyy 0

0 0 σzz















(1.2)

Such interaction tensors are commonly pictured as ellipsoids (figure 1.7) or oval-

oids, with the σzz component assigned to the largest principal component.

1.4.1 The Zeeman Interaction

The Zeeman Hamiltonian is the strongest interaction, although the fine structure of

the spectrum is often dictated by various internal spin interactions. The Hamiltonian

for a nuclear spin system in a static field is given by:

HZ = −µ · B0 (1.3)

where µ is the nuclear magnetic moment operator and B0 is the static magnetic

field. Considering that

µ = γh̄I (1.4)

where I is the nuclear spin operator, γ is the gyromagnetic ratio of the nucleus

and B0 is aligned along the z-axis, we obtain

HZ = −γh̄IZB0 (1.5)

We are interested in the possible states that the spin system may take in a

magnetic field. These are given by the eigenfunctions of HZ , which are just the

eigenfunctions of Iz. They are |I,m〉. I is the total spin quantum number and m

takes 2I + 1 values, from -I · · · · ·· + I. The eigenvalue equation is given by

HZ|I, m〉 = EI,m|I, m〉 (1.6)

where EI,m is the energy of the eigenstate |I,m〉. We can now write:



F7

Figure 1.8: The figure shows the energy levels for a spin 1/2 system in the presence of an external
static magnetic field B0.
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HZ|I, m〉 = −(γh̄B0)IZ|I, m〉 = −(γh̄B0)m|I, m〉 (1.7)

Comparing the above equations we get

EI,m = −(γh̄B0)m (1.8)

For spin 1/2, there are two possible eigenstates with energies E1/2,±1/2 = ∓1/2γh̄B0.

These states are the Zeeman states. The transition energy between these spin states,

∆E =γh̄B0 =hν. In frequency units this corresponds to ω0 = γB0, the Larmor fre-

quency of precession.

Figure 1.8 shows the energy levels for a spin 1/2 system in the presence of an

external static magnetic field, B0. The levels are labeled according to their magnetic

quantum number ’m’.

All the other spin interactions perturb the Zeeman states. Transitions between

them results in the observation of NMR spectra.

1.4.2 The Chemical Shift Hamiltonian

The chemical shift (CS) Hamiltonian may be written as

HCS = h̄γ~I · σ̂ · ~B0 (1.9)

where γ is the gyromagnetic ratio. The CS tensor in the lab frame may be

written as

σ = [σ0=isotropic + σ1=anisotropic + σ2=symmetric] (1.10)

We transform the chemical shift anisotropy (CSA) tensor into the diagonalized

PAS representation. Figure 1.7 shows the ellipsoid representation of the CSA tensor

with the ellipse fixed on to the molecule. The long axis of the ellipsoid (the principal

axis of the ellipsoid) corresponds to the σ33 of the PAS axis.

The CS tensor σ in the PAS, with the symmetric part being zero may be written

as
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σ
PAS =











σ
PAS
xx 0 0

0 σ
PAS
yy 0

0 0 σ
PAS
zz











= σiso











1 0 0

0 1 0

0 0 1











+











δxx 0 0

0 δyy 0

0 0 δzz











(1.11)

Using following definitions,

σiso = 1/3(σPAS
xx + σPAS

yy + σPAS
zz ) (1.12)

∆σ = σPAS
zz − σPAS

xx

δ = σPAS
zz − σiso

η =
σPAS

xx − σPAS
yy

δ
(1.13)

where σiso is the isotropic chemical shift, ∆σ is the chemical shift anisotropy

parameter, δ, a CSA value and η, an asymmetry parameter of CSA. We can rewrite

the CSA tensor as:

σPAS = σiso















1 0 0

0 1 0

0 0 1















+ ∆σ















−1/2(1 − η) 0 0

0 −1/2(1 + η) 0

0 0 1















(1.14)

A tensor of axial symmetry satisfies σPAS
xx = σPAS

yy · η governs the shape of the

tensor and is such that 0 ≤ η ≤ 1.

1.4.3 The CSA Powder Spectrum

A typical powder spectrum of an isolated spin 1/2 system is shown in the figure

1.9. The spectrum is broadened by CSA. Note that the variation in the shape of

the powder pattern depends on the η value. The discontinuities in the pattern

correspond to the principal values of the CSA tensor. The spectra are plotted by

adopting the convention, |σPAS
zz − σiso| > |σPAS

yy − σiso| > |σPAS
xx − σiso|.

The CSA powder patterns shown in the figure 1.9 are composed of a large number

of sharp lines derived from spins at all orientations. Such a spectrum is called an

inhomogeneously broadened spectrum. The CS Hamiltonian, with the assumption

that the magnetic field is along the zaxis can be written as:

HCS = −γIzσ
lab
zz

B0 (1.15)
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Figure 1.9: Asymmetry parameter influence on the spectrum
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Figure 1.10: Magic angle spinning
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The NMR spectral frequency corresponds to the transition energy between the

|+ 1/2 > and | − 1/2 > levels. The contribution to this from the chemical shielding

ωCS, is obtained as

ωCS = −ω0σ
lab
zz (1.16)

To proceed further, we need to express σlab
zz in terms of the principal values of the

shielding tensor and the orientation of its PAS with respect to laboratory frame.

We can write

σlab
zz =

(

0 0 1

)

σlab















0

0

1















(1.17)

This projects out the zz component of σlab.

Using Euler angles, we can write,

ωCS(θ, φ) = (σPAS
xx sin2 θ cos2 φ + σPAS

yy sin2 θ sin2 φ + σPAS
zz cos2 θ) (1.18)

Using definitions of η and δ

ωCS(θ, φ) = −ω0σiso − 1/2ω0δ(3 cos2 θ − 1 + η sin2 θ cos 2φ) (1.19)

For an axially symmetric CSA tensor we get a simpler expression for the chemical

shift frequency:

ωCS(θ, φ) = −ω0σiso − 1/2ω0∆σ(3 cos2 θ − 1) (1.20)

The figure (1.9) shows effect of the asymmetry parameter on the chemical shift

frequencies.

1.4.4 Magic-Angle Spinning

In solution, rapid isotropic tumbling averages the spatial component to zero. Magic-

angle spinning (see figure 1.10) introduces artificial motion by placing the axis of the

sample rotor at the magic angle (54.740) with respect to B0. The term 3cos2θ − 1

= 0 when θ = 54.740 as the dipolar and chemical shielding interactions containing

(3cos2θ − 1) terms get averaged. The spinning rate of MAS must be greater than

or equal to the magnitude of the anisotropic interaction to average it to zero. If the

sample is spun at a rate less than the magnitude of the anisotropic interaction, a



                                                                                                                                                                               F10

Figure 1.11: The cross polarization pulse sequence
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manifold of spinning sidebands becomes visible, which are separated by the spinning

frequency (in Hz). Even with MAS slower than the breadth of the anisotropic

interaction, the signal becomes concentrated in the spinning sidebands, rather than

spread over the entire breadth as in the case of the static NMR spectrum.

1.5 Cross polarization

Cross polarization is one of the most basic techniques in solid state NMR. In this

technique, polarization from abundant spins such as 1H or 19F is transferred to dilute

spins such as 13C or 15N . It transfers the magnetization to the rare spin reservoir

under Hartmann-Hahn conditions.

Cross polarization is useful for solids where heteronuclear couplings exists. The

overall effect is to enhance the signal-to-noise ratio:

Cross polarization enhances the signal from dilute spins potentially by a factor

of (γI/γS) where I is the abundant spin and S is the dilute spin28 and due to

spin-lattice relaxation effect.

Cross polarization requires that nuclei be dipolar coupled to one another. The

key to obtaining efficient cross polarization is setting the Hartmann-Hahn con-

dition properly. In this case, the B1 field of the dilute spin (e.g., ω1N−15) is set

equal to that of the abundant spin (e.g., ω1H−1) by adjusting the power on each

of the channels (Figure 1.11). If these are set properly, the proton and nitrogen

magnetization precess in the rotating frame at the same rate, allowing transfer of

the abundant spin polarization to nitrogen.

1.5.1 The Hartmann-Hahn condition

Cross-polarization is achieved in a double resonance experiment. Transverse mag-

netization of the I spins is generated by a 90◦ pulse at frequency ν0I. However, the

transmitter is not turned off afterwards, only the radio-frequency phase is shifted

by 90◦. Thus the B1I field is now applied parallel to the I magnetization. In the

frame rotating with frequency ν0I around the Z axis, the B1I field is the dominant

magnetic field.

A similar protocol is followed for the S spins. A second radio frequency field

B1S is applied at frequency ν0S, coincident with the lock field for the I spins. If the
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Figure 1.12: Matching frequencies in Hartmann-Hahn condition
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magnitudes B1S and B1I of the both radio frequency fields are matched to satisfy

γSB1S = γIB1I the Hartmann-Hahn condition is satisfied29 (Figure 1.12).

Each spin species precesses with the same frequency ν1 = νB1/2π around the

axis of its radio frequency field in its own rotating frame. Because both rotating

frames share the same Z axis, there will be an oscillation of local I and S magneti-

zation components along the Z axis with the same frequency ν1. By this, frequency

match magnetization can be exchanged between both spin species.

1.5.2 Mismatch-Optimized IS transfer (MOIST)

Instead of keeping the spin-locking fields at a constant phase, simultaneous π phase

shifts are introduced on both channels, separated by intervals long enough to allow

the system to attain equilibrium before the next phase shift.

This resembles normal Hartmann-Hahn cross polarization except for the syn-

chronous phase reversals of the two spin-locking radio frequency fields. This has

a strong beneficial effect on the efficiency of cross polarization away from the per-

fect match. Thus, the sequence involving repeated simultaneous π phase shifts

of the two channels allows efficient cross polarization even under Hartmann-Hahn

mismatch conditions as they occur under real experimental conditions28.

1.6 Oriented solid-state NMR spectroscopy

In oriented solid-state NMR, there will be net degree of molecular alignment by

sandwiching the samples between glass plates and then stacking them. This forces

the bilayer normals to be aligned perpendicular to the plates. Earlier solid-state

NMR studies, utilised these uniaxially oriented membranes for analysing structure

and motion30. In our study of membrane associated peptides, we have also used

this technique extensively.

Solid-state NMR studies on membrane-associated peptides, which are selectively

labelled by 15N isotope at single sites, are of great interest to structural biologists.

Proton-decoupled 15N solid-state NMR spectra of 15N labelled peptides reconsti-

tuted into lipid bilayers allow a sensitive measurement of the precise alignment of

helical polypeptides with respect to membrane normal31. Earlier studies indicate

that 15N chemical shift ≤ 100 ppm correlate with helical orientations approximately
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Figure 1.13:   Simulated spectra of 15N amide chemical shift resonances from α-helical peptides.
Figure A) transmembrane orientation, B) in-plane orientation and C) a powder pattern where all
the orientations are present randomly (B. Bechinger / Biochimica et Biophysica Acta 1999).
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Figure 1.14:   Proton-decoupled 31P solid-state NMR spectra of oriented phospholipid bilayer.
Figure A) a perfect oriented phospholipid bilayer, B) partial misalignment of the lipid bilayer due
to the peptide.
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parallel to the membrane surface, whereas chemical shift values greater than 190 ppm

are indicative of transmembrane alpha-helices (Figure 1.13).

Proton-decoupled 15N solid-state NMR has proven to be an important tool for

measuring the interactions of polypeptide α-helices with oriented and non-oriented

lipid bilayers16. In the past, oriented solid-state NMR spectroscopy has been applied

for studying membrane-inserted lytic peptides32, peptide channel antibiotics33,34,35,36

and membrane associated proteins37.

Proton decoupled 31P solid-state NMR has also been used for studying the ori-

ented phospholipid bilayers. When all the lipid molecules are perfectly oriented, one

dominent 31P peak at about 30 ppm will be observed (figure 1.14A). However, some

minor contributions to the total intensity of 31P peak can be observed as being due

to the effect of peptide induced conformational changes or small misalignment of

the membranes in the lipid headgroup region (figure 1.14B).

1.7 Aim of the current research work

The main aim of this research work is the application of oriented solid-state NMR

spectroscopy to study channel forming peptides in membrane bilayers. The investi-

gations were performed on various channel forming peptides such as synthetic model

ion channel peptides, helical fragments of anti-apoptotic Bcl-XL and pro-apoptotic

Bax-C terminus peptides. Studies were also done on peptide antibiotics NK2, and

citropin 1.1. The information obtained by studying these peptides using proton-

decoupled 31P and 15N solid-state NMR contributed to our understanding their

membrane association and modes of functioning of these peptides.

In chapter 2, experiments related to the alignment of synthetic LS peptides

comprising leucines and serines in lipid bilayers of variable composition using proton-

decoupled 15N solid-state NMR are reported. These peptides are known for their

ion channel conducting properties, resembling to those of the nicotinic acetylcholine

receptor. Inspite of electrophysiology and computer simulation studies on these

peptides, we lack structural details of LS peptides. Therefore our studies help further

understanding of these peptide in membrane bilayer.

Chapter 3 includes initial efforts on investigating the phosphorylated model pep-

tides reconstituted in lipid bilayer, by using proton-decoupled 31P and 15N solid-

state NMR spectroscopy. The goal is to extend the solid-state NMR technique that
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make accessible the structure, topology and dynamics of the polypeptide phospho-

rylation sites.

Chapter 4 describes the proton-decoupled 15N and 31P solid-state NMR inves-

tigations of membrane associated α-helical domains of Bcl-XL and Bax. These

proteins are important effectors in apoptosis. The study provides essential details

on the arrangements of helical fragments in membrane bilayers.

Finally in chapter 5, the antibiotic peptides NK2 and citropin 1.1 are studied

by proton-decoupled 15N and 31P solid-state NMR spectroscopy. The experimental

results will be used to establish structure-activity relationships.

The experimental results generated from this research have been summarized

with a general conclusion at the end of the chapter 6.



Chapter 2

15N solid-state NMR spectroscopy

investigations of the topological

equilibria of a synthetic

ion-channel peptide in oriented

lipid bilayers

2.1 Introduction

Membrane channel proteins fulfill important functions during cellular signal trans-

duction, neuronal excitability, muscle function and many other important physiolog-

ical processes. Defects associated with these proteins can have severe pathological

consequences, a prime example being the putative chloride channel involved in cys-

tic fibrosis. Unfortunately, membrane proteins are difficult to purify in quantitative

amounts sufficient for structural studies and are difficult to investigate by structural

techniques. Therefore, very little high-resolution structural information is available

for channel proteins5,38,39,40,41,42. In order to better understand the structural re-

quirements of pore-formation peptides that are known to increase the conductivity

across phospholipids bilayers, peptides such as alamethicin or melittin43,44,45,46,47,

16
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have been extensively studied in the past. Furthermore protein domains that are

thought to line the pore of large channel proteins have been prepared and studied

by structural methods (reviewed in48,49,50,51,52,53,54,55 etc). Although small, these

peptides exhibit a dynamic and complex behavior within the ’soft’ membrane envi-

ronment. In order to simplify matters further, synthetic organic model compounds

or minimalist peptide sequences have been designed, prepared and studied by bio-

physical methods56,57,58,59,60,61,62.

Among those, the (LSSLLSL)3 peptide first presented by de Grado and co-

workers has been investigated in considerable detail59. This peptide has been de-

signed with the potential to form an amphipathic α-helix in membrane environ-

ments. Designing these helices without including charged amino acid side chains

increased the possibility that they assemble into ion-conducting transmembrane he-

lical bundles. In this configuration the serines line a water filled channel and help

in the solvation of passing ions63. At the same time the leucines remain in contact

with the hydrophobic membrane interior.

In planar lipid bilayer experiments, the presence of transmembrane potentials

causes the (LSSLLSL)3 peptide to form discrete openings which exhibit conductivi-

ties of predominantly 70 pS (0.5 M Kcl, -100 mV;64). More channels are formed at

cis-negative voltages, a finding that is suggestive that the peptide first inserts into

the membrane with its C-terminus64. The electrophysiological properties together

with molecular modeling calculations suggest that the predominant channel struc-

ture is a transmembrane helical bundle of six parallel α-helices enclosing a channel

diameter of about 8Å59,64. The channels are moderately cation-selective, an obser-

vation attributed to the alignment of serine side chains along the pore lumen64. The

rectifying properties of this and related channels correlate with the configuration

of the α-helix macrodipole65. Furthermore, the ion conductivities through such a

hexameric channel have been modeled using computational methods66,67.

However, when tryptophan-derivatives of the peptides were investigated by fluo-

rescence spectroscopy, the peptide has been found to insert into the membrane with

a predominant orientation parallel to the membrane surface63. In contrast, no direct

structural evidence has, to our knowledge, so far been published for the postulated

transmembrane orientations of these peptides. Notably, increases in membrane con-

ductance have previously been observed also for charged peptides that probably

do not adopt stable transmembrane alignments at the peptide concentrations used

during channel measurements (reviewed in68,69). It is, therefore, desirable to have
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Helical wheel diagram of LS14 peptide

Figure 2.1:   Helical wheel diagram of LS21 peptide
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further experimental evidence for the proposed model.

Proton-decoupled 15N solid-state NMR experiment has proven to be a convenient

method to investigate the interactions of polypeptide α-helices with oriented or non-

oriented phospholipid bilayers (recently reviewed in16). While 15N chemical shifts <

100 ppm are indicative of helix alignments approximately parallel to the membrane

surface, values > 180 ppm are associated with transmembrane orientations. By

introducing a non-perturbing 15N label into the peptide backbone, the method can

thus be used to investigate the membrane alignments of these sequences. When the
15N chemical shift measurement of the oriented bilayers is combined with solid-state

NMR measurables obtained from other nuclei, a very detailed analysis of the struc-

ture and topology of membrane associated peptides can be obtained (e.g.34,70). The

oriented solid-state NMR technique works with extended lipid membranes and has

been applied to study membrane-inserted peptide channels and antibiotics33,34,35,36,

lytic peptides32, model sequences69, as well as membrane-associated proteins37.

When we used this technique to investigate LS sequences in DOTAP∗ bilayers,

a lipid also used for DNA and polypeptide transport into the cell71, a tendency of

the LS21 peptide to adopt TM alignments has been observed. We therefore decided

to investigate the lipid-peptide interactions of these peptides in a more systematic

manner. In this chapter LS14, AcLS21 and LS21 have been prepared, reconstituted

in DOTAP, DPhPC or DOPC membranes and their alignment investigated under a

variety of different conditions in order to understand the effect of lipid composition

on the orientation of LS21 peptides. The implications of our results for the proposed

model of channel formation will be discussed.

2.2 Materials and methods

Phospholipids were purchased from Avanti Polar Lipids (Birmingham, AL). The

peptides LS14 (LSLLSSL)2 and LS21 (LSLLSSL)3 were prepared by solid-phase

peptide synthesis on a Millipore 9050 automatic peptide synthesizer using Fmoc (9-

flourenylmethyloxycarbonyl) chemistry72,73 and a TentaGel SRAM-Leu-Fmoc resin

(RAPP Polymer, Tubingen, Germany). The resin assures that C-terminal amides

are obtained after the cleavage reaction. Despite the apparent simplicity in com-

position of the heptad repeat (Figure 2.1) the chemical preparation of quantitative

∗http://www.avantilipids.com/LipidsForLiposomeFormation.html
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amounts of the LS21 sequence has proven difficult to achieve in the past (e.g.63).

By using the standard synthetic protocols of the peptide synthesizer, double cou-

plings of residues 3, 6, 10 and 13 each involving serines and in particular, by applying

the novel ’pseudo proline’ technology74 at the serine-serine positions (Fmoc-ser(tbu)-

ser(Ψ-Me Pro)-OH from Nova Biochem), the yield during the LS21 synthesis could

be much improved when compared to the individual addition of serines. At position 7

of LS14 and at position 11 of LS21, respectively, the 15N labeled derivative of leucine

was inserted (Cambridge Isotopes Inc., USA). The synthetic products were purified

using reversed phase high performance liquid chromatography using an acetonitrile

/ water gradient and a Prontosil 300-5-C4 5.0µm column (Bischoff Chromatog-

raphy, Leonberg, Germany). The identity and purity of the synthesized peptides

were analyzed by matrix-assisted laser desorption ionization mass spectroscometry

(MALDI-MS) and analytical reverse phase HPLC. The cationic lipid 1,2-dioleyol-

3-trimethylammonium-propane (DOTAP) as well as the zwitterionic phospholipids

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-diphytanoyl-sn-glycero-3-

phosphocholine (DPhPC) were purchased from Avanti Polar Lipids (Birmingham,

AL).

In order to reconstitute the peptides into oriented lipid bilayers, typically 7-16 mg

peptide was dissolved in trifluroethanol/water (4 ml / 0.3 ml) and mixed with 200

mg lipid in dichloromethane. Unless indicated otherwise the peptide-to-lipid molar

ratio was 2 mol%. During the sample preparation, the pH of the sample was set

to the indicated pH values by using about 65µl of 0.1mM Tris buffer and 40µl of

1N NaOH. The lipid-peptide mixture was applied onto 30 ultra-thin cover glasses

(9 × 22 mm; Paul Marienfeld GmbH & Co. KG, Lauda-Konigshofen, Germany),

first dried in air and thereafter in high vacuum (1.8×10−2 mbar) over night.

Later the samples were equilibrated in a closed chamber where a defined relative

humidity was obtained due to contact with saturated salt solutions of KNO3,(93 %

r.h.), NH4NO3,(84 % r.h.), NH4Cl (75% r.h.), respectively75. After 3-5 days the

glass plates were stacked on top of each other and the stacks were stabilized and

sealed with teflon tape and plastic wrappings.

For solid-state NMR spectroscopy the samples were introduced into the flattened

coils76 of a double-resonance probe and inserted into the magnetic field (9.4 Tesla)

of a Bruker Avance 400MHz wide-bore solid-state NMR spectrometer. The sample

was oriented with the membrane normal parallel to the B0 field of the spectrometer.

Proton-decoupled 15N solid-state NMR spectra were acquired using the MOIST



Figure 2.2:    Proton decoupled 15N solid-state NMR spectra of LS21 peptide at room
temperature at 0° orientation. A) Dry powder, B) 2mol% LS21 reconstituted in DOTAP bilayer
at pH 7.5 and r.h 93%, C) 2mol% LS21 reconstituted in DPhPC bilayer at pH 7.5 and r.h 93%
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Figure 2.3: The possible spatial orientations of the LS21 peptide from 15N analysis are represented
by the helical tilt and the rotational pitch angles. The orientational contour is for the experimental
chemical shift measurement and ±5 ppm deviation are shown. The successive rotations of the helix
are around the helix long axis (z-direction) and an axis perpendicular to that (y-direction).
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cross-polarization pulse sequence28. The static solid-state NMR spectra were ac-

quired using the following parameters: 1H B1 field of approximately 45KHz, 1ms

contact time, 3s recycle delay, spectral width: 37 kHz, 512 data points, number of

acquisitions: 35000. During acquisition the sample was cooled with a stream of air at

room temperature. An exponential apodisation corresponding to a line-broadening

of 200 Hz was applied before Fourier transformation. NH4Cl (41.5 ppm) was used

as a reference corresponding to approximately 0 ppm for liquid NH3.

2.3 Results

The LS14 and the LS21 channel peptides were prepared by solid-phase peptide

synthesis, labeled with 15N at a single site within the central part of the polypep-

tide, reconstituted into uniaxially oriented lipid bilayers and investigated by proton-

decoupled 15N solid-state NMR spectroscopy. Using CD and tryptophan fluores-

cence spectroscopies it has been shown previously that these and other amphipathic

peptides adopt α-helical conformations in membrane environments59,63,68.

For comparison the proton-decoupled 15N solid-state NMR of powder pattern of

dry LS21 is shown in Figure 2.2A. In this sample all orientations are present at ran-

dom and the spectrum therefore represents the full 15N chemical shift anisotropy of

the labeled amide bond covering approximately 175 ppm77,78,79,80,81. The ’hole’ ob-

served in the central region of the spectrum is due to the reduction of 1H-15N dipolar

interactions close to the magic angle concomitant with decreased cross-polarization

efficiency at these frequencies.

Figure 2.2B shows the proton-decoupled 15N solid-state NMR spectra of 2 mole%

LS21 when reconstituted in DOTAP lipid bilayers at pH 7.5 at 00 orientation.

The spectrum of the 15N labeled leucine at position 14 of the LS21 peptide is

characterized by a single peak at 65 ppm. This value is indicative of an orientation

of the helix long axis parallel to the membrane surface16. The resonance is charac-

terized by a narrow line shape with full width at half maximum (FWHM) of 8 ppm

indicative of a well aligned and homogeneous sample.

The contour figure representation shown in figure 2.3 represents the spatial align-

ments of LS21 that agree with the measured 15N chemical shift. In order to calculate

this map, the peptide model of LS21 was been placed in the reference coordinate

system, where initially the z-axis was oriented parallel to the helix axis. The z-
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Figure 2.4: Proton decoupled 15N solid-state NMR spectra of LS21 peptide at room temperature. A)
2mol% LS21 reconstituted in DOPC bilayer at pH 7.5 and r.h 93%, B) 5mol% LS21 reconstituted
in DOTAP bilayer at pH 7.5 and r.h 93%.



Figure 2.5: Proton decoupled 15N solid-state NMR spectra of 2mol% LS21 reconstituted in
DOTAP lipid bilayer at pH 8.5 at room temperature A) at r.h 93%, B) at r.h 84% and C) at r.h
75% .
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y plane separates the hydrophobic from the hydrophilic part of the amphipathic

polypeptide. The peptide was successively rotated around two angles perpendicular

to each other. For each alignment the resulting values of 15N chemical shift was

calculated.

Furthermore, the LS21 peptide was reconstituted at pH 7.5 into DPhPC lipid

bilayers, a lipid that forms electrically well-insulated membranes. This was there-

fore, also used during the electrophysiological investigations of LS21 and LS1459.

Although the 15N chemical shift value of the peak maximum remains constant when

the peptide is transferred from DOTAP to DPhPC membranes, the FWHM in-

creases to 32 ppm (figure 2.2C). When the pH is increased to 8.5 the 15N chemical

shift value of 65 ppm remains unaffected (not shown).

In order to test if the altered composition of the fatty acyl chains or the modifi-

cations of head group region had an effect on the topology of LS21, the peptide was

thereafter reconstituted into DOPC phospholipids bilayers. The proton-decoupled
15N solid-state NMR spectra of LS21 reconstituted into oriented DOPC phospho-

lipid bilayers show broadened 15N resonances that extend into the 100 ppm region

(Fig. 2.4A). When the peptide/DOTAP molar ratio is increased from 2 mol% to 5

mol% a considerable line broadening is observed indicative of decreased orientational

order (Fig. 2.4B).

Notably, the proton-decoupled 31P NMR spectra (not shown) of the DOPC sam-

ples exhibit an additional peak at -17 ppm indicative of pronounced distortions in

DOPC phospholipids head group orientations due to the presence of LS21. This

increased dispersion in 15N chemical shift values is, therefore, indicative of macro-

scopic distortions of the membrane, peptide conformational changes, modifications

in the distribution of alignments, exchange between isotropic and oriented peptide

configurations and /or alterations in the exchange rates between peptide structures

and topologies

In the next step we investigated the effect of pH and the degree of hydration

on the topology of the LS21 peptide when reconstituted into oriented DOTAP lipid

bilayers (Fig. 2.5). At pH 8.5 and 93% r.h. two signal intensities at 79 ppm and

217 ppm are visible at a ratio of approximately 1:1 (Figure 2.5A).

This result indicates the co-existence of in-plane and transmembrane peptide

orientations. Notably, exchange between these configurations is slow on the time

scale of the 15N chemical shift anisotropy (10−4 s). When this sample is slowly de-

hydrated the equilibrium between in-plane and the transmembrane oriented peptide



Figure 2.6: Proton decoupled 15N solid-state NMR spectra of 2mol% a) AcLS21 at pH 8.5, b)
AcLS21 at pH 6.5 and c) LS21 at pH 6.5 reconstituted in DOTAP lipid bilayer at r.h 93% and at
room temperature.
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Figure 2.7: Proton decoupled 15N solid-state NMR spectra of 2mol% LS14 reconstituted in DOTAP
lipid bilayer at room temperature.  A) pH 7.5 at r.h 93% B) pH 8.5 and r.h 93%, C) pH 8.5 and r.h
84% and D) pH 8.5 and r.h 75%.
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shifts in favor of the former one (Figure 2.5). After the sample has been equilibrated

at reduced hydration levels of 84% and 75% r.h, respectively, the 15N NMR peak

intensity at 79 ppm dominates, although significant intensities in the 217 ppm region

are retained (Figure 2.5B and 2.5C). In order to understand the effect of the charge

on the orientation of the LS21, we have investigated the acytelated LS21 peptide at

its N-terminus at pH 8.5. Also in this preperation the co-existance of in-plane and

transmembrane orientations of Ac-LS21 becomes apparent in proton-decoupled 15N

solid-state NMR spectroscopy (Figure 2.6a).

When the AcLS21 and LS21 peptides are reconstituted into oriented DOTAP

lipid bilayers at acidic pH 6.5, 15N NMR signal gives a relatively sharp peak at

around 69 ppm and 80 ppm respectively (Figure 2.6b and 2.6c). This is again an

indication that these peptides are inserted to the membrane bilayer in an in-plane

orientation.

Finally we investigated the leucine-serine heptad repeat peptide encompassing a

total length of only 14 residues. An alpha-helical peptide of this length is generally

believed to be too short to span a biological membrane59. Indeed when LS14 is

reconstituted in DOTAP lipid bilayers at pH 7.5 and 93% r.h. the proton-decoupled
15N solid-state NMR spectrum is characterized by a narrow signal at 75ppm with

FWHM of 13 ppm / 0.5 kHz (Fig. 2.7A).

This result is indicative of a well defined alignment of this helix parallel to the

membrane surface. When the pH of this sample is increased to 8.5, the main peak

intensity is shifted to 119 ppm, which corresponds the isotropic value of leucine

amides77,78,82,83. At the same time significant signal intensities are also visible in the

70 ppm region. When the degree of hydration is reduced, the resonance intensities

remain between 120 and 70 ppm, while the mean of the 15N signal intensity shifts

towards the low-field end of the NMR spectrum (Fig. 2.7B-C).

2.4 Discussion

The LS21 and LS14 peptides have been designed to form amphipathic helices in

membrane environments59. The LS21 peptide has been shown to exhibit channel

properties in DPhPC membranes, thereby resembling the fungal peptide alame-

thicin or large channel proteins44,59. This peptide has, therefore, been suggested

as a model for proteins forming transmembrane helical bundles, in particular when
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transmembrane electrical potentials are applied63,64. The channel properties of its

N-acetylated form exhibits ten times longer channel life times and has been investi-

gated in even greater detail in electrophysiological experiments65,84.

On the other hand LS14 is too short for such an arrangement and, therefore, only

induces stochastic currents when added to planar lipid bilayers59. Other amphi-

pathic peptides which carry many lysines at their hydrophilic face had initially been

thought of as forming TM channels. However, a considerable amount of experimen-

tal data shows that neither the channel properties nor the structural and topological

characteristics agree with such a model (reviewed in85). Furthermore theoretical es-

timates of the energies involved in associating a large number of charged residues in

a small channel volume indicates a high energetic penalty when such a TM helical

bundle is formed46. Other models such as the carpet model or the detergent-like

mode have therefore been suggested to be the underlying mechanism for these highly

charged peptides68,86. However, in the case of the LS21 peptide the hydrophilic side

of the amphipathic helix is composed of polar but uncharged serines and the for-

mation of transmembrane helical bundles by these peptides remains a reasonable

model64.

The 15N chemical shift < 100 ppm, which was observed for the LS peptides in

all the samples that we tested (Figs. 2.2, 2.4), indicates that an alignment parallel

to the membrane surface is the preferred configuration of this series of amphipathic

peptides when interacting with the lipid bilayer. The data are in excellent agreement

with static fluorescence quenching experiments which indicate an in-plane alignment

of LS21 and a location of the helix axis a few Å below the polar head group / hydro-

carbon boundary63. The in-plane orientation ideally reflects the perfect amphipathic

separation of polar and hydrophobic residues (Fig. 2.1) as it allows the serines to be

exposed to the water phase when at the same time the leucines are immersed in the

bilayer interior. In a similar manner, other amphipathic helices with charged side

chains and/or with high hydrophobic moment have been found oriented parallel to

the membrane surface87,88,89. In contrast sequences composed of leucine and alanines

or of leucines alone adopt stable transmembrane alignments. But to our knowledge,

no channel formation has been demonstrated for these sequences90,91,92,93. The ob-

served differences in the peptide-lipid interactions and in orientational mosaic spread

of LS21 (Figure 2.3) when the fatty acyl composition of phosphocholines is changed

are probably related to the different packing constraints of the phospholipids when

the tight packing of branched fatty acyl chains is compared to that of unsaturated
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ones.

When LS21 was reconstituted into cationic DOTAP lipid membranes at pH 8.5

an additional signal intensity > 200 ppm is observed (Fig. 2.5). This is indicative

of the co-existence of surface and transmembrane oriented peptides, which are in

slow exchange on the 10−4 s NMR time scale.

In contrast the LS14 peptide is too short to span the lipid membrane and remains

surface-associated at this and other conditions tested (Fig. 2.7). Considerable 15N

signal intensities reach into the ’isotropic’ region (120 ppm) of the 15N chemical shift

dispersion, in particular when the degree of hydration is increased (Fig. 2.7). This

data suggests that LS14 is associated with the lipid interface but in conformational

and / or topological exchange in the membrane-associated layer.

The ensemble of data can thus be explained by a model where the peptide in the

water phase is in dynamic equilibrium with the membrane-inserted configurations.

In the membrane-associated state it can adopt in-plane (IP) or transmembrane (TM)

alignments31,94. Oriented 15N solid-state NMR experiments or other biophysical ex-

periments have previously been used to demonstrate the existence of IP↔TM equi-

libria of peptaibols89,95, melittin32,96,97, as well as pH-dependent peptide antibiotics

and model sequences (reviewed in89).

Furthermore, LS21 has been shown to exists as an equilibrium mixture of monomers

and dimers in the absence of a voltage gradient across the bilayer59. In a simpli-

fied manner these exchange processes can be represented by the following equation:

soluble aggregates in the aqueous phase ↔ membrane surface associated IP↔TM.

Within these phases sub-equilibria such as IP1↔IP2↔...63 or TM1↔TM2↔...↔

TMn exist, where the indices indicate the number of associated monomers. A paral-

lel bundle of six transmembrane helices (TM6) has been modelled to be the predomi-

nant channel observed in electrophysiological experiments64. Within this framework

the exchange between tilted or weakly surface associated (’isotropic’ on the NMR

time scale) and IP-oriented LS14 (Figure 2.7), as well as between IP and TM aligned

LS21 (Figure 2.5) can be explained.

From first approximation, the close to 1:1 distribution of 15N signals < 100 ppm

and > 200 ppm visible in Figure 2.5A indicates that the IP↔ TM equilibrium is

governed by a free enthalpy change close to zero under these conditions. We estimate

that the signal-to-noise ratio of the 15N solid-state NMR spectra allows us to detect

a signal which encompasses at least 5% of the total intensity. Hence, the difference

of the Gibbs free enthalpy describing this two-state equilibrium (∆G0) must not
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exceed ± 7.5 kJ/mole. This value indicates that relatively small energetic changes

can indeed modify the distribution of signal intensities such as observed in Figures

2.2 and 2.5 when the membrane hydration level or the sample pH are changed.

However, the question arises why the transmembrane configuration is only de-

tectable in the presence of the cationic trimethylaminopropane lipid and at elevated

pH? In order to explain this observation we reason in the following manner although

other explanations cannot be excluded: It has been shown in this and in earlier work

using fluorescence spectroscopy63 that the LS amphipathic helix preferentially aligns

parallel to the membrane surface. However, it has also been suggested that the for-

mation of transmembrane helical bundles is responsible for the observed channel

activity64. Single-channel measurements indicate that such transmembrane heli-

cal aggregates of LS21 exhibit a 10 fold increase in life times when the N-terminal

amino group of the peptide is uncharged, as this reduces the electrostatic repul-

sion by like-charges within the complex64. However, 15N NMR spectroscopy of

N-terminus acetylated LS21 indicates that residual charge has no significant effect

on the peptide orientation when compared to the LS21 peptide (Figure 2.6). No-

tably, these investigations are only marginally sensitive to changes to the formation

of TM oligomers.

Therefore, other contributions that might be specific to the DOTAP environment

might help to stabilize a transmembrane configuration. These include van der Waals

interactions, the lipid head group packing and the resulting steric constraints in both

in-plane and TM configurations, the presence of counterions next to the positively

charged surface, the lipids hydration environment98, or specific lipid-lipid- and lipid-

peptide interactions.

Nevertheless, the data suggest that ∆GIP↔TM is small for LS21 in DOTAP

lipid bilayers and can be overcome by changes in the chemical environment. For

alamethicin, transmembrane electrical fields have been suggested to result in more

peptide partitioning into the membrane99, and to reorient the helix macroscopic

dipole (reviewed in44,46). A similar model has also been presented for LS2159. Here

we present, to our knowledge for the first time, direct experimental proof, that

transmembrane orientations of this or other highly amphipathic peptides occur in

lipid bilayers. Therefore, the data support the hypothesis that the transmembrane

electric field induces the re-orientation of a fraction of LS21 peptides63, which is

sufficient to allow the observation of channels formed by transmembrane helical

bundles in electrophysiological experiments. The gating charge for LS21 channel
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formation has been measured to encompass 3.6 elementary charges64. Therefore, for

an hexameric channel structure to be adopted, the energy of moving 0.6 elementary

charges (per monomer) in a transmembrane electric field of 100mV corresponds

to about 5 kJ/mole. This energy is sufficient to significantly increase the number

of transmembrane helical peptides and thereby sufficient to explain the observed

voltage-induced increases in conductivity59.



Chapter 3

Solid-state NMR studies of

phosphorylated model helical

peptides

3.1 Introduction

Phosphorylation is an important process in a living organism and used for regulat-

ing enzymatic reactions, protein trafficking and transmission of extracellular signals

in cells100,101,102. The phosphorylation of serines 52 and 56 of the channel forming

membrane protein103, viral protein U (Vpu) of HIV-1 is important for degradation

of viral receptor CD4 in the endoplasmic reticulum. Therefore the phosphoryla-

tion sites are also of considerable interest in regulation of proteins activities and

of enzymatic reactions. The incorporation of phosphate groups in the polypeptide

chain may change its conformations and its mode of intermolecular interactions. As

a consequence, detailed structural information on these phosphorylated peptide is

strongly desired.

In view of the importance of phosphates in biological systems, we undertook

an investigation of phosphorylated model peptide reconstituted in lipid bilayers

with the goal of developing novel solid-state NMR techniques that make the struc-

ture, topology and dynamics of the peptide phosphorylation sites accessible. The

membrane-associated model peptides carrying phosphoserines were studied using

27
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proton-decoupled 31P and 15N solid- state NMR spectroscopy. 31P solid-state NMR

spectroscopy is an attractive technique, because of the high sensitivity of this nucleus

(100% natural abundance and high γ) and its biological importance (e.g, phospho-

rylated peptides). In a first step, efforts were made for analyzing chemical shift

tensors of related compounds, thereby making available the basis for a fair interpre-

tation of the spectra. Notably the orientation of the 31P tensors is sensitive to the

state of esterification and/or protonation104 of the PO4 group. In anisotropic envi-

ronments, the NMR resonance frequencies are orientation dependent. Consequently,

the chemical shift freqencies and dipolar-coupling interactions are all dependent on

the specific orientation of the interaction tensor with respect to the magnetic field.

However to quantitatively interpret these frequencies for orientational constraints,

we need two important pieces of information: (i) a precise knowledge of the static

tensor elements, i.e. their magnitudes and orientation with respect to molecular

frame. (ii) the refined model for molecular motions that result in averaging of the

tensor.

Within liquid crystalline bilayers, motions are strongly anisotropic. Conse-

quently the averaging of chemical shift and dipolar interactions is incomplete re-

sulting in broad NMR lineshapes. For example, fast rotational motions around one

axis reduce the chemical shift anisotropy represented by the spectrum. The amount

by which it is reduced is related to the amplitude of the motion. In case of isotropic

motion, the spectrum collapses to a single peak with a chemical shift identical to

that, which would have been observed in a solution spectrum. Furthermore, the

shape and the width of the spectrum critically depends on the orientation of the

axis of motional averaging with respect to the principal components of the chemical

shift tensor σ11, σ22 and σ33. Therefore the 31P spectral lineshapes are sensitive to

both type and rate of motions. By using low temperature experiments, molecular

diffusion can be essentially eliminated. Once both the static and motionally aver-

aged tensors are characterised, it is possible to measure orientational constraints in

a quantitative manner105. This chapter describes the initial efforts carried out to

analyse the orientational behaviour of phosphoserines within model peptides, when

reconstituted in membrane bilayer.
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Fig.3.1. Proton decoupled 15N solid-state NMR spectra of 2mol% a) (Pser-9)LS14 and b) (Pser-
6)LS14 reconstituted in DOTAP lipid bilayer at pH 7.5, 93% r.h and at room temperature.



3.2 Materials and methods 29

3.2 Materials and methods

For current solid-state NMR studies, we have chosen an amphipathic peptide se-

quence similar to the ones studied in the chapter 2, comprising leucine and serine

residues. Apolar leucines and polar serines that interact favourably with lipid bilayer

and in membrane environment have a strong propensity for alpha-helix formation.

For solid-state NMR measurements, peptides sequences of 14 residues were synthe-

sized with 15N labeled leucine (at position 7) and phosphoserine (at position 6 or

9). For both the peptides, the 15N labelled leucine is thus located in the centre of

the alpha-helix. The details about the synthesis, purification and reconstitution in

lipid bilayers are described in chapter 2.

(Pser-6)LS14: LSSLLPS15NLLSSLLSL

(Pser-9)LS14: LSSLLS15NLLPSSLLSL

Solid-state NMR spectra were acquired on a wide-bore Bruker AMX 400 MHz

Avance spectrometer as described previously (chapter 2). A flat coil probe, specially

developed for oriented membrane samples or a 4 mm MAS probe for unoriented

samples were used. Proton-decoupled 31P NMR spectra were recorded using Hahn-

echo or cross-polarization pulse sequences. Proton-decoupled 15N solid-state NMR

spectra were acquired using a cross-polarization pulse sequence.

We used DMfit, a program developed by D.Massiot and C.Bessada106 for the

spectral analysis of the side band pattern of one-dimentional solid-state NMR spec-

tra. We used the following convention for the calculating NMR parameters: |σ33 − σiso| >

|σ22 − σiso| > |σ11 − σiso|. We used 64 number of steps and 8192 number of

points for the computing the spectra.

3.3 Results and discussion

Our main goal in this research work was to probe 31P characterization for phospho-

serine in lipid bilayer using solid-state NMR spectroscopy. In order to test this, ini-

tially we proceed by investigating proton-decoupled 15N oriented solid-state NMR.

We used a cationic lipid DOTAP to avoid the background signal of phosphorus.

Figure 3.1 show proton-decoupled 15N solid-state NMR spectra, when (Pser-6)LS14

and (Pser-9)LS14 are reconstituted in DOTAP bilayer at room temperature, pH 7.5

and 93% relative humidity. Chemical shift value of about 75 ppm (Figure 3.1a) and

96 ppm (Figure 3.1b) are indicative of an in-plane orientation of both the peptides
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Figure 3.2: The possible spatial orientations of the LS14 peptide from 15N analysis are represented
by the helical tilt and the rotational pitch angles. The orientational contour is for the experimental
chemical shift measurement and ± 5ppm deviation are shown. The successive rotations of the helix
around the helix long axis (z-direction) and an axis perpendicular to that (y-direction) are
illustrated. a) (Pser-9)LS14, b) (Pser-6)LS14 and c) LS14.
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Figure 3.3: CP-MAS 31P solid-state NMR spectra of phosphorylated peptide at room temperature.
a) Phosphoserine powder, b) Lyophilized (Pser-9)LS14 and c) Lyophilized (Pser-6)LS14 at 3.6 KHz
spinning frequency.  Circled line is experimental spectra whereas smooth line is simulated spectra.
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Figure 3.4: Proton-decoupled 31P solid-state NMR spectra of 2mol% (Pser-6)LS14 peptide
reconstituted in oriented DOTAP lipid bilayers at room temperature. The glass plates were aligned
with normal  a) perpendicular and b) parallel to the B0 field.
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Figure 3.5: Proton-decoupled 31P solid-state NMR spectra of 2mol% (Pser-9)LS14  peptide
reconstituted in oriented DOTAP lipid bilayers at room temperature. The glass plates were aligned
with the normal a) perpendicular and b) parallel to the B0 field.



Figure 3.6: Proton-decoupled 31P solid-state NMR spectra of a) phosphoserine powder sample at
RT and b) (Pser-6)LS14  c) (Pser-9)LS14  reconstituted in DOTAP lipid bilayers at -25°. C.
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to the membrane surface, when reconstituted in a cationic DOTAP lipid bilayer.

Interstingly the 15N chemical shift value 75 ppm of (Pser-9)LS14 is same as LS14.

Contour figure (Figure 3.2) represents the spatial alignments of (Pser-6)LS14,

(Pser-9)LS14 and LS14 that agree with the measured 15N chemical shift. In order

to calculate this, peptide model was been placed in the reference coordinate system,

where initially the z-axis was oriented parallel to the helix axis. The z-y plane

separates the hydrophobic from the hydrophilic part of the amphipathic polypeptide.

The peptide was successively rotated around two angles perpendicular to each other.

For each alignment the resulting values of 15N chemical shift was calculated.

In a next step, the powdered sample of phosphoserine and dry peptides of LS14

labelled with phosphoserine were investigated by proton-decoupled 31P solid-state

NMR. The proton-decoupled 31P solid-state NMR line shape of the phosphoserine

powder (Figure 3.3a and 3.6a) exhibits the characteristic features of a nonaxial

shielding tensor. The values of the principal elements of phosphoserine shielding

tensors obtained by Kohler and co-workers are given in the following table:

Table 3.1: Values of the chemical shielding tensors of phosphoserine107

σxx σyy σzz

L-phosphoserine -53 -4 59

Side band patterns of the powdered samples of dry (Pser-6)LS14 and (Pser-

9)LS14 (figure 3.3c and 3.3b) are measured at spinning rate of 3.5 KHz at magic

angle spinning solid-state NMR spectroscopy.

When (Pser-6)LS14 and (Pser-9)LS14 are reconstituted in non-oriented DOTAP

lipids at pH 7.5 and 93% were investigated by 31P MAS soild-state NMR, two

isotropic peaks are observed for (Pser-9)LS14 around 1.3 ppm and 2.9 ppm (Figure

3.7a). On the other hand, the 31P MAS spectrum of (Pser-6)LS14 exhibits a single

peak at 2 ppm with much reduced side-bands intensities (Figure 3.7b).

Proton-decoupled 31P static solid state NMR studies of (Pser-6)LS14 when re-

constituted in oriented DOTAP lipids are characterized by 31P chemical shift values

of 3 ppm and 16 ppm, when the glass plates are oriented with the normal per-

pendicular and parallel to the B0 field respectively. At alignments of the sample

normal parallel to B0 field, two contributions are observed for (Pser-9)LS14 with

a dominant peak at 0 ppm and a broad line shape extending from a maximum 14

ppm into the + 30 ppm region (Figure 3.5b). When the sample is tilted by 90◦,
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Figure 3.7: CP-MAS 31P solid-state NMR spectra of 2mol% phosphorylated peptides reconstituted
in DOTAP lipid bilayer at pH 7.5, 93% r.h. and at room temperature. a) (Pser-9)LS14  b) (Pser-
6)LS14  at spinning frequency of 1KHz.  Circled line is experimental spectra whereas smooth line is
simulated spectra. Isotropic peaks are denoted by a star sign.
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a sharp signal intensity at 14 ppm and a broad equi-intensive resonance from 14

ppm to 40 ppm is observed (Figure 3.5a). These data are suggestive of two differ-

ent 31P serine populations in the sample. Whereas the first one resembles in CSA

of the Pserine 6 site and the second population exhibits under reduced motional

averaging. In order to reduce the motional averaging, the phosphorylated peptides

reconstituted in oriented DOTAP lipid bilayers were investigated at low tempera-

ture. Below -10◦C, considerable line broadening was observed in proton-decoupled
31P solid-state NMR experiments indicating that amino acid side chain motions of

(Pser-6)LS14 and (Pser-9)LS14 are restricted (Figure 3.6).

The sideband analysis allows the size of the average tensors to be obtained and

are summerized in the following table.

Table 3.2: 31P values of the principal tensor elements δii and corresponding

anisotropic parameters of phosphorylated peptides

σiso (ppm) η δ (ppm)

L-phosphoserine 0 0.9 56.2

(Pser-6)LS14 dry peptide -1.6 0.3 65.6

(Pser-9)LS14 dry peptide -1.0 0.0 57.1

(Pser-6)LS14 in DOTAP 1.7 0.0 4.2

(Pser-9)LS14 in DOTAP 2.9(∗2) 0.4 3.5

1.3(∗1) - -

Potential errors in σxx, σyy and σzz are ±4 ppm; principal values are sorted as |σzz − σiso| >

∣

∣σyy − σiso

∣

∣ >

|σxx − σiso|, ∆CS is the axiality of the CSA tensor (σzz − σiso), ηCS is the asymmetry parameter of the CSA tensor =(σyy-

σxx)/(σzz - σiso)

The observation of the (partial) collapse of the spectra when unoriented samples

are measured at the magic angle, indicates that there is considerable motional av-

eraging of the phosphoserine side chain, when the LS14 peptides are reconstituted

in hydrated DOTAP lipid bilayers. Intriguingly, (Pser-6)LS14 exhibit a single peak,

whereas (Pser-9)LS14 exhibit one of the peaks similar to (Pser-6)LS14 when reconsti-

tuted in DOTAP lipid bilayers. This indicates that another contribution undergoing

less averaging. Nevertheless, to proceed further, it is necessary to understand the

nature of orientation i.e. whether the orientation is due to the whole peptide around
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bilayer normal or from the side chains. However, the residual anisotropy indicates

that the motional averaging is not complete. Therefore, the obtained distribution

function can be further used to derive orientational constraints from aligned samples

to derive a model for the interactions.

The goal of the entire discussion is not to state the definitive model of orienta-

tion or motion, but rather to test the feasibility and to give an indication of how

this data may be used further to understand the orientation of the phosphorylared

peptides in membranes in future works. However, an in depth qualitative analysis of

orientation and motional behaviour of the phosphate attached to serines is needed to

reiterate the statements about the orientational behavior of phosphorylated peptides

reconstituted in lipid bilayers.



Chapter 4

Membrane associated α-helical

segments of Bcl-XL and Bax-C

terminus investigations by

solid-state NMR spectroscopy

4.1 Introduction

Apoptotic cell death is thought to be mediated through two main pathways108, one

through death receptors and the other using mitochondrial pathways. However,

there are different hypotheses for explaining the permeabilization of the mitochon-

drial outer membrane. While one theory says that mitochondrial outer membrane

(MOM) is nonspecifically ruptured; the other theory proposes the formation of ion-

channels that allow cytochrome c release109,110.

The B cell lymphocyte-2 (Bcl-2) family of proteins is known to play a key role in

controlling mitochondrial membrane permeation (MMP) and anomalous expression

of these proteins has been implicated in several diseases, including cancer, autoim-

munity, AIDS, stroke and myocardial infraction111. Anti-apoptotic proteins such

as Bcl-2, Bcl-XL inhibit MMP, whereas pro-apoptotic Bcl-2 homologues such as

Bax, Bak, and BH3-only proteins induce MMP112,113. Confocal microscopy and

immuno fluorescence analysis on Bcl-XL proteins have revealed their different local-

33
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izations within the cell e.g. MOM, endoplasmic reticulum(ER) and nuclear envelope

(NE) membranes114,115. However, the Bax protein is known to exists primarily as

a monomer in the cytosol116 of healthy cells and oligomerizes during apoptosis.

Upon undefined pro-apoptotic signaling, Bax is assumed to undergo conformational

changes,117,118, resulting in translocation and integration into the mitochondrial

outer membrane119,120,121. The solution structure of Bax reveals that its COOH-

terminal tail (α-helix9) folds back into a hydrophobic pocket of the protein which

is also the binding site for the BH3 domains of other Bcl-2 family members118.

The conformational change that allows the carboxy terminus to enter mitochon-

drial membranes must disengage the C-terminus from the protein, thereby expos-

ing the hydrophobic BH3 binding pocket to participate in dimer formation. This

would indicate that structural changes are associated with Bax activation. The ex-

act mechanism of the association of Bax with the mitochondrial outer membrane

during apoptosis is not well understood. As the carboxyl terminus is essential for

targeting to mitochondria117, it is desirable to investigate the membrane association

of full length Bax and in particular its C terminus.

The anti-apoptotic Bcl-XL three-dimensional structure showed structural sim-

ilarities to the pore-forming domains of bacterial colicins E1, A and diphtheria

toxin122,123,124. The three-dimensional structures of Bcl-2 family members consist of

two central, predominantly hydrophobic α-helices surrounded by six or seven amphi-

pathic α-helices of varying lengths. A long, unstructured loop is present between the

first two α-helices, whereas the soluble pore-forming domain of Colicin A consists of

10 α-helices with two outer layers (helices 1, 2, and 3-7, respectively) sandwiching

a middle layer of three helices (8-10). Helices 8 and 9 form a hairpin. In their solu-

tion structures, Bcl-XL proteins contain two central helices (alpha5 and alpha6 in

Bcl-XL) surrounded by amphipathic helices. The proteins also contain flexible loops

connecting the helices122. However, solution NMR studies of Bcl-XL indicate major

unfolding and an open structure in micelles125. The structural similarity of the Bcl-2

proteins to diphtheria toxin and colicins suggested that the proteins could possess

a channel-forming activity122. This contention is also supported by observation of

ionic channels using lipid bilayers and liposomes124.

In order to understand the exact function of Bcl-XL, it is desirable to under-

stand their association with lipid bilayers. For studying membrane interactions,

it is necessary to have full length of Bcl-XL protein including its hydrophobic C-

terminus available in considerable quantities. Site directed mutagenesis and dele-
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tion constructs have clearly indicated the implication of the α5 and α6 helices of

Bcl-XL in ion-channel activity, cytotoxicity, and interaction with pro-apoptotic pro-

teins126,127,128. Unfortunately, the expression and purification of full length Bcl-2

family proteins remains difficult with yields unsuitable for a full fledged solid-state

NMR structural investigations. Whereas work on optimizing the conditions for

preparations of full length Bcl-2 proteins continues in our laboratory, we have stud-

ied individual domains of the proteins which can be obtained by solid-phase peptide

synthesis. The structural details of membrane-associated Bcl-XL and Bax proteins

in their monomeric or channel forming conformations (a process associated with re-

organization of their tertiary structure) certainly increase our knowledge about how

these proteins fulfill their regulatory functions and hence how their malfunction lead

to apoptotic cell death124,129,130. Therefore we have investigated Bax-C terminus,

α5-loop-α6 and the hydrophobic C terminus of Bcl-XL reconstituted in phospho-

lipid bilayers. Using proton-decoupled 31P and 15N solid-state NMR spectroscopy,

we try to understand how these peptides interact with the membrane bilayers for

stable insertion.

For the analysis of the structure, dynamics, and orientational distribution of

helical peptides reconstituted in membrane bilayers, solid-state NMR spectroscopy

has been employed as a successful method31,32,33. Site-specific isotope labeling of

amino acids made it more reliable for solid-state NMR which yields a sensor for

the orientation and dynamics at the site of particular residue(s). In static oriented

samples, the chemical shift of 15N labelled peptide is dependent on the alignment

of the polypeptide with respect to the magnetic field direction. As a consequence,

the well-characterized 15N chemical shift provides information for the membrane

alignment of helical peptides. 15N chemical shifts smaller than the isotropic value are

correlated with helix orientations approximately parallel to the membrane surface,

whereas larger chemical shifts are indicative of transmembrane alignments31.

4.2 Materials and methods

HLH, Bcl-X(C) and Bax-C peptides were prepared by solid-phase peptide synthesis

on a Millipore 9050 or an Applied Biosystems 433A automatic peptide synthesizer

using Fmoc (9-flourenylmethyloxycarbonyl) chemistry72,73.

The HLH peptide (RDGVNWGRIVAFFSFGGALCVESVDKEMQVLVSRIAAW-
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MATYLNDHLE) has been synthesized by using a TentaGel R PHB-Glu(t-Bu)

resin (RAPP Polymer, Tubingen, Germany). By applying double couplings at

each step, by acetylating non-reacted fragments and in particular, and by using

the ’pseudo proline’ method74 at the Phenylalanine-serine(13-14), Glutamic acid-

serine(22-23), and Valine-serine(32-33) positions (Fmoc-Phe-Ser(Ψ-Me, Me Pro)-

OH; Fmoc-Glu(OtBu)-Ser(Ψ-Me, Me Pro)-OH; Fmoc-Val-Ser(Ψ-Me, Me Pro)-OH

purchased from Nova Biochem), we have got a good yield during the HLH synthesis.

At the 11th and 36th positions of HLH, the 15N labeled derivative of alanine was

inserted (Cambridge Isotopes Inc., USA).

The Bcl-X(C) peptide (ERFNRWFLTGMTVAGVVLLGSLFSRK) was synthe-

sized by using a TentaGel R PHB-Gly Fmoc resin (RAPP Polymer, Tubingen, Ger-

many). The yield of Bcl-X(C) was improved by applying double couplings at each

step. At the 14th position of Bcl-X(C), 15N labeled derivative of alanine was inserted

(Cambridge Isotopes Inc. USA).

The synthetic products were purified by reversed phase high performance liquid

chromatography using an acetonitrile/water gradient (218TP54 Column, C18, 300Å,

5 mm, 4.6 mm i.d. 250 mm; Vydac France).

The Bax C terminal peptide (GTPTWQTVTIFVAGVLTASLTIWKKMG) was

synthesized by growing the chain on a Fmoc-Lys(Boc)-wang resin (Nova-biochem,

Darmstadt, Germany). Peptide yield was improved by double coupling all the

residues. At the 13th position of Bax C, the 15N labeled derivative of alanine was

introduced (Cambridge Isotopes Inc., USA). The synthetic peptide was then purified

by using reversed phase high performance liquid chromatography using an acetoni-

trile / water gradient (Prontosil 300-5-C4 5.0m column; Bischoff Chromatography,

Leonberg, Germany). The identity and purity of the synthesized peptides were ana-

lyzed by using the matrix-assisted laser desorption ionization mass spectroscometry

(MALDI-MS) and analytical reverse phase HPLC.

The lipids 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) as well as

the 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), and 1,2-dioleoyl-sn-

glycero-3-phosphoethanolamine (DOPE) were purchased from Avanti Polar Lipids

(Birmingham, AL). The phospholipid 1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)]

(DOPG) was purchased from Sigma Aldrich (Lyon, France)

In order to reconstitute Bcl-XL in oriented membrane bilayers, 10 mg of the

peptide was dissolved in 5 ml of hexafluoroisopropanol. In parallel about 150 mg

of DOPC:DOPG (70:30%) lipid was dissolved in 4.5 ml of chloroform. The lipid
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and peptide solutions were mixed to yield 1 mol% peptide-to-lipid molar ratio. As

addition of water/ buffer results in phase separations during the sample preparations,

the pH of the HLH was not modified by addition of aqueous NaOH and a final pH

of 6.5 was obtained.

Bcl-X(C) samples were prepared by dissolving around 11 mg of the peptide (2 mol%

of the lipid) in 2 ml of trifluroethanol. At this stage, the pH of the sample was set to

7.5 pH by using about 65 µl of 1 mM Tris buffer and 45 µl 1 N NaOH. In parallel,

about 250 mg POPC were dissolved in dichloromethane. Mixing the appropriate

amounts of peptide and lipid solutions resulted in clear solutions.

In order to reconstitute the Bax-C peptide into oriented lipid bilayers, about 11

mg peptide was dissolved in hexafluroisopropanol (3 ml) and mixed with 250 mg of

POPC. During the preparation the pH of the sample was set to 7.5 pH using 65µl

of 1mM Tris buffer and 60µl 1N NaOH and the peptide-to-lipid molar ratios were

maintained at 2 mol%.

The lipid-peptide mixtures were then applied onto 30 ultra-thin cover glasses

(9×22 mm; Paul Marienfeld GmbH & Co. KG, Lauda-Konigshofen, Germany),

first dried in air and thereafter in high vacuum (1.8×10−2 mbar) over night. The

samples were thereafter equilibrated in a closed chamber of 93% relative humidity.

This condition of the gas phase is obtained due to contact with saturated salt solution

of KNO3,
75. After 3-5 days the glass plates were stacked on the top of each other

and the stacks were stabilized and sealed with teflon tape and plastic wrappings.

For solid-state NMR spectroscopy the samples were introduced into the flattened

coils76 of a double-resonance probe and inserted into the magnetic field (9.4 Tesla)

of a Bruker Avance 400 MHz wide-bore solid-state NMR spectrometer. The samples

were oriented with the membrane normal parallel to the B0 field of the spectrometer.

Proton-decoupled 15N solid-state NMR spectra were acquired using MOIST cross-

polarization28 and the following parameters: 1H B1 field of approximately 45KHz,

1ms contact time, 3s recycle delay, spectral width: 37 KHz, 512 data points, number

of acquisitions: 46000. During acquisition the sample was cooled with a stream of

air at room temperature. An exponential apodization function (corresponding to

a line-broadening of 200 Hz) was applied before Fourier transformation. Chemi-

cal shift values are referenced with respect to NH4Cl (41.5 ppm) corresponding to

approximately 0 ppm for liquid NH3.

The static 31P solid-state NMR spectra were acquired using a phase cycled Hahn

echo pulse sequence131,132 and by using the following parameters: 31P 90◦ pulse
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Figure 4.1: Oriented solid-state NMR spectra of 1mol% α5-loop-α6 reconstituted in 70:30%
DOPC:DOPG.  a) Proton-decoupled 15N solid-state NMR spectrum and b)31P solid-state NMR
spectrum of α5-loop-α6. Note that a small peak around 18 ppm may be due to the lipid degradation.
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Figure 4.2: 31P solid-state NMR spectra of control of α5-loop-α6 reconstituted in lipid bilayer.  a)
0.5 mol % b) 1.0 mol % c) 1.5 mol % and d) 2 mol % of α5-loop-α6.
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Figure 4.3: Proton-decoupled solid-state NMR spectra of 2mol% Bcl-X(C) reconstituted in POPC.
a) Proton-decoupled 15N solid-state NMR spectrum and b) 31P solid-state NMR spectrum of Bcl-
X(C).
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Figure 4.4: Proton-decoupled solid-state NMR spectra of 2mol% Bax-C reconstituted in POPC
bilayers. a) Proton-decoupled 15N solid-state NMR spectrum and b) 31P solid-state NMR spectrum
of Bax-C. Note that a small peak around 20 ppm may be due to the lipid degradation due to
extended hydration.
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Figure 4.5: Helical wheel representation of α5 and α6 of Bcl-XL
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length 2.2 µs, recycle delay 3 s, spectral width 26 KHz, 512 data points, number

of acquisitions 500. During acquisition the sample was cooled with a stream of

air at room temperature. An exponential apodization function (corresponding to

a line-broadening of 30 Hz) was applied before Fourier transformation. Chemical

shift values were referenced with respect to H3PO4 corresponding to approximately

0 ppm.

4.3 Results

In our solid-state NMR investigations, the peptides were reconstituted into

mechanically oriented phospolipid membranes, that are spread along the glass

surfaces with their normal parallel to the B0 field. 31P-NMR spectra of these

peptides show one predominant 31P resonance observed around 28 ppm (Figure

4.1b, 4.3b and 4.4b). This demonstrates that the phospholipid molecules are

oriented with their long axes parallel to the magnetic field direction. However,

peptide induced conformational changes or small misalignment of the membranes

in the lipid headgroup region133, result in minor contributions to the total 31P

signal intensity at chemical shift frequencies between 30 and -22 ppm.

Proton-decoupled 15N solid-state NMR spectra of HLH, Bcl-X(C) and Bax-C

polypeptides in oriented lipid bilayers are shown in figure 4.1a, 4.3a and 4.4a

respectively. The 15N label is positioned in the central portion of helical segments

of α5 and α6 and these NMR spectra are indicative of the orientation of helical

polypeptides with respect to the lipid bilayer. From the oriented sample, each

spectrum consists of a relatively narrow single line with a resonance frequency

within the span of the chemical shift anisotropy (ranging from ∼230 to 60

ppm78,79). This demonstrates that all the peptides and 15N labeled residues are

immobilized by strong interactions with lipid membranes.

In proton-decoupled 15N solid-state NMR, a resonance with maximum intensity

at 88 ppm was observed for the two 15N labeled alanines at positions 11 and 36 of

HLH. These sites are located almost in the central part of the α5 and α6 helices

respectively (Figure 4.5). This value indicates an approximately in-plane orientation

of this helix-loop-helix structure. In order to test whether the amount of peptide

added to the lipid membranes disrupts the bilayer structure, proton-decoupled 31P

spectra at different HLH-to-lipid molar ratio were also recorded (Figure 4.2). The
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data indicate that at 1 mol% of helix-loop-helix peptide does not disrupt the mem-

brane bilayer struture.

Figure 4.3a shows proton-decoupled the 15N solid-state NMR spectrum of Bcl-

X(C) reconstituted in POPC lipid bilayer. A narrow resonance is observed for the

peptide at 213 ppm which is indicative of a transmembrane orientation. The 31P

solid-state NMR spectrum of the same sample is clearly indication of an ordered

and well oriented POPC bilayer.

Although the signal to noise ratio of the spectrum of Bax-C (Fig. 4.4a) is low,

its one predominant resonance at 69ppm is clearly resolved. The 15N chemical shift

frequency of the labelled alanine residue in the middle of the helix is characterstic

of helix orientations parallel to the membrane surface. Although, both Bcl-X(C)

and Bax-C samples were prepared using the same molar ratio, distorted peaks from

the 31P solid-state NMR spectrum of the Bax-C sample indicate that contributions

resulting from the peptide induced conformational changes in the lipid bilayer.

4.4 Discussion

Structural changes involved in the activation of Bcl-2 family members during apop-

tosis remain largely unknown. We have investigated segments of Bax and Bcl-XL

with the aim to better understand the mechanism of membrane insertion and the

structural organization of these peptides. Earlier investigations indicate that Bcl-

XL and Bax form pores in lipid bilayers and vesicles134. However, numerous studies

have shown that the C-terminus of the anti-apoptotic proteins Bcl-XL and Bcl-2 is

essential for its membrane insertion and anti-apoptotic function.

Anti-apoptotic Bcl-XL protein has been proposed to be anchored by its tail contain-

ing the C-terminal hydrophobic helix135. Mutagenesis analysis on Bcl-XL suggested

a mitochondrial consensus sequence for the C-terminus of Bcl-XL
136. Due to their

two basic residues in their C-terminus, it was proposed that Bcl-XL protein are

targeted to the MOM137. Interestingly, the Bcl-XL C-terminus fullfils the criteria

established for mitochondrial pre-sequences in being around 20 amino acids long,

being able to form a basic helix138,139,140 and being followed by one or two basic

amino acids141,142.

To our knowledge for the first time, using proton-decoupled 15N solid-state NMR

spectroscopy (Figure 4.3), we were able to show that the C-terminus of Bcl-xL is in-
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Figure 4.6: Stepwise insertion of helical fragments of Bcl-XL. The series include first anchoring of
the hydrophobic C-terminus (Fig.4.6a), position of channel forming helical hairpin approximately
parallel on the membrane surface (Fig.4.6b) .
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serted into the membrane in a transmembrane fashion. We studied the α5-loop-α6

segment at pH 6.5 and in the presence of anionic lipid, because such an environment

was also used during ion-channel measurements of the Bcl-XL protein124. This is

thought to favor electrostatic interactions between the lipids and the charged pep-

tide. From the proton-decoupled 15N solid-state NMR result (Figure 4.1), it is evi-

dent that α5-loop-α6 of Bcl-XL is oriented in-plane with the membrane under the

conditions used in our investigations. The proton-decoupled 15N solid-state NMR

data of uniformly 15N labeled Bcl-XL protein (lacking the C-terminus) also indicates

that the protein is associated with the phospholipid bilayer with its helices parallel

to the membrane surface (unpublished data from Aisenbrey, C. Bechinger, B. and

Lakey, J. H.). Nevertheless, we can not rule out the possibility that an equilibrium

exists between an in-plane and a transmembrane oriented hairpin143 under different

conditions e.g. highly acidic pH, as proposed by the umbrella model. The channel

hypothesis of Bcl-XL proposes that under low pH condition, Bcl-XL oligomerizes

and inserts into the lipid bilayer to form ion-channels via their hydrophobic 5 and

6 helices124,144,145.

Under the conditions tested here, only a small amount of transmembrane helices

would be undetectable by solid-state NMR measurements due to the signal-to-noise

ratio. Therefore, we propose the penknife model as an intermediate state of Bcl-

XL, which involves the flipping out of α5 and α6 helices into the membrane like a

penknife opening with their hydrophobic surfaces.

Evidence for such a dynamic model also exists for the pore forming domains of col-

icin A. Liposome bound colicin A revealed that the channel was anchored into the

membrane by the hydrophobic C-terminal like an ’umbrella’ model146. Subsequent

studies on Colicin A by disulfide bond engineering proposed ’penknife’ model, where

the channel domain may be bound to the membrane surface with the helical axes

approximately parallel to the plane of the membrane and to the other uninserted

helices147,148.

However, it might be interesting to investigate whether these α5 and α6 insert into

the membrane either by increasing the fraction of negatively-charged lipids or by

lowering the bulk pH. This will help in understanding the influence of electrostatic

effects on the interaction assisted insertion of helical hairpin into the membrane.

Also, it would be worthwhile to investigate the influence of interactions between

membrane-bound helices during the insertion process as they might also play a piv-
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otal role50,149 in the insertion of the pore-forming domain into the membrane.

Atleast two questions remain to be answered: (i) Is the previously observed chan-

nel activity of Bcl-XL protein at non-physiological pH (pH 4) meaningful, in spite

of the observation of changes in pH during apoptosis. (ii) What is the structural

basis of the functional differences between Bcl-XL and Bax proteins? In the pro-

posed umbrella model of Bcl-XL
143, the structural investigations were performed

with proteins lacking the hydrophobic C-terminus. Therefore it is still intriguing

to know whether the full length Bcl-XL protein can simultaneously accommodate

transmembrane insertion of the helix-loop-helix and the hydrophobic C-terminus.

The ensemble of data obtained from our experiments suggests that the hydrophobic

C-terminus of Bcl-XL may function as a signal anchor that also mediates targeting

and insertion of the protein into the mitochondrial outer membrane. The bulk of

anti-apoptotic Bcl-XL resides in the membrane surface and only the C-terminal is

inserted inside the mitochondrial outer membrane. It is possible that the domain

of Bcl-XL exposed to cytosol could segregate a pro-apoptotic protein e.g. Bax from

entering the mitochondrial outer membrane. Therefore it is suggestive that the C-

terminus Bcl-XL is inserted into the mitochondrial outer membrane for protecting

the mitochondria from the apoptotic cell death.

The questions remains whether receptors in the mitochondrial outer membrane

can discriminate between amphipathic helices and hydrophobic tail-anchoring pro-

teins? Detailed investigations on translocase in the outer membrane of mitochondria

(TOM) complex indicate that components of the TOM complex, Tom20, Tom22 and

Tom70, can independently act for binding the discrete parts of a mitochondrial pre-

cursor protein150,151.

A common mechanism of insertion into membranes between Bcl-2 and Bax has also

been suggested mainly on the basis of the structural similarity of their hydropho-

bic C-terminal and their co-localisation144,152. However, the anchoring function of

C-terminus of pro-apoptotic Bax is far less clear. In contrast to Bcl-XL C-terminus,

the proton-decoupled 15N solid-state NMR data (Figure 4.4a) show that the Bax-C

terminus is associated with planar phospholipid membranes at orientations parallel

to the surface. Previously it has been demonstrated that the complete deletion or

the replacement of C-terminus of Bax by a random coiled sequence enhances mem-

brane insertion of Bax153. In spite of both N- and C- termini truncation, Bax mutant

still exhibited a binding activity to mitochondria. From the mutagenesis data, it

was also proposed that C-terminus of Bax in its native conformation prevents Bax
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and mitochondria interaction153. Even though Bax-C terminus is hydrophobic, in a

cell-free system it has been shown that the hydrophobicity alone cannot impact its

specific targeting135. In support of this view, F. Vallette and co-workers154 suggested

that in a cell-free system, Bax interacts with the membrane not as a transmembrane

fashion. Studies of Bax lacking its C-terminus exhibit that this protein still interacts

with mitochondria and kills both mammalian154 and yeast cells153,155. This suggests

that the C-terminus of Bax is not a key element for the mitochondrial targeting and

insertion. Therefore, the C-terminal hydrophobic end of Bax may not contain a

membrane anchoring signal.

However, it remains possible that the proton gradients that exist across mitochon-

drial membrane induce Bax conformational changes resulting in the integration of

its C-terminus. Also, mutagenesis studies117 have shown that a single amino acid

substitution of the C-terminal end of Bax allows its mitochondrial localization. It

was suggested that the N-and C terminal ends cooperate in the insertion into the

mitochondria. Thus, the in-plane orientation in membrane bilayers may be an in-

termediate step during activation and membrane insertion of Bax.

Previous studies on Bax also suggested the death of cells by two probable mech-

anisms: one was linked to Bax channel-formation in the membrane by its alpha5-

alpha6 helices128,156. Another mechanism was attributed to the ability of Bax to

dimerize with pro-apoptotic Bcl-2 family proteins through its BH3 (alpha-helix2)

domain, thereby negating their cell survival functions157,158. Experimental results

of Gerd Heimlich and coworkers159 indicate that Bax without the C-terminal do-

main can also induce cytochrome c release similar to the full-length Bax proteins.

In this study, the deletion of the putative pore forming alpha-helices-5 and -6, re-

strained the insertion of Bax protein into the mitochondrial membranes. This also

reduces cytochrome c-releasing activity of Bax protein. Therefore, it is possible that

the C-terminus of Bax is associated in the membrane surface free to interact with

its own hydrophobic groove or with the groove of anti-apoptotic proteins thereby

burying the hydrophobic residues160. This might explain the increased solubility of

Bax. However, under suitable apoptotic activation conditions, Bax may undergo a

conformational change, thereby disengaging its C-terminus for insertion into the mi-

tochondrial outer membrane. Therefore from all the experimental results117,153,154,155

we suggest that the Bax C-terminus may involved for Bax conformation and its sol-

ubility in cytosol rather than membrane anchoring.



Chapter 5

15N and 31P solid-state NMR

studies of antimicrobial peptides

NK-2 and Citropin 1.1. in lipid

bilayers

5.1 Introduction

Antimicrobial peptides (AMP) are found in host defence settings and exhibit an-

timicrobial activity at physiological concentrations. More than 840 antimicrobial

peptide sequences have been reported so far ∗, which comprise 10-50 amino acids.

They are known to act against both Gram-positive and Gram-negative bacteria,

yeast and fungal strains, protozoa and viruses. In some cases, peptides can also

have anti-cancer and haemolytic activities.

Structurally, AMPs belong to three distinct classes based on their 3D struc-

tures161: (i) Linear alpha-helical peptides free of cysteines and often of amphipathic

structure (ii) peptides with three disulphide bonds with a flat dimeric beta-sheet

structure and (iii) peptides with unusual bias in certain amino acids, such as pro-

line, arginine, tryptophan or histidine. Commonly, a positive net charge (to facilitate

∗http://www.bbcm.univ.trieste.it/∼tossi/pag2.htm

43
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binding to bacterial phospholipids) and an amphipathicity with a hinge helps the

peptide to associate with the bacterial membrane.

In spite of considerable variation in primary and secondary structures of these an-

timicrobial peptides, common mechanistic features have been suggested. First, the

peptides interact with anionic phospholipids of the microbial membrane. This will

lead to membrane permeabilization and pore formation by either peptide-induced

ion conduction or leakage through the lipid bilayers. Ultimately cell lysis causes cell

death. At least four mechanisms for disruption of membrane integrity have been

suggested: (i) the barrel-stave model which is accompanied by a highly cooperative

self association of membrane-bound peptides, but is unlikely to be generally applica-

ble to alpha-helical antimicrobial peptides, given the variability in their makeup (ii)

The wormhole model, where the antibiotic peptides influence the mobility and struc-

ture of fatty acid chains of phospholipids causing the formation of a pore lined with

phospholipids and amphipathic molecules. The membrane then looses its selective

barrier function between intra- and extracellular medium (iii) The carpet-like model,

in which peptide molecules accumulate with an alignment parallel to the surface.

The adsorbed peptides disrupt the packing of the lipid molecules, thereafter, the

membrane becomes leaky and the cell can no longer maintain an osmotic gradient,

(iv) The detergent-like effect, which disintegrates the vesicular membranes by the

strain imposed from a high local concentration of the peptide. In-plane inserted

peptides and membrane thinning cause disturbance of the bilayer packing within a

diameter of ≤ 100 Å. By the density fluctuation of peptides and associated modu-

lations of local concentrations can result in stochastic membrane openings resulting

those observed in more well-defined channels. Notably such ’channels’ have also

been characterized in the presence of detergents.

The presence of a positive net charge, the hydrophobicity and the alpha-helicity

of the peptides have been regarded as major factors effecting their antibacterial

activity162,163,164,165,166,167,168. Other studies have revealed that the increase in the

net positive charge of membrane-active peptides results in an improvement of their

antibacterial activity169,170. It seems possible that the positive net charge and he-

licity have been adopted to increase the efficiency against bacterial targets, which

are characterized by differences in cell wall and cell-membrane.

Amphibian skin is one of the sources of antimicrobial peptides. The discovery of

many frog and toads skin peptides has been reported in recent years171. Citropin is

an antibiotic and anticancer agent secreted from the glandular skins of Australian
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Figure 5.1: Helical wheel representation of citropin 1.1. Note the clear separation of hydrophilic
and hydrophobic residues.
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Figure 5.2: View of NK-2 region within NK-Lysin. The dark region represents the part of the
structure that resembles the synthetic peptide antibiotic NK2 (39-65) deduced from the NK-lysine
sequence 82.
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Blue Mountains tree frog Litoria.citropa172,173. The peptide has been shown to in-

hibit neuronal nitric oxide synthase (nNOS) even at 10−6M concentration range.

This concentration is significantly less than that required to cause lysis of red blood

cells174. Citropin is known to be particularly effective against Gram-positive bacte-

ria172. From the solution NMR studies, it is proposed that citropin 1.1 adopts an

amphipathic α-helical structure in water/trifluoroethanol mixture172. The helical

wheel diagram of citropin 1.1 shown in figure 5.1.

Another peptide of interest is 27-residues synthetic analog peptide NK-2 (KIL-

RGVCKKIMRTFLRRISKDILTGKK) in which, leucine, serine and tryptophan residues

from NK-lysin (figure 5.2) were replaced by valine6, threonine13 and lysine20 re-

spectively. This peptide represents the cationic core region (39-65) of the potent

effector molecule NK-lysin (Natural Killer)175. Earlier studies about NK-2 show

that, it exhibits potent activity against bacteria without being toxic against human

cells175,176,177. It has been shown that NK-2 adopts an amphipathic alpha-helical

structure in hydrophilic environments, i.e, in water175. We reconstituted NK-2 in

POPE:POPG bilayer, at 4:1 ratio. POPG is only abundant in bacterial cell mem-

branes and furthermore as a negatively charged lipid it should act electrostatic coun-

terpart for the cationic peptide. On the other hand, POPE is a critical membrane

component because it exhibits a non-planar bilayer structure which is assumed to

support membrane fusion or membrane destruction in the case of peptide antibi-

otics NK-2. Interestingly, the helix-loop-helix structure of the region corresponding

to NK-2 within the NK-lysin 3D-structure resembles to the structure of cecropin

A178. Figure 2 shows a view of the NK-2 region inside NK-Lysin.

To understand the function of these antibacterial peptides, the orientation of

the peptides in phospholipid bilayer membranes was investigated in this study using

proton-decoupled 15N and 31P solid-state NMR spectroscopy. In order to establish

the orientation of a peptide or protein domain within the membrane37,179,180, the

wealth of information available from orientational dependent NMR frequencies has

been used15,181. Generally, in an alpha-helix the amide NH bonds align approx-

imately parallel to the long helical axis. The 15N chemical shifts < 100 ppm are

therefore indicative of helix alignments approximately parallel to the membrane sur-

face, whereas chemical shift values > 180 ppm are associated with transmembrane

orientations16. In this chapter, we report the investigations of the structure-function

relationship of citropin 1.1 and the NK-2 peptides.
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5.2 Materials and methods

The Citropin 1.1 and NK-2 peptides were prepared by solid-phase peptide synthesis

on a Millipore 9050 or an Applied Biosystems 433A automatic peptide synthesizer

using Fmoc (9-flourenylmethyloxycarbonyl) chemistry72,73.

Citropin1.1 was synthesized by using a TentaGel S RAM-Leu-Fmoc resin (RAPP

Polymer, Tubingen, Germnay). This results in C-terminal carboxy amides after the

cleavage reaction. At the 10th position of citropin1.1 (cf page iv), the 15N labeled

derivative of alanine was inserted (Cambridge Isotopes Inc., USA). The synthetic

products were purified using reversed phase high performance liquid chromatography

using an acetonitrile / water gradient and a Vydac 218TP54 Column, C18, 300 Å,

5 mm, 4.6 mm i.d.× 250 mm (Nantes, France).

NK-2 peptides (GLFDVIKKVASVIGGL-NH2) were synthesized by using the

standard synthetic protocols of double coupling for all the residues and by using a

Fmoc-Lys(Boc)-wang resin (Novabiochem, Darmstadt, Germany). Either position

6 or 18 of NK-2 (cf page iv), were labelled with the 15N derivative of valine and

isoleucine, respectively (Cambridge Isotopes Inc., USA). The synthetic products

were purified using reversed phase high performance liquid chromatography using

an acetonitrile / water gradient and a Prontosil 300-5-C4 5.0µm column (Bischoff

Chromatography, Leonberg, Germany).

The identity and purity of the synthesized peptides were analyzed using matrix-

assisted laser desorption ionization mass spectroscometry (MALDI-MS) and analyti-

cal reverse phase HPLC. The lipids 1-palmitoyl-2- oleoyl-sn-glycero-3-phosphocholine

(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (POPG) and

1-palmitoyl-2-oleoyl-sn-glycero-3-phos-phoethanolamine (POPE) were purchased from

Avanti Polar Lipids (Birmingham, AL).

In order to reconstitute citropin 1.1 peptide into oriented lipid bilayers, typically

10 mg peptide was dissolved in hexafluoroisopropanol (3 ml) and mixed with 250

mg of POPC lipid in hexafluoroisopropanol. The peptide-to-lipid molar ratio was

maintained at 2 mol%. During the preparation the pH of the sample was set to 7.5

using about 65 µl of 2mM Tris buffer and 1N NaOH.

About 11 mg the NK-2 peptide was dissolved in hexafluroisopropanol. After dis-

solving the peptide in hexafluroisopropanol a pH of 6.5 was obtained and the peptide

was then mixed with 130 mg (POPE: POPG 4:1) lipids in dichloromethane/methanol



                                                                                                                                                                         F36

Figure 5.3: Proton-decoupled solid-state NMR spectra of 2mol% NK-2 15N Val6 in 4:1
POPE:POPG bilayer at room temperature. a) Proton- decoupled 15N solid-state NMR spectrum
and b) proton-decoupled 31P solid-state NMR spectra before and c) after 6 hrs incubation at 30° C
which is correspond to the above 15N solid-state NMR spectrum a) .
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Figure 5.4: Proton decoupled solid-state NMR spectra of 2mol% NK-2 15N Ile18 in 4:1
POPG:POPE bilayer at room temperature. a) Proton-decoupled 15N solid-state NMR spectrum and
b) proton-decoupled 31P solid-state NMR spectrum. Note that the sample was not incubated at 30°
C.
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(2ml/1ml). The peptide-to-lipid molar ratio therefore was 2 mol%. Since addition

of water/buffer results in phase separations during the preparation, this sample was

prepared without aqueous additions.

The lipid-peptide mixtures were applied onto 30 ultra-thin cover glasses (9×

22mm; Paul Marienfeld GmbH & Co. KG, Lauda-Konigshofen, Germany), first

dried in air and thereafter in high vacuum (1.8 × 10 −2 mbar) over night. Thereafter,

the samples were equilibrated in a closed chamber where a defined relative humidity

93 % was obtained by contact with a saturated salt solution of KNO3
75. After

3-5 days the glass plates were stacked on the top of each other. The stacks were

stabilized and sealed with teflon tape and plastic wrappings.

For solid-state NMR spectroscopy the samples were introduced into the flat-

tened coils76 of a double-resonance probe and inserted into the magnetic field (9.4

Tesla) of a Bruker Avance 400 MHz wide-bore solid-state NMR spectrometer. The

samples were oriented with the membrane normal parallel to the B0 field of the

spectrometer. Proton-decoupled 15N solid-state NMR spectra were acquired using

the MOIST cross-polarization pulse sequence28. The static solid-state NMR spectra

were acquired using the following parameters: 1H B1 field of approximately 45 KHz,

1ms contact time, 3s recycle delay, spectral width: 37KHz, 512 data points, approx-

imate number of acquisitions 40000. During acquisition the sample was cooled with

a stream of air at room temperature. An exponential apodisation corresponding to

a line-broadening of 200 Hz was applied before Fourier transformation. NH4Cl (41.5

ppm) was used as a reference corresponding to approximately 0 ppm for liquid NH3.

5.3 Results

We prepared citropin 1.1 and NK-2 peptides by using solid-phase peptide synthesis,

labelled with 15N at a single site within the central part of the polypeptide recon-

stituted into uniaxially oriented lipid bilayers and investigated by proton-decoupled
15N and 31P solid-state NMR spectroscopy. The orientational dependence of the
15N chemical shift interaction serves as a source of structural information.

Proton decoupled solid-state NMR spectra of NK-2 peptides specifically labelled

with 15N at positions Val6 or Ile18 and reconstituted in phospholipid bilayers are

shown in figure 5.3 and figure 5.4. Figures 5.3a and 5.4a represent proton-decoupled
15N solid-state NMR spectra, while figures 5.3b, 5.3c and 5.4b show proton-decoupled
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Figure 5.5: Proton-decoupled solid-state NMR spectra of 2mol% citropin 1.1 labelled with 15N at
Ala10, in POPC bilayer at room temperature. a) Proton-decoupled 15N solid-state NMR spectrum
and b) 31P solid-state NMR spectrum.
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31P solid-state NMR spectra obtained from the same samples. Both 15N spectra

indicate that the 15N-labeled residues are structured and immobilized on the time

scale of the 15N chemical shift interaction. A single 15N resonance is observed at

98ppm for 15N-Val6 (Figure 5.3A) and at 94 ppm for 15N-Ile18 (Figure 5.4A). The

values less than 110 ppm indicate peptide alignments approximately parallel to the

bilayer surface, albeit the 98 ppm value suggests a high degree of motion and a

considerable tilt away from perfect in-plane182.

Interestingly, oriented 31P NMR spectrum of NK-2 15N-Val6 in POPE:POPG

lipid bilayers indicates a separation of POPE and POPG lipid phases (Figure 5.3B),

and a homogeneous mixing after 6 hours at 30◦C and storage at -20◦C (Figure

5.3C). Note the improved alignment of the lipid phase after the incubation step.

Thus, the lipid mixing was accomplished after heating well above the lipid phase

transitions of POPE (Tc=26.1◦)183 and POPG (Tc=-4◦) †. Figure 5.5A. shows

the 15N resonance of Ala-10 of citropin 1.1 oriented in POPC lipid bilayers. The

resonance at 77 ppm demonstrates the alignment of the N-H bond of citropin 1.1

approximately perpendicular to the field and parallel to the surface of the lipid

bilayer. Figure 5.5B shows the 31P NMR spectrum of the same sample, where

additional small peaks become apparent due to degradation after extended storage

at high hydration.

5.4 Discussion

Previous studies of citropin 1.1 and NK-2 indicate that these antimicrobial peptides

adopt alpha-helix conformations in the hydrophilic environments172,175. The current

investigation of proton-decoupled 15N solid-state NMR spectra indicate that citropin

1.1 and NK-2 peptides interact with oriented lipid bilayers in such a manner that

they adopt a unique set of alignments.

As the sample was inserted into the NMR magnet with orientations of the bi-

layer normal parallel to the B0 field, the data indicate an alignment of the 15N-1H

vector approximately parallel to the bilayer surface. In an α-helical structure, the

amide NH bonds orient approximately parallel to the long axis. Therefore, proton-

decoupled 15N solid-state results indicate that the helices accompanying Val6 and

Ile18 of NK-2 and Ala10 of citropin1.1 are oriented approximately parallel to the

†http://www.lipidat.chemistry.ohio-state.edu
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membrane surface (Figure 5.3-5.5).

Amphipathic antimicrobial peptides often (when solid-state NMR spectroscopy

has been used) exhibit their activity by orienting in-plane to the lipid membrane

interface with their polar part inserted between the lipid headgroups and the hy-

drophobic face buried inside the hydrocarbon core. Peptides in this situation mod-

ulate the physical properties of the host membrane e.g. decrease the membrane

thickness, modify of the molecular order parameter along the lipid chains or al-

ter the preferred bilayer curvature184,185,186. Peptides adsorbed into the membrane

surface have been shown to perforate the membrane bilayer. At higher concentra-

tions, the interfacially adsorbed amphipathic peptides might self-assemble within the

membrane plane into a ’carpet’ and cause cooperative transitions of the macroscopic

phase properties of the membranes187,188,189,190.

A large diversity of phospholipids exist in biological membranes. It is thought

that specific membrane activities are related to the physicochemical properties of

the phospholipid membranes191,192. Especially the chemical compositions of mi-

croorganisms and physical conditions of the membranes are of interest since it has

been suggested that these characteristics play an important role in the regulations

of antimicrobial activities68,193. Cationic antimicrobial peptides preferentially bind

to membranes containing acidic phospholipids such as PG or PS due to strong elec-

trostatic interactions194,195. This has been demonstrated with cecropins196, and ma-

gainins197. However, the outer leaflets of eukaryotic cell membranes predominantly

contain zwitterionic phospholipids such as phosphatidylcholine198. In many cases

a direct correlation was found between the strength of membrane permeation and

the potency to kill bacteria167. For example, gramicidin S and human neutrophil

peptide exhibit a high permeating activity on PE/PG membranes, matching the

composition of the inner membrane of Escherichia coli, also highly active on this

bacterium199.

The antibiotic and anticancer activities of citropins and similar type peptides

are believed to be due to the disruption of the cell membrane. In an alpha heli-

cal conformation, at least 16-18 amino acid residues are required to span the lipid

bilayer of bacterial or cancer cells50,200,201. Although citropin 1.1 adopts an alpha-

helical structure172, the length is too short to span the lipid bilayer. Therefore, the

antibacterial activity of citropin 1.1 cannot be easily explained by pore-formation

through transmembrane helical aggregates. Our results suggest that the lytic activ-

ity of citropin peptides is due to peptides oriented parallel to the membrane surface
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in a carpet-like manner50. This eventually result in the transient destabilization of

the membrane and bilayer openings.

However, our data do not exclude that, there might be peptide aggregation on

the membrane surface as a precursory condition for pore formation.194,202,203,204.

Interestingly, NK-2 peptides are known to act by direct physical destabilization

of the target cell membrane. A probable explanation about the mode of action of

NK-2 is that, it might be due to the curvature strain exerted by the peptide on the

lipid bilayer upon NK-2 binding. The positive net charge of NK-2 peptide (+10)

helps for binding and electrostatic interactions. When NK-2 is associated with the

headgroups of the membrane, the helical axis is oriented parallel to the interface.

Other antibiotic peptides have been shown to cause membrane thinning, with the

amount of thinning being directly proportional to the peptide-to-lipid ratio205,206.

Interestingly, the neutron diffraction data (unpublished results Regine Willumeit,

et al GKSS, Geesthacht) exhibit a significant difference in the position of the NK-2

peptide for both POPE and POPG membranes. While the peptide associated with

the interface of POPE bilayers, the peptide inserts parallel to POPG membrane

surface but penetrates much deeper into the bilayers. Biosensor experiments also

revealed a binding capability of NK-2 for the PE surface175. However, there was

no binding of the NK-2 observed to PC monolayers. Being embedded in the PE

headgroup region, the peptide increases the area of the membrane. At the same time,

the volume of the hydrocarbon region of remains constant, therefore the hydrocarbon

thickness decreases in proportion to the areal increase, and in turn this curvature

strain causes the collapse of the bacterial membrane. It is suggestive that NK-

2 binding would promote this curvature strain, which subsequently leads to the

collapse of the bacterial cytoplasmic membrane. The effect of curvature stress on

the membrane disruption has also been observed for other lytic peptides such as

magainin 2 or gramicidin S195,207.

Earlier several antimicrobial peptides have been widely studied by using different

biophysical techniques. For example, solid state NMR measurement of 15N-labeled

magainin oriented in membrane bilayer,76,179,208,209, Raman210, fluorescence87 and

differential scanning calorimetry measurements211 all indicated that even at high

and moderate lipid-to-peptide ratios, magainin is oriented parallel to the membrane

surface. Apart from that oriented circular dichroism measurements have indicated

that the peptide orientation depends on the amounts of the peptide bound to the

membrane205. At relatively low peptide concentration the helices adopt an in-plane
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Figure 5.6: Schematic representation of carpet model at 2mol% of NK-2 and citropin 1.1 peptides.
A) Peptides orient parallel to the membrane surface. B) & C) When a threshold concentration of
peptide monomers is reached, the membrane goes into pieces.
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orientation to the membrane surface. Whereas at higher peptide-to-lipid ratios (e.g.

1:30) a considerable fraction of the membrane bound peptide reorients perpendicu-

lar to the plane of the lipid bilayer. While attenuated total reflectance FTIR spec-

troscopy study on cecropin P1 indicates that this peptide initially orients parallel

to the membrane, even without entering to the hydrophobic environment164,212.

Our result suggest that the lytic activity of NK-2 and citropin peptides are due to

peptides oriented parallel to the membrane surface where at higher peptide-to-lipid

ratios, they aggregate in a carpet-like manner (Figure 5.6). At low concentrations,

the continuous diffusion of peptides in the membrane is associated with the changing

distances between them and orientation with respect to each other. Fluctuations

of local concentration might thus result in stochastic openings in the membrane as

observed in the case of magainins213,214.
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Chapter 6

Conclusions

In this section, the results from my research have been summarized with

conclusions.

In chapter 2, the 15N chemical shift observed for the LS peptides in all the samples

that we tested indicates that an alignment parallel to the membrane surface is the

preferred configuration of this series of amphipathic peptides when interacting

with the lipid bilayer. The in-plane alignment ideally reflects the perfect

amphipathic separation of polar and hydrophobic residues as it allows the serines

to be exposed to the water phase when at the same time the leucines are immersed

in the bilayer interior.

The close to 1:1 distribution of 15N signals indicates that the IP↔TM equilibrium

is governed by a free enthalpy close to zero under these conditions. This shows

that relatively small energetic changes can indeed modify the distribution of signal

intensities when the membrane hydration level or the sample pH are changed.

This experimental data can thus be concluded by a model where the peptide in the

water phase is in dynamic equilibrium with the membrane-inserted configurations,

adopting in-plane (IP) or transmembrane (TM) alignments.

In contrast to LS21 channels, the LS14 peptide remains surface-associated under

all conditions tested. This data suggests that LS14 is associated with the lipid

interface but is in conformational and / or topological exchange with the

membrane-associated layer.

From chapter 3, data from the proton-decoupled 15N solid-state NMR indicate

that (Pser-6)LS14 and (Pser-9)LS14 peptides exhibit in-plane orientation when

53
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reconstitute in DOTAP lipid. Proton-decoupled 31P static and MAS solid-state

NMR experimental data to characterize the phosphorylated peptide indicate the

presence of motion. Low-temperature experiments indicate the possible restriction

of amino acid side chain motions. More qualitative analysis of both orientation

and motional behaviour of these phosphorylated peptide in lipid bilayer is needed

for a complete characterization.

In chapter 4, data from the proton-decoupled 15N and 31P solid-state NMR

experiments indicate that the helix5-loop-helix6 domain of Bcl-XL is oriented

in-plane whereas the hydrophobic C-terminus of Bcl-XL adopts a transmembrane

orientation in lipid bilayers. However, Bax-C terminus is orientated in-plane when

reconstituted into lipid bilayers.

These experimental results suggest the possible association of monomeric Bax on

the surface of planar phospholipid membranes. In contrast, isolated C-terminus of

Bcl-XL exhibits a transmembrane alignment. The α5-loop-α6 domain of Bcl-XL is

oriented parallel to the surface but a dynamic exchange between transmembrane

and in-plane alignment might exist. We propose the penknife model as an

intermediate state of Bcl-XL, which involves the flipping out of α5 and α6 helices

into the membrane like a penknife opening their hydrophobic surfaces while

C-terminus remains anchored to the membrane.

In final chapter 5, experimental results by 15N and 31P solid-state NMR

investigations show that NK-2 and citropin 1.1 peptides bind to the surface of

phospholipid membranes in a parallel orientation. From the results, we suggest

that the lytic activity of NK-2 and citropin peptides is because they are oriented

parallel to the membrane surface. This results in the transient destabilization of

the membrane and bilayer openings.
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