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ABSTRACT

SOLID-STATE NMR STUDIES OF PHOSPHOLIPID MODEL
MEMBRANES AND MEMBRANE-ASSOCIATED
MACROMOLECULES

by Jun-Xia Lu

Cholesterol is commonly found in eukaryotic cell membranes and has implicated cellular
functions. The synthetic peptide KIGAKI is a peripheral membrane protein that has
greater antimicrobial activity than many natural-occurring antimicrobial peptides.
Phospholamban (PLB) is an integral membrane protein that regulates the contraction and
relaxation cycle of cardiac muscle cells in the heart by binding to Ca-ATPase. The three
membrane-associated macromolecules and their interactions with the phospholipid
membranes were studied.

The topology of magnetically oriented phospholipid bilayer model membranes (bicelles)
was probed using a high-resolution 'H-""C heteronuclear dipolar solid-state NMR
spectroscopy (SAMMY). Three different membrane-associated molecules (cholesterol,
KIGAKI and PLB) were incorporated into the bicelles. The effects of these molecules on
the membrane topology were compared and the SAMMY technique proved to be a fast
and promising way to detect the different modes of interaction of these membrane-
associated molecules with the bicelle membrane lipids.

The effect of cholesterol on the bicelles was further studied utilizing both solid-state “H
NMR and the EPR spin labeling approach. The results indicate a higher molecular
ordering of the lipids and a higher alignment transition temperature of the bicelles in the
presence of cholesterol.

Antimicrobial peptides can interact directly with the bacterial membranes and disrupt the
membranes without causing any harm to the host mammalian membranes. The

interaction mechanism between KIGAKI and different membrane mimics with various



lipid compositions was analyzed using solid-state H, *'P NMR and relaxation studies
from the membrane perspective. The results suggested a carpet interaction mechanism for
KIGAKI.

Uniform "N-labeled PLB was expressed as a maltose fusion protein in E. coli. BL21
(RIL) (DE3) cells and purified with a combination of affinity chromatography and
reverse phase C4 HPLC. Solid-state "N NMR studies concluded that PLB has two
populations with different dynamic motions upon reconstitution into POPC bilayers and
the difference is in the cytosolic segment of PLB. "N NMR studies of PLB on oriented
membranes also indicated that the transmembrane segment of PLB aligns close to the
bilayer normal, whereas the cytosolic segment aligns nearly perpendicular to the bilayer

normal and closer to the membrane surface.
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Chapter 1

Introduction



1.1 Membrane bilayers and membrane-associated molecules

Complex biological membranes are mainly composed of lipids and membrane
associated macromolecules such as cholesterol, proteins etc. (/). The lipids are mainly
phospholipids, forming a bilayer structure. Membrane-associated macromolecules
floating or embedded in the complex bilayer structure modify the membrane properties
and functions (/). The most common membrane structure model is the fluid-mosaic

model (Figure 1.1).
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Figure 1.1 Illustration of a cell membrane (by Mariana Ruiz wikipedia.org).

(Mariana Ruiz grants anyone the right to use this work for any purpose, without any conditions, unless such

conditions are required by law.)

The membrane is fluid and semi-permeable. The lipids in the bilayers are quite
dynamic and possess a variety of motions with a hierarchy of correlation times in the
nanosecond to microsecond time scale, including the trans-gauche isomerization of lipids
acyl chains, the axial rotation of the lipids, and the lateral diffusion of the lipids (2, 3).
The dynamics of the lipids and the fluidity of the membrane can be adjusted by varying
the membrane compositions. For example, cholesterol concentration in the mammalian
cell varies depending upon different locations and stages of cell development (4). The
addition of cholesterol in biological membranes are reported to decrease the close
packing of the phospholipids and increase the fluidity of the membrane (5, 6).

There are two kinds of membrane-associated proteins. Peripheral membrane
proteins associate with the membrane on the bilayer surface, while integral membrane
proteins run across the membrane bilayers one or several times. One third of the total

number of proteins are membrane proteins and they are responsible for molecular



transportation across the membrane, signal transduction and many other properties and
functions of biological systems (/). Therefore, membrane proteins have been important
drug targets (7, 8). In the literature, enormous attention has been focused on the structure
of membrane proteins and their interactions between different membrane proteins and

with lipid bilayers or other ligands (9-117).

1.2 Model membranes

A real biological membrane is quite complicated. The simplified model
membrane is often utilized in NMR spectroscopic studies. Model membranes can be
made simply by mixing certain phospholipids followed by proper hydration (/2). Model
membranes can be categorized into two kinds: micelles and bilayers (Figure 1.2). Short-
chain detergents such as SDS (Sodium dodecyl sulfate) can form the micelle complexes
when SDS is above a certain concentration in an aqueous solution (/3). Micelles have a
hydrophobic interior and hydrophilic surface and can help dissolve hydrophobic
molecules into the solution (/3). Micelles are a widely used media for studying the
structure of integral membrane proteins in solution NMR, because the fast rotation of
micelles can help average the anisotropic NMR interactions and give sharp NMR
resonances (/4). Many membrane protein structures such as G-protein coupled receptors
(15), potassium channels (/6), and the major coat protein of filamentous bacteriophage
MI13 (17) etc. have been obtained utilizing solution NMR, where short chain
phospholipids such as DPC (dodecylphosphocholine) and SDS are used to form the
micelles. It is not always desirable to reconstitute a membrane protein into a micelle for
structural studies. Some membrane proteins are not stable in micelles. Micelles have a
higher membrane curvature when compared to natural bilayer membranes. Upon
reconstitution into the micelles, membrane proteins may not maintain their native
structural conformations and function (/4). Conversely, bilayer model membranes made
up of long chain phospholipids have also been used to incorporate membrane proteins
since it has a structure much closer to the natural membrane when compared to micelles
(Figure 1.2) (18). The bilayer can be in the form of vesicles or aligned membranes on a
glass plate substrate depending on the method used to make the sample. Bilayers have

reduced motion with a dynamic range perfect for solid-state NMR studies (/9-21).



V 0000000 e0000c0ee
‘ |
?:% é%? H i |
I Ll i)
| ‘ \.|J»J‘.||\'llh. 4
(a) Micelle (b) Bilayers

Figurel.2 Schematic drawing of model membrane structures.

Another unique membrane system (Bicelles) has also emerged for protein
structure studies (22). Bicelles are made of both long chain phospholipids and short chain
phospholipids with combined characteristics of both micelles and bilayers (23, 24). They
have relatively fast tumbling motion and high water content similar to micelles (25). The
bilayer structure segment of bicelles facilitates the reconstitution of the membrane protein
into the native conformation. Bicelles undergo various temperature-dependent phase
transitions. Bicelles can be aligned only above the gel to liquid-crystalline phase
transition temperature (T,) (26, 27), which provides another approach to obtain high-
quality NMR spectra (24). Bicelles have been a nice media with a dynamic range good

for both solution and solid-state NMR studies (22, 28, 29).

1.3 Solution NMR and solid-state NMR

NMR spectroscopy studies the nucleus with a non-zero nuclear spin value (I=0).
In a static magnetic field B, the nucleus interacts with B, and the nuclear energy level
will split. This is called the nuclear Zeeman interaction. The energy separation between
two continuous energy levels determines the corresponding frequency (Larmor
frequency). Additionally, the nucleus also experiences magnetic and electric fields
originating from the nuclear electronic structure and nearby nuclei. These local fields

modify the nuclear Zeeman interaction and cause a shift in the frequency in a NMR
spectrum. The chemical shielding of the nucleus (Hcs), the nuclear dipole-dipole
coupling ( Hpp ), the through bond scalar coupling ( H,), and the quadrupolar interaction

(Hyp) are the four major nuclear spin interactions that modify the nuclear Zeeman



interaction ( H zeeman ) (30). In the absence of a radio frequency pulse, the total nuclear

spin interaction Hamiltonian can be expressed as (1):

Iﬁl,o,uz =1£]zgeman+lﬁlcs+ ﬁIDD+ [—A]J+I—A[Q (1)

Chemical shielding, nuclear dipole-dipole coupling, through bond scalar coupling
and quadrupolar interaction are also called the internal nuclear spin interactions since
they are originated from the sample itself. These interactions are molecular orientation
dependent. In solid-state NMR, the through bond scalar coupling is usually not observed,
because the scalar coupling is small when compared to other internal nuclear spin

interactions.

1.3.1 The molecular orientation dependence of internal nuclear spin interactions

1) Chemical shielding anisotropy

Chemical shielding is caused by the electron cloud surrounding the nuclear spin.
The external magnetic field B, induces currents in the electron clouds in the molecule,
which will generate an induced field. The nuclear spin senses the combined effect of
these two magnetic fields. Chemical shielding is related to the molecular structure. The
chemical bonds and the electronic environment are not the same in different directions
within the molecule. Therefore, chemical shielding is anisotropic and orientation
dependent. The chemical shielding tensor has three principle components o,,, 0,,, and
05;. The chemical shift of a nucleus (v) in a specific orientation can be defined by:

Upg = 0,,C08° ¢sin® 0 + 0, sin” ¢psin® 6 + 0, cos” O ()
where ¢ and O are angles relating the principle axes of the chemical shielding tensor to
the direction of the magnetic field B, (Figure 1.3(A)).

2) Dipolar coupling

A nuclear spin can also feel a magnetic field caused by a nearby nuclear spin.
This is the source of the direct dipolar interaction. The dipole-dipole coupling d; is
related to the distance between the two nuclei r; and the angle ©; between the

internuclear vector connecting the two nuclei and the external magnetic field (3).

d, (eos0,-1) O~ ) 3)

i



The dipolar coupling is equal to zero when the angle ®;=54.74°(the magic angle).

3) Quadrupolar interaction

A nucleus with a spin > % possesses an electric quadrupole moment, which
interacts strongly with the electric field gradients generated by the surrounding electron
clouds. For a given nucleus the electric quadrupolar interaction is directly proportional to
the electric field gradient. The electric field gradient is determined by the molecular
structure, which is anisotropic. Thereby, the electric quadrupolar interaction has
orientation dependence (30).

In the solution state, the rapid molecular isotropic tumbling motion averages these
internal spin interactions, resulting in a relatively sharp NMR resonance peak. In solid-
state NMR, the broad resonance line shape is often observed because of all these internal
spin interactions mentioned above. The static powder sample has a distribution of
molecular orientations. Molecules in different orientations give resonances at slightly
different frequencies, since spin interactions are orientation dependent. Therefore, the
NMR spectrum of a static powder sample is a superposition of all these peaks. Although
the broad spectra make the interpretation a demanding task, the static powder spectra
provide additional molecular structure information because the internal spin interactions
depend upon the structure and orientation of the molecules with respect to the magnetic
field. Furthermore, solid-state NMR is a method of choice to study samples such as
zeolites, membrane proteins and bilayer membranes, which are solid or gel-like and not

applicable to solution NMR studies.

1.3.2 High resolution solid-state NMR

There are several strategies to improve solid-state NMR resolution. For the static
powder sample, high-resolution solid-state NMR spectra can be achieved by aligning all
the sample molecules to a single orientation (37). For example, the orientations of the "N
chemical shift tensor principal components O,;, 0,,, Oy; in the molecular frame (Figure
1.3(A)) has been determined from model peptides and verified in the protein studies,
where o;; is almost aligned with the N-H bond (~17° angle), o,, is about 20° from the
peptide plane, and 0,, is perpendicular to o, and 05, (32). A broad powder spectrum will

be obtained for a site-specific ’N-labeled peptide sample incorporated into phospholipid



bilayers, indicating a random orientation of the "N nucleus with respect to the static
magnetic field B, (Figure 1.3(B) top). However, the sharp resonance spectra can be
achieved upon incorporation of the peptide into magnetically oriented bicelle model
membranes or mechanically oriented bilayer model membranes on glass plates (33). If B,
is along the o, direction, the solid-state "N NMR spectrum displays a resonance near the
053 position (equation (2), Figure 1.3(B) bottom). In a peptide with a single helical
structure, the orientation of N-H bonds is very close to the peptide helical axis. Since O,
is almost aligned with the N-H bond, a "N NMR spectrum with a sharp resonance near
the o5, position indicates a helix structure aligned parallel with respect to the magnetic
field. Conversely, if B, is perpendicular to the o,; direction and along the o,,/ 0,, plane,
the "N NMR spectrum displays a sharp resonance near the o,, and ,, position (Figure

1.3(B) middle) (34).

22
.

\
L1

(A) (B)
Figure 1.3 (A) Representation of the "N CSA principal axis in the molecular frame, ¢ is
the angle between the project of B, on the o,,/ 0,, plane and o,,, and 0 is the angle
between B, and o,,. (B) Simulated N solid-state NMR spectra of backbone '*N-labeled
peptide. The dotted line represents a "N solid-state NMR spectrum of random oriented
peptide in a hydrated lipid bilayer. The solid line represents N spectra of peptides in
oriented bilayer samples (35).

Another approach to obtain high resolution solid-state NMR spectra is to

mechanically rotate the sample at a magic-angle of 54.74° (kHz speed). The rotation can



mimic the effect of isotropic molecular motion. It can average out the chemical shielding

5o

anisotropic interactions to the isotropic positions (v, = (011 +0, +0, ) / 3) and reduce

the dipolar coupling interaction significantly, improving the solid-state NMR spectral
resolution (36). For example, *'P nuclei in different lipid headgroups have very close
chemical shift isotropic positions and a broad chemical shielding anisotropy, making it
impossible to distinguish them in the static solid-state NMR spectrum. Magic-angle
sample spinning was carried out to give high-resolution *'P NMR spectra and to

distinguish different *'P nuclei in the lipid headgroups in Chapters 4 and 5.

1.3.3 Probing the molecular motions utilizing solid-state NMR

One of the most important advantages of NMR is its ability to probe molecular
motions, over a wide range of timescales. The orientation dependence and molecular
motion dependence of the spin interactions are correlated. A fast molecular motion
usually suggests an average of the spin interactions in all directions (ergodic hypothesis)
(37).
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Figure 1.4 Simulated *'P NMR spectra for the phosphodiester moiety of a membrane
describing various motional states, with the phosphodiester (A) static; (B) ordered with
rapid axial rotation; and (C) disordered with rapid axial rotation. In the case of motional
averaging of the chemical-shift tensor due to axial symmetry, o, refers to the chemical

par

shift for the external magnetic field parallel to the unique axis, and o, to that for the

per

field in the equatorial plane (38).

Let’s first consider the lipid headgroups *'P chemical shielding interaction as an

example (Figure 1.4). If the lipids are in a solid dry powder state, the >'P NMR displays a



spectrum with inhomogeneous broadening (Figure 1.4A). If the lipids form the hydrated
bilayer membrane structure, the lipid molecules will have rapid axial rotation along the
long molecular axis and relatively restricted motions in other directions such as molecular
diffusion. In this case the *'P NMR spectrum displays a wide horn shape, indicating an
axial symmetry (Figure 1.4B). However, if the hydration is increased or smaller size
vesicles are formed, the lipids will have faster molecular diffusion motions, the *'P NMR
spectrum will become narrower (Figure 1.4C). In extreme cases when small vesicles or
micelles are formed, the fast molecular tumbling motion will average the *'P NMR
resonance to isotropic Lorentzian lineshapes.

The molecular motions also modulate the dipolar coupling values and the
quadrupolar splittings. In the case of fast isotropic molecular motions, the dipolar
coupling values are averaged to zero; and the quadrupolar interactions are also averaged
to zero to a first approximation when the nuclear quadrupolar interaction is not too large.
The dynamics of the phospholipid membranes were studied in Chapters 2 and 3. Chapter
2 probed the perturbation of the membrane-associated molecules to bicelles by observing
changes in the lipids "C-'H dipolar coupling values in the aligned bicelle membranes.
Chapter 3 investigated the bicelle lipids molecular ordering utilizing perdeuterated lipids
and *H quadrupolar interaction.

Molecular motions have a range of timescales. The molecular vibrations can be
observed in the picosecond range while molecular macroscopic diffusion could take
many seconds (37). Figure 1.5 shows a summary of NMR timescales in comparison to
the timescales of selected lipids and protein motions. NMR lineshape perturbations
usually are sensitive to motions in the millisecond to microsecond timescale, which only
covers a relatively small dynamic range (2). NMR spin-lattice relaxation, on the other
hand, is sensitive to faster molecular motions in nanosecond to picosecond range (2). In a
thermal equilibrium state, the populations of spins are given by Boltzmann distribution.
In a NMR experiment, radio frequency pulses disturb the equilibrium of the system.
Relaxation is the process by which equilibrium is regained through interaction of the spin
system with the molecular environment (37). Relaxation is determined by the transition
probabilities between different energy states. Spin transitions are facilitated by

fluctuating local magnetic fields and different nuclear spin interactions (mentioned



above); therefore, NMR spin transitions are related to the molecular motions (37). NMR
relaxation has been used in this dissertation to study the membrane lipids molecular

motion as complementary to the *'P and *H NMR lineshape perturbation study.

NMR property (Log seconds) Membrane process

-14
-12 |—
r } Protein side-chain motions
10— Trans-gauche isomerism of acyl chains
Spin-lattice relaxation 1 Long axis rotation of lipids
8 Protein backbone motions
(Y " | Lipid lateral diffusion
Lipid-protein interactions
Spin-spinrelaxation | o L Fastest enzyme reaction
Averaging dipolar coupling __{
“H quadrupolar coupling { . Lipid slow order director fluctuations
Protein lateral diffusion
“'P NMR CSA averaging_{ (non-aggregated)
2

Figure 1.5 Summary of different timescales of NMR experiment and membrane motions

2, 19).

1.4 Outline of the research

Bicelles have been demonstrated to be useful model membrane systems to study
membrane proteins (28, 39, 40). Therefore, it attracts great attention to understand its
structural and dynamic properties (22) (41). The membrane topology of bicelles in the
liquid-crystalline phase was studied in Chapter 2 using high-resolution 'H-"C
heteronuclear dipolar solid-state NMR spectroscopy (42).

The membrane topology of the bicelles was compared upon incorporation of three

different membrane-associated molecules (cholesterol, the peripheral membrane peptide

10



KIGAKI (full sequence KIGAKIKIGAKIKIGAKI) and the integral membrane protein
phospholamban) individually to understand the perturbations of these molecules to the
bicelle model membrane system. Chapter 2 has been published and was taken from the
paper “Probing Membrane Topology by 'H-"°C Heteronuclear Dipolar Solid-State NMR
Spectroscopy” J. Magn. Reson. (2006) 178, 283-287 without further modification.

Cholesterol plays an important role in modifying the membrane fluidity and lipid
dynamics (5, 15). The effects of cholesterol on bicelles were further analyzed utilizing
both solid-state "H NMR and EPR spectroscopy in Chapter 3. A combination of both
techniques can provide more comprehensive information since solid-state NMR and EPR
spectroscopy are sensitive to molecular motions with different time scales (43). Chapter 3
has been published and was taken from the paper “The Effects of Cholesterol on
Magnetically Aligned Phospholipid Bilayers: A Solid-State NMR and EPR Spectroscopy
Study” J. Magn. Reson. (2004) 168: 18-30 without modification.

Bilayer model membrane is also commonly utilized in the solid-state NMR study
of membrane proteins. Chapters 4, 5 and 6 utilized bilayer vesicles and mechanically
oriented bilayer model membranes.

Antimicrobial peptides can interact directly with the bacterial membranes and
disrupt the membranes at a concentration without causing any harm to the host
mammalian membranes (44). Bacterial membranes and mammalian membranes are
significantly different in their lipids compositions (44). Antimicrobial peptides interact
directly with biological membranes without requirements for specific receptors on the
membranes. Three major models have been proposed to describe the interaction of the
antimicrobial peptide with the membranes (45). They are the barrel stave model, the
toroidal wormhole model, and the carpet model (Figure 1.6) (45, 46). The antimicrobial
peptide KIGAKI has demonstrated a higher antimicrobial activity than the naturally
occurring antimicrobial peptide magainin and an increased selectivity with bacterial
membranes (47). In Chapters 4 and 5, *H and *'P solid-state NMR and relaxation studies
are applied to distinguish the interaction mechanism between the antimicrobial peptide
KIGAKI and model bilayer membranes with different lipid compositions. Although the

electrostatic interaction between cationic peptides and anionic bacterial membranes was
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indicated as an important factor in the KIGAKI activity, our results further proved that

the synergistic effects of the two main lipids PE and PG in the bacterial membranes

il
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Figure 1.6 Antimicrobial peptide interaction mechanisms: barrel stave model (A),

toroidal wormhole model (B) and carpet model (C) (48).

should not be neglected. KIGAKI may act as a peripheral membrane protein and disrupt
the bacterial membrane using the carpet mechanism (Figure 1.6(C)). Chapter 4 was taken
from the paper “Solid-State NMR Relaxation Studies of the Interaction Mechanism of
Antimicrobial Peptides with Phospholipid Bilayer Membranes” Biochemistry (2005) 44,
10208-10217. Chapter 5 was published as “Exploring membrane selectivity of the
antimicrobial peptide KIGAKI using Solid-State NMR spectroscopy” Biochim. Biophys.
Acta (2006) 1758, 1303-1313.

Phospholamban (PLB) is a 52 amino-acid transmembrane protein that regulates
the contraction/relaxation cycle of cardiac muscle cells in the heart by binding to Ca-
ATPase (49). Although many studies have reported PLB structures, no consensus results
have been obtained so far (50, 51). In Chapter 6, solid-state "N NMR studies on uniform
N-labeled PLB upon reconstitution into POPC model bilayers clearly indicated that
PLB has two conformational populations giving one "N isotropic resonance and one
broad "N anisotropic resonance. Comparing the solid-state "N NMR results obtained
using "N site-specific labeled PLB, our research suggests that the cytosolic segment of
PLB has a dynamic component besides a dominant rigid component. Solid-state "N
NMR studies of PLB reconstituted into oriented bilayer model membranes were also
carried out. The high-resolution NMR spectra of uniform "N-labeled PLB obtained from
the oriented sample clearly demonstrated that PLB has two segments, one parallel and the

other perpendicular with respect to the bilayer normal. The dynamic and orientation
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studies in this research provide very useful information towards solving the PLB structure

in a native-like bilayer membrane. Results in this chapter were used partially in two

articles “The side-chain and backbone dynamics of phospholamban in POPC bilayers

utilizing *H and "N solid-state NMR spectroscopy” Biochemistry (in progress) and “The

structural topology of wild-type phospholamban in oriented bilayers using "N solid-state

NMR spectroscopy” Protein Science (in progress).
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Probing Membrane Topology by High-Resolution 'H-"*C Heteronuclear
Dipolar Solid-State NMR Spectroscopy
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2.1 Abstract

Membrane topology changes introduced by the association of biologically
pertinent molecules with membranes were analyzed utilizing the 'H-"C heteronuclear
dipolar solid-state NMR spectroscopy technique (SAMMY) on magnetically aligned
phospholipid bilayers (bicelles). The phospholipids "H-">C dipolar coupling profiles lipid
motions at the headgroup, glycerol backbone, and the acyl chain region. The
transmembrane segment of phospholamban, the antimicrobial peptide (KIGAKI), and
cholesterol were incorporated into the bicelles, respectively. The lipids 'H-"C dipolar
coupling profiles exhibit different shifts in the dipolar coupling contour positions upon
the addition of these molecules, demonstrating a variety of interaction mechanisms exist
between the biological molecules and the membranes. The membrane topology changes
revealed by the SAMMY pulse sequence provide a complete screening method for

analyzing how these biologically active molecules interact with the membrane.
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2.2 Introduction

Functioning cell membranes contain a large variety of biological additives. The
interaction between biologically pertinent molecules and lipids plays a key role in
modulating the physical characteristics of membranes, and directly determines the
activity of cell membranes (/, 2). The most common method for probing these
interactions utilizing solid-state NMR techniques has been a combination of both *H and
*'P NMR spectroscopy. In this communication, a recently reported high-resolution
heteronuclear dipolar solid-state NMR spectroscopy technique (SAMMY) (3) is applied
to magnetically aligned phospholipid bilayers (bicelles) (4) to detect and characterize
natural abundant "C lipid motion perturbations induced by the association of biological
molecules with the membrane bilayer.

The dipole-dipole interaction between two nuclei is related to the internuclear
distance, the orientation of the dipolar interaction tensor with respect to the magnetic
field, and the motion of the molecule. For phospholipid molecules in a hydrated bilayer
sample, the heteronuclear dipolar coupling interaction between “C and the covalently
bonded 'H reflects the ordering and the motional rates of the individual segments of the
lipid molecules (5). The addition of biologically pertinent molecules to membrane
bilayers modulate the ordering and motions of the phospholipids (5). Therefore, the 'H-
C dipolar coupling of phospholipid bilayers reflects the interaction between the lipids
and the molecules, and elucidates pertinent membrane-protein topology information.

In order to obtain a high-resolution solid-state NMR spectrum of a randomly
dispersed bilayer sample, magic-angle spinning of the sample at relatively high speeds is
needed which will simultaneously attenuate the anisotropic dipolar interactions. These
dipolar interactions can be ascertained utilizing dipolar recoupling pulse schemes, such as
FSLG-CP (6, 7), R-PDLF (8), DIPSHIFT (9) at a specific sample spinning speed.
Alternatively, the PISEMA or SAMMY solid-state NMR pulse technique on an oriented
membrane sample provides a direct way to obtain a high-resolution two-dimensional 'H-
“C heteronuclear dipolar couplings (/0). The SAMMY pulse sequence was chosen
because it has a better signal to noise ratio, more reliable scale factors for all resonances
and is much easier to setup, when compared to the PISEMA sequence (3). The bicelle

alignment method was used because the membrane system can be easily aligned in a
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solution NMR spectrometer above the gel to liquid crystalline phase transition
temperature. The aligned bicelles make high-resolution NMR spectra possible without
spinning the sample at the magic angle (/7). Furthermore, the fully hydrated bicelles
provide an environment close to physiologically relevant conditions (4). The experiments
were carried out on a standard 500 MHz narrow bore using a soft SAMMY pulse
sequence that does not require a high power amplifier, wide bore magnet, and magic-
angle spinning capability. Thus, this method is potentially widely applicable to a wide

range of users.

2.3 Results and discussion

Figure 2.1 exhibits the two-dimensional 'H-"C dipolar coupling/’C chemical
shift spectrum of aligned DMPC/DHPC bicelles with a DMPC to DHPC molar ratio of
3.5 at 37 °C utilizing the SAMMY pulse sequence. The Hartmann-Hahn contact time was
1 ms. The 'H 90° pulse was 10.1 us and the recycle delay was 3 s. The one-dimensional
C chemical shift spectrum of the same bicelle sample (shown at the top) was obtained
separately using a standard cross-polarization sequence. The assignment of the “C
chemical shifts of phospholipids is based on previous studies utilizing magic-angle
sample spinning (MAS) NMR spectroscopy for a randomly dispersed bilayer sample (6,
12) and Sanders assignment on bicelles (/3). The C chemical shift values for the lipid
acyl chain region are consistent with those obtained for the bilayers. However, at the
lipids headgroup and glycerol regions the bicelles exhibit a slight shift in peak positions
when compared to the bilayers. The C;, GC, and GC; peaks become crowded together
with much lower intensity for glycerol groups. It is difficult to distinguish between the
GC, and GC, peaks. The spectrum of the aligned sample exhibits excellent linewidths
with comparable spectral resolution as that of the randomly oriented sample. For bicelles,
the bilayer normal of phospholipids are aligned with its long molecular axis
perpendicular to the static magnetic field (11, 14).

In the one-dimensional “C spectrum, the “C chemical shifts originating from
individual carbons of less abundant DHPC molecules may overlap with those from
DMPC and affect the spectral resolution. In this research, no significant DHPC

contribution was observed in the "*C chemical shift dimension. However, in the two-
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dimensional SAMMY spectrum, some 'H-"C dipolar coupling contours with small
splitting values were observed, which is probably caused by DHPC molecules with
relatively faster motion than DMPC molecules (/4). It is possible in the future to use
fully deuterated DHPC in preparing the bicelle samples to diminish the DHPC "C signals
obtained by 'H-"C cross-polarization and reduce the number of 'H-""C dipolar coupling
contours near the center of the SAMMY spectrum.

A number of doublets were observed in the "°C chemical shift dimension in the
two-dimensional SAMMY spectrum. These splittings were absent for the randomly
dispersed bilayer sample obtained under MAS conditions. This observation is consistent
with previous reports by Sanders (/3). They explained that the splittings are introduced
by the dipolar coupling of the isotopically dilute carbons to the headgroup *'P, which is
averaged out by the sample spinning at the magic angle for randomly oriented samples.
The doublet at around 73 ppm, 67 ppm and 57 ppm exhibits the same apparent 'H-">C
dipolar coupling values. These results confirm that each doublet originates from the same
C nucleus. Conversely, another doublet at around 174 ppm, corresponding to the DMPC
carbonyl carbon for the sn2 chain, exhibits a different phenomenon. Two different dipolar
coupling values between C and indirect coupled 'H were revealed for the two peaks.
Sanders implied that the splitting is also caused by *'P-">C dipolar coupling interactions
(13). However, the two-dimensional 'H-"C dipolar coupling/"’C chemical shift spectrum
suggests that this splitting may be caused by a slight difference in the chemical shift
instead of by coupling to a third nucleus (e. g. *'P). One possible reason for the slight
difference in the chemical shift is that there are two populations of DMPC carbonyl
carbons with slightly different molecular conformation or motions, which is consistent
with the “C-"H dipolar coupling difference.

In order to probe membrane perturbations induced by biological molecules, two-
dimensional 'H-"C dipolar coupling/”’C chemical shift spectra were also obtained for
DMPC/DHPC bicelle samples after incorporating the transmembrane segment of
phospholamban (TM-PLB), the antimicrobial peptide (KIGAKI), and cholesterol (Figure
2.2). Phospholamban is a transmembrane peptide that regulates cardiac contractility and

spans the lipid bilayer (/5). (KIGAKI), is a positively charged peptide designed to have
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Figure 2.1 Two-dimensional 'H-"C dipolar coupling/"”C Chemical shift spectrum of a
DMPC/DHPC bicelle sample (1:3 w/w phospholipids in 100mM HEPES buffer) utilizing
the SAMMY pulse sequence on a Bruker 500 MHz narrow bore NMR spectrometer at 37
°C. The Hartmann-Hahn contact time was 1 ms. The 'H 90° pulse was 10.1 us and the
recycle delay was 3 s. The spectra were collected with 200 increments in the tl
dimension and 1024 data points in the t2 dimension. 512 scans were accumulated for
each tl increment. The 'H-"C dipolar coupling value is the apparent dipolar coupling
value without considering the scaling factor. The one-dimensional “C chemical shift
spectrum was obtained using a standard cross-polarization sequence with proton
decoupling. The carbon position labeling is defined in the inset with the DMPC structure.
The resonance peaks corresponding to the carbonyl carbons of phospholipids (sn/ and
sn2 acyl chains) are shown in the left panel. The slice on the dipolar dimension represents
the 'H-"C dipolar coupling taken from GC, group. Labels A-F were used to indicate the

spectral regions exhibited in Figure 2.2.
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high antimicrobial activity and is known to strongly interact with the membrane surface
(1, 16). The peptide concentrations used were approximately 0.3 mol% with respect to
DMPC. For bicelles incorporated with (KIGAKI),, a reduction of the bicelle alignment
temperature was observed by *'P NMR spectroscopy (spectra not shown). The SAMMY
experiment was carried out at 34 °C, at which the (KIGAKI), bicelles are optimally
aligned. Cholesterol is a main component of eukaryotic cell membranes, and is
implicated in several diseases, such as heart disease and stroke (2). At very high
concentrations (>10 mol%), cholesterol can alter the bicelle alignment temperature (/7).
5 mol% cholesterol (respect to DMPC) was incorporated into the bicelles in order to
maintain the bicelle alignment at 37 °C.

The two-dimensional strip plots in Figure 2.2 reveal the "*C chemical shift values
between 75 ppm and 55 ppm that represents the lipid glycerol and headgroup region,
while the C chemical shift range between 36 ppm to 25 ppm represents the lipid acyl
chain region. The control peaks prepared with DMPC/DHPC only are shown in black.
The individual lipid group dipolar coupling value is in the same range as that obtained on
DMPC bilayers using a power-demanding separated local-field experiment (CT-
DIPSHIFT) (5). The 'H-"C dipolar splittings decrease in both the lipid
headgroup/glycerol region and the acyl chain region when TM-PLB (red) was
incorporated into the bicelles, indicating that both the DMPC headgroup and the acyl
chains experience a disordering effect. These results are consistent with previous “H and
*'P NMR experimental results on TM-PLB (15). A more pronounced reduction in the 'H-
PC dipolar coupling was observed when (KIGAKI), (blue) was added to the lipid
bilayers. Close examination also reveals that the lipid headgroups and glycerol region
exhibit displacements in the chemical shift. These results indicate that the surface peptide
(KIGAKI), disturbs the membrane surface and alters the lipid motions. However, the
decreased dipolar couplings in Figure 2.2(D-F) suggest that it also perturbs the lipids acyl
chain carbons. ’H NMR order parameter experiments carried out on randomly dispersed
POPC bilayers exhibited a decrease in the quadrupolar splitting values of each deuteron
along the POPC lipids acyl chain upon incorporation of the antimicrobial peptide
(KIGAKI); (I18). The 'H-"C SAMMY results presented here are consistent with *H order
parameters. Different from TM-PLB and (KIGAKI),, only a slight increase in the 'H-"C
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Figure 2.2 'H-"C dipolar coupling profiles comparing control DMPC/DHPC bicelles
(black) and bicelles containing the transmembrane segment of PLB (red), antimicrobial
peptide (KIGAKI), (blue) and cholesterol molecules (green) utilizing a soft SAMMY
pulse sequence. The left three bilayer models show the proposed modes of interaction
between the lipid bilayer and the biological added molecules. Contours from the lipid
glycerol sites (A), headgroup ((B), (C)) and acyl chain region ((D), (E), (F)) are
displayed. The bicelle dipolar coupling profile with (KIGAKI),; was obtained at 34 °C.
All the other spectra were obtained at 37 °C.
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dipolar coupling value in the middle (Carbons 4-11) of the DMPC acyl chain region with
a definite deshielding in the chemical shift (Figure 2.2(E)) was observed upon addition of
cholesterol (green) at 5 mol% to the bicelles. Meanwhile, the dipolar interaction in the
glycerol, and headgroup regions of the lipids were nearly undisturbed. The cholesterol
molecule has a rigid planar ring structure intercalated in the membrane and parallel to the
lipid acyl chains. The addition of cholesterol can diminish the trans-gauche isomerization
of the lipid acyl chains and increase order within the lipid acyl chains at higher
concentrations (/7). Similar deshielding effects in the lipids acyl chain region were also
observed in lipid bilayers upon incorporation of cholesterol due to higher molecular
ordering (/2). Unlike the large headgroup of DMPC, cholesterol has only a small OH
group positioned in the vicinity of the fatty ester groups of the phospholipids (/9). This
explains the reduced perturbation observed in the lipid glycerol and headgroup regions
upon incorporation of cholesterol. In general, the changes in '"H-"C dipolar coupling
values reflect a perturbation effect of these biological pertinent molecules upon
association with the bilayer membranes. However, the characteristic of the perturbation

may be a motional change or a conformational change or both.

2.4 Conclusion

In conclusion, the two-dimensional SAMMY pulse sequence ('H-"C dipolar
coupling/”C chemical shift) provides detailed information on membrane topology and an
easy method to probe the structural perturbations induced upon the addition of
biologically relevant molecules. The motional and ordering properties of the headgroup
and the acyl chain regions of phospholipid bilayers are usually examined with a
combination of *'P and *H solid-state NMR spectroscopy and different deuterated lipids.
*H NMR spectra usually exhibit poor resolution for acyl chain segments with very rigid
molecular motions (top of the acyl chain, carbons 1-6) (/). The 2D 'H-"C dipolar
coupling/”C chemical shift experiment simultaneously revealed high-resolution spectra
of the “C nuclei present in the phospholipid headgroups, glycerol sites, and the acyl
chains. Currently, we are working towards complete assignment of the bicelle 'H-"C
dipolar coupling/”’C chemical shift profile. Here biological pertinent molecules were

incorporated at low concentrations into the bicelle samples with comparably large effects
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on the values of 'H-"°C dipolar coupling. The alignment of bicelle samples was verified
by *'P NMR spectroscopy (observed sharp *'P peaks at o, position). The observed change
in the 'H-"C dipolar coupling values is not a result of the decrease in the orientational
order of the bicelles. Instead, a combination effect is observed in which changes of the
phospholipids conformation and motion is responsible for the deviation of the 'H-"C

dipolar coupling values.

The SAMMY spectra were obtained utilizing a standard solution 500 MHz NMR
spectrometer and naturally abundant C phospholipids. Thus, this membrane topology
method is widely applicable because it does not require isotopic labeling, magic angle
spinning, or an expensive wide-bore solid-state NMR spectrometer. This research also
extends the application of the bicelles from an ideal membrane system for structure
determination of membrane proteins to a complete membrane topology method good for
characterizing the interaction between membrane lipids and biological molecules.

Acknowledgements:

This work was supported by an American Heart Association Scientist Development grant
(0130396N) and a National Institutes of Health grant (GM60259-01). The 500 MHz NB
NMR was obtained from the state of Ohio’s Hayes Investment Fund. We thank Dr. Elvis
Tiburu and Prof. Jack Blazyk for kindly providing TM-PLB and the (KIGAKI), peptide.

27



2.5 References

ey

2)

3)

4

)

(6)

(7

®)

©)

Blazyk, J., Wiegand, R., Klein, J., Hammer, J., Epand, R. M., Epand, R. F.,
Maloy, W. L., and Kari, U. P. (2001) A novel linear amphipathic beta-sheet
cationic antimicrobial peptide with enhanced selectivity for bacterial lipids. J.
Biol. Chem. 276, 27899-27906.

Ohvo-Rekila, H., Ramstedt, B., Leppimaki, P., and Slotte, J. P. (2002) Cholesterol
interactions with phospholipids in membranes. Prog. Lipid Res. 41, 66-97.
Nevzorov, A. A., and Opella, S. J. (2003) A "Magic Sandwich" pulse sequence
with reduced offset dependence for high-resolution separated local field
spectroscopy. J. Magn. Reson. 164, 182-186.

De Angelis, A. A., Nevzorov, A. A., Park, S. H., Howell, S. C., Mrse, A. A., and
Opella, S. J. (2004) High-resolution NMR spectroscopy of membrane proteins in
aligned bicelles. J. Am. Chem. Soc. 126, 15340-15341.

Middleton, D. A., Hughes, E., and Madine, J. (2004) Screening molecular
associations with lipid membranes using natural abundance C-13 cross-
polarization magic-angle spinning NMR and principal component analysis. J. Am.
Chem. Soc. 126, 9478-9479.

Dvinskikh, S. V., Castro, V., and Sandstrom, D. (2005) Efficient solid-state NMR
methods for measuring heteronuclear dipolar couplings in unoriented lipid
membrane systems. Phys. Chem. Chem. Phys. 7, 607-613.

Dvinskikh, S. V., Zimmermann, H., Maliniak, A., and Sandstrom, D. (2003)
Heteronuclear dipolar recoupling in liquid crystals and solids by PISEMA-type
pulse sequences. J. Magn. Reson. 164, 165-170.

Schmidtrohr, K., Nanz, D., Emsley, L., and Pines, A. (1994) Nmr Measurement
Of Resolved Heteronuclear Dipole Couplings In Liquid-Crystals And Lipids. J.
Phys. Chem. 98, 6668-6670.

Hong, M., Gross, J. D., and Griffin, R. G. (1997) Site-Resolved Determination of
Peptide Torsion Angle O from the Relative Orientations of Backbone N-H and C-
H Bonds by Solid-State NMR. J. Phys. Chem. B 101, 5869-5874.

28



(10)

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

Wu, C. H., Ramamoorthy, A., and Opella, S. J. (1994) High-Resolution
Heteronuclear Dipolar Solid-State Nmr- Spectroscopy. J. Magn. Reson. Ser. A
109, 270-272.

Sanders, C. R., and Schwonek, J. P. (1992) Characterization Of Magnetically
Orientable Bilayers In Mixtures Of Dihexanoylphosphatidylcholine And
Dimyristoylphosphatidylcholine By Solid-State Nmr. Biochemistry 31, 8898-
8905.

Forbes, J., Bowers, J., Shan, X., Moran, L., Oldfield, E., and Moscarello, M. A.
(1988) Some New Developments In Solid-State Nuclear Magnetic-Resonance
Spectroscopic Studies Of Lipids And Biological-Membranes, Including The
Effects Of Cholesterol In Model And Natural Systems. J. Chem. Soc., Faraday
Trans. 1 84, 3821-3849.

Sanders, C. R. (1993) Solid state "C NMR of unlabeled phosphatidylcholine
bilayers: Spectral assignments anfd measurement of carbon-phosphorus dipolar
couplings and "’C chemical shift anisotropies. Biophys. J. 64, 171-181.

Vold, R. R., and Prosser, R. S. (1996) Magnetically oriented phospholipid
bilayered micelles for structural studies of polypeptides. Does the idea bicelle
exist? J. Magn. Reson. 113,267-271.

Dave, P. C., Tiburu, E. K., Damodaran, K., and Lorigan, G. A. (2004)
Investigating structural changes in the lipid bilayer upon insertion of the
transmembrane domain of the membrane-bound protein phospholamban utilizing
P-31 and H-2 solid-state NMR spectroscopy. Biophys. J. 86, 1564-1573.

Jin, Y., Mozsolits, H., Hammer, J., Zmuda, E., Zhu, F., Zhang, Y., Aguilar, M. L,
and Blazyk, J. (2003) Influence of tryptophan on lipid binding of linear
amphipathic cationic antimicrobial peptides. Biochemistry 42, 9395-9405.

Lu, J. X., Caporini, M. A., and Lorigan, G. A. (2004) The effects of cholesterol on
magnetically aligned phospholipid bilayers: a solid-state NMR and EPR
spectroscopy study. J. Magn. Reson. 168, 18-30.

Lu, J. X., Damodaran, K., Blazyk, J., and Lorigan, G. A. (2005) Solid-State NMR
Relaxation Studies of the Interaction Mechanism of Antimicrobial Peptides with
Phospholipid Bilayer Membranes. Biochemistry 44, 10208-10217.

29



(19)  Villalain, J. (1996) Location of cholesterol in model membranes by magic-angle-

sample-spinning NMR. Eur. J. Biochem. 241, 586-593.

30



Chapter 3
The Effects of Cholesterol on Magnetically Aligned Phospholipid
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3.1 Abstract

This paper presents the first time that both solid-state NMR spectroscopy and EPR
spectroscopy were used to study the effects of cholesterol on magnetically aligned
phospholipid bilayers (bicelles). Solid-state deuterium NMR spectroscopy was carried out
using both chain perdeuterated 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC-
ds,) and a partially deuterated B-[2, 2, 3, 4, 4, 6-’H,] cholesterol (cholesterol-d,). Also, EPR
spectroscopy was carried out utilizing a 3f3-doxyl-5a-cholestane (cholestane) spin probe
incorporated into magnetically aligned bilayers to provide a more complete picture about the
ordering and dynamics of the phospholipid and cholesterol molecules in the bicelle
membrane system. The results demonstrate that cholesterol was successfully incorporated
into the phospholipid bilayers. The molecular order parameters extracted directly from the
*H NMR spectra of both DMPC-d, and cholesterol-d, were compared to that from the
EPR study of cholestane. The order parameters indicate that the sterol was motionally
restricted, and that the DMPC had high order and low motion for the hydrocarbon segments
close to the head groups of the phospholipids and less order and more rapid motion toward
the terminal methyl groups. Both methods clearly indicate an overall increase in the degree
of ordering of the molecules in the presence of cholesterol and a decrease in the degree of
ordering at higher temperatures. However, EPR spectroscopy and *H-NMR spectroscopy
exhibit different degrees of sensitivity in detecting the phospholipid molecular motions in
the membrane. Finally, cholesterol increases the minimum alignment temperature necessary

to magnetically align the phospholipid bilayers.
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3.2 Introduction

Cholesterol is a major constituent of eukaryotic cell membranes. The distribution
of cholesterol varies among the membranes depending upon different locations and
stages of cell development, suggesting that cholesterol plays an integral role in cell
biology and metabolism (/). Cholesterol is implicated in many diseases, such as heart
disease, stroke, and Alzheimer disease (2, 3). The effects of cholesterol on model
membranes have been studied extensively by a variety of techniques including molecular
dynamics simulations, NMR spectroscopy, EPR spectroscopy, X-ray diffraction, neutron
diffraction, differential scanning calorimetric spectroscopy, and Fourier transform
infrared spectroscopy (4-11). It is believed that cholesterol acts as a regulator by
modulating the fluidity of cellular membranes. Cholesterol can enhance the mechanical
strength of the membrane, and alter the gel-to-liquid crystalline (L,) phase transition
temperature of the lipid (/2). Molecular dynamics simulations of phospholipid bilayers
as a function of cholesterol concentration indicate a significant increase in ordering of the
phospholipid chains, and a reduced fraction of gauche conformations as well as a
reduction in lateral diffusion of the phospholipids (/3, /4). Deuterium NMR relaxation
studies on phospholipid bilayers containing cholesterol suggest that axial rotations of the
phospholipid molecules occur at a higher rate than in pure phospholipid bilayers.
Additionally, the rigid cholesterol molecule appears to undergo slower axial rotation than
the corresponding phospholipid molecules (/5). However, the effects of cholesterol on
magnetically aligned phospholipid bilayers (bicelle) have never been studied in such
detail from both the sides of phospholipids and cholesterol molecules (16, 17).

Solid-state “H-NMR and EPR spectroscopic techniques have been used to study
the structural and dynamic properties of phospholipid bilayers (75, 18-20). However, the
intrinsic difference between NMR and EPR spectroscopy has to be understood in order to
correctly apply these techniques to a variety of different systems. Because of the low
natural abundance of *H, no background signals from unlabeled components are observed
in ’H NMR studies (19, 21). Alternatively, EPR spectroscopy exhibits a high sensitivity
to the rate of motion and the degree of organization of the phospholipids, since the
characteristic time scale for nitroxide spin-label EPR matches very closely the rates of

molecular rotation of the lipids within the membrane (/8). Both techniques are carried
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out and compared in this study in order to better understand the effect of cholesterol on
bicelle model membrane systems. The differences between these two magnetic
resonance techniques are discussed.

In this work, magnetically aligned phospholipid bilayers have been investigated
using solid-state NMR and spin-label EPR spectroscopic techniques in the presence of
cholesterol.  Previously, most cholesterol studies were based on unoriented or
mechanically aligned membrane samples (9, 22). The use of multilamellar vesicles in
solid-state NMR spectroscopic studies gives rise to broad powder type spectra. To obtain
pertinent structural and dynamic information requires deconvoluting the spectra through
the so called “dePakeing” process (23). Alternatively, uniaxially bilayer membranes
aligned in both EPR and solid-state NMR studies reveal high-resolution spectra and
pertinent structural and dynamic information. Traditionally, macroscopic uniaxial
orientation of membrane bilayers can be accomplished mechanically by stacking
phospholipids bilayers between glass plates (24). The *H NMR quadrupolar splittings
can yield the dynamic information on deuterium labeled segments of the phospholipid
acyl chains. Also the EPR spectra reveal orientational information derived from the
hyperfine splitting of the aligned spectra. The anisotropic hyperfine splitting of an
aligned spin probe can provide a more detailed structural picture of the probe with respect
to the membrane, when compared to randomly dispersed phospholipid bilayer samples
(25).

The magnetically aligned bicelles are a promising technique that is well suited for
a wide variety of spectroscopic studies, such as, NMR spectroscopy and EPR
spectroscopy (24, 26, 27). Bicelles are formed upon mixing long-chain phospholipid
molecules, such as 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) with short
lipid molecules, such as 1,2 dihexanoyl-sn-glycero-3-phosphocholine (DHPC). The
magnetic alignment of bicelles depends on the magnetic susceptibility anisotropy tensor
(Ay) of the phospholipid bilayers. The negative sign of Ay for bicelles dictates that they
align with their bilayer normal oriented perpendicular to the direction of the static
magnetic field (B,) (28-30). The degree of ordering of bicelles depends upon several

factors, including the strength of the magnetic field, the sign and magnitude of the

34



phospholipid bilayers magnetic susceptibility anisotropy tensor, the viscosity of the
sample, the types of lanthanide ions used, and the temperature (3, 31-33).

In NMR experiments at high magnetic fields, the bicelles can spontaneously align
above the gel-to-liquid crystalline phase transition temperature, 7,, (29). When placed
into weak magnetic fields typically used in an X-band EPR spectrometer, the bilayers
cannot spontaneously align at either the perpendicular or the parallel alignment (27, 30).
Paramagnetic lanthanide ions (i.e. Dy’*, Tm’") can be used as alignment reagents to help
the bilayers align either in the perpendicular or parallel orientations (24, 33). The
association of paramagnetic lanthanide ions with the bicelles changes the sign and the
value of the magnetic susceptibility anisotropy tensor Ay of the bicelles (30). The
negative value of Ay is increased by the addition of Dy** to the sample. Tm’* with a large
positive magnetic susceptibility anisotropy Ay, can cause the bicelles to flip 90° and align
with their bilayer normal (n) oriented parallel to the direction of the static magnetic field.
For solid-state ’H NMR studies on bicelles, the spectral resolution is increased in the
parallel orientation because the quadrupolar splittings are doubled. The parallel
alignment offers advantages in studying membrane-associated peptides with rapid
reorientations about the long molecular axis (26). In this paper, both orientations are
studied by adding either Dy’* or Tm ** to the bicelle membrane system.

In order to understand the interaction between the cholesterol and the
phospholipids, molecular order parameters (S,,,) are used to define the structural and
dynamical properties of the corresponding molecules in the membrane. An ensemble of
molecules give rise to S,,, = 0 for unrestricted motions of every individual molecule. A

mol —
S

n

» value of 1 indicates that all the molecules are perfectly aligned and motionally
restricted in one direction (16, 29, 34, 35). The order parameter (S,,) calculations
concerning the analysis of the EPR spectra of the cholestane spin probe and NMR spectra
of deuterium-labeled cholesterol or deuterium-labeled phospholipid molecules are
presented in this paper. The results indicate that magnetically aligned DMPC/DHPC
bicelles are an excellent model membrane system for both EPR and solid-state NMR
studies. Also, the bicelle samples are easy to prepare and avoid using dePakeing,
altogether making it easier to calculate the molecular order parameters directly from the

quadrupolar splittings of each deuteron from NMR spectra.
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3.3 Materials and Method:
3.3.1 Materials

1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine (DMPC), 1,2-dihexanoyl-sn-
glycero-3-phosphatidylcholine ~ (DHPC), deuterated 1,2-dimyristoyl-sn-glycero-3-
phosphatidylcholine (DMPC-ds,) and 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy-(polyethylene glycol)-2000] (PEG 2000-PE) were
purchased from Avanti Polar Lipids (Alabaster, AL). Thulium (IIT) chloride hexahydrate,
Dysprosium (III) chloride hexahydrate, 33-doxyl-5a cholestane (cholestane), and N-[2-
hydroxyethyl] piperazine-N’-[2-ethanesulfonic acid] (HEPES) were obtained from
Sigma/Aldrich (St. Louis, MO). The cholesterol was purchased from Avocado Research
Chemicals Ltd. (Heysham, England). p-[2,2,3,4,4,6-2H,] cholesterol was purchased from
Cambridge Isotope Laboratories (Andover, MA). Deuterium-depleted water was
obtained from Isotec (Miamisburg, OH). All phospholipids were dissolved in chloroform
and stored at -20°C prior to use. Aqueous solutions of lanthanide ions were prepared
fresh each day. All aqueous solutions were prepared with nanopure water.
3.3.2 Sample preparation

The standard DMPC/DHPC bicelle samples, consisting of 25% (w/w)
phospholipids to solution with a q ratio of 3.5, were made in 25 mL pear-shaped flasks.
Cholesterol concentrations were used from 0 mol% to 20 mol% in 5 mol% increments
(molar ratio to DMPC). For EPR samples, DMPC, PEG2000-PE, DHPC, and spin-label
cholestane were mixed in molar ratio of 3.5:0.035:1:0.0196, respectively. Different
amounts of nondeuterated cholesterol were also added. For the *H NMR deuterated
cholesterol samples, DMPC, PEG2000-PE and DHPC were mixed in the molar ratio of
3.5:0.035:1. Deuterated cholesterol was added from 0 mol%, 5 mol%, 10 mol%, 15
mol% to 20 mol% with respect to DMPC. For deuterated DMPC-d,, samples, DMPC,
PEG2000-PE, DHPC, DMPC-d;, were mixed in ratios of 3.22:0.035:1:0.22.
Nondeuterated cholesterol was then added to the mixture. The lipids were
rotoevaporated down at room temperature and placed in a vacuum desiccator overnight to
dry.

The following day 100 mM HEPES buffer of pH 7.0 was added to the pear-

shaped flask so the amount of lipid in the sample was 25% (wt%). The samples were
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chilled in an ice bath and vortexed until all of the lipids were solubilized. Then the
samples were sonicated in a Fisher Scientific FS 30 bath sonicator (Florence, KY) for 30
min with the heater turned off and ice added to the bath. The sample was subjected to
several freeze/thaw cycles at room temperature. Finally, Tm’* or Dy’ (aq) was added so
that the amount of Tm** (Dy’*) was 20 mol% (molar ratio to DMPC). The sample was
gently tilted and slowly rotated for a few minutes until the sample looked homogenous.
3.3.3 EPR Spectroscopy

The bicelle samples were drawn into 1mm ID capillary tubes via a syringe. Both
ends of the tube were sealed off with Critoseal purchased from Fisher scientific
(Florence, KY). The capillary tube was placed into the standard quartz EPR tube (707-
SQ-250M) purchased from Wilmad Glass (Buena, NJ) and filled with light mineral oil.

All EPR experiments were carried out on a Bruker EMX X-band CW-EPR
spectrometer consisting of an ER 041XG microwave bridge and a TE,, cavity coupled
with a BVT 3000 nitrogen gas temperature controller (temperature stability of 0.2 K).
Each cholestane spin-labeled EPR spectrum was acquired by taking a 42-s field swept
scan with the center field set to 3350 G, a sweep width of 100 G, a microwave frequency
of 9.39 GHz, the modulation frequency was set to 100 kHz, a modulation amplitude of
1.0 G, and the microwave power was set to 2.0 mW. All oriented samples were aligned
by warming the sample from 298 K to 318 K at a maximum magnetic field strength of
0.64 T (6400 G) (30).
3.3.4 Solid-State *H NMR spectroscopy

All solid-state NMR experiments were carried out on a Bruker AVANCE 11.4 T
wide bore solid-state NMR spectrometer. The solid-state NMR spectra were gathered
with a static double-resonance 5 mm round-coil solid-state NMR probe purchased from
Bruker. *H NMR spectra were recorder at 76.77 MHz using a standard quad-echo pulse
sequence (36). The following spectrometer conditions were used: 2.6 us 90°pulses for
deuterium-labeled cholesterol, 3.1 us 90°pulse for deuterium-labeled DMPC, 20 us
innerpulse delay, 10 ms acquisition time, 0.4 s recycle delay, and a 170 KHz spectral
width for deuterium-labeled cholesterol, and a 150 kHz spectral width for deuterium-
labeled DMPC. Typically 10 K scans were accumulated for the deuterium-labeled

DMPC samples, and 16 K to 32 K scans were accumulated for the deuterium-labeled
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cholesterol in the quadrature detection mode. An exponential line broadening of 300 Hz
was applied to the free induction decay before Fourier transformation. The experiments
were carried out over the temperature range from 308 K to 348 K in 5 K increments. For
deuterium-labeled cholesterol bicelle samples, only Tm**-doped bicelles were studied.
Both Tm’*-doped and Dy**-doped bicelles were studied for deuterium-labeled DMPC-d,,
bicelles.
3.3.5 Theory
(1) Spin-label EPR spectroscopy

The EPR spectrum of magnetically aligned phospholipid bilayers with cholestane
consists of three peaks (Figures 3.1 and 3.2) as a result of the coupling of the unpaired
electron of the nitroxide spin label to a "“N nucleus. A Cartesian coordinate system
containing the X, y, and z nitroxide moiety is used with the x-axis extending along the
direction of the N-O bond and the z-axis in the direction of the nitrogen 2ps orbital (34).
For the co-aligned cholestane in the bicelles, the y-axis represents the long molecular axis
(m). The cholestane is assumed to rotate rapidly about the long axis (25).

From single-crystal studies, it is known that A, =A,, and the following equation

2

can be used to calculate the S;; order parameter (37):

_ (A// - AJ.)aN [1]

o (Azz - A.voc )a;v
where A, and A, are the observed hyperfine splittings measured between the m;= +1 and

0 spectral lines of oriented samples when the long molecular axis of cholestane is

respectively perpendicular and parallel to the static magnetic field. A,, A, A_ are the

XX yy?

static hyperfine splitting tensor values obtained from the single-crystal data. The values

A,.=58G,A =58Gand A_ =30.8G are used in the calculations (34). a, represents the

isotropic hyperfine splitting constant a,, = % This hyperfine splitting constant is

sensitive to changes in the solvent polarity, the polarity of the spin label environment, and
can be determined according to a, = %
In general, we are most interested in the molecular order parameter S,,, of the

long molecular axis.
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S33
lz( 3cos’6-1)
where 0 denotes the angle between the long molecular axis (m) and the corresponding N-

= 25,|.

S [2]

mol —

O axis (x). In this case, 0 =90°, S, ,
(2) Deuterium-labeled solid-state NMR spectroscopy

’H NMR spectra of aligned DMPC/DHPC phospholipids bilayers normally
consist of a collection of symmetrical doublets (Figure 5), characteristic of molecules
undergoing fast, axially symmetrical motion. We can relate the residual quadrupolar

splittings, Av,to order parameters S,,,, of the C-’H bond vector according to (29):
Av, = L Ap,Si,(3cos*6-1) [3]
where Ap, is the splitting for a stationary deuteron in a C-’H bond pointing along the

external magnetic field and Ap, = %ez,‘fQ. The quadrupole coupling constant ez}‘fQ of 168

kHz is used here for deuterons bound to an sp’-hybridized carbon. 0 is the angle between
the average bicelle normal (n) and the magnetic field in the laboratory frame. When the
bicelles are perfectly aligned relative to the magnetic field, 6 is equal to 90° for the
perpendicular alignment, whereas 6 is equal to 0° for the parallel alignment. S,
represents the degree of ordering of the ith C-*H bond with respect to the average bilayer
normal. If gauche conformations about C-C bonds are allowed, a wide variety of
orientations of the C-’H moieties are possible. The order parameter S, represents the

average of all allowed orientations of the C-’H moieties. S’ . the molecular order

mol °
parameter represents the angular fluctuations of the axis of motion of the molecules with
respect to the bilayer normal.

s
St = ‘§(3COSC2D9,~ - 1)‘

[4]

0, is the angle between the C-’H bond and the principal axis of the interaction tensor (m)
at the ith C-’H bond. For deuterium-labeled phospholipids molecules, we choose the
“molecular axis (m)” the normal to the plane containing the three atoms in a methylene

group. Therefore, for all C-"H bonds of the methylene groups, 6, is equal to 90°.
Shot = [25%| [5]
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The terminal methyl groups make equal angles (109.5°) with respect to the last C-C bond
of the deuterated acyl chain. However, the C-C bond is not parallel to the long molecular
axis (m). 35.25° accounts for the segment orientation of the terminal methyl group along
the C-C bond with respect to the long molecular axis (19, 37):

SCD
3¢057109.5" ~ 1) x }(3c0s?32.25 - 1))

= 6
Smol B( (6]

For deuterium-labeled cholesterol, we assume that the sterol ring is rigid. The angle 6,

given by Dufourc et. al is (9):

(li cosysinf3 + m;siny sinf3 + n, cos/y’)
2 +m?+n?)

The axis system is defined such that the x-axis is co-linear with the C;-axial bond and the

[7]

cost, =

z-axis corresponds to the OH-C,-’H plane. [, m,, and n, are the direction cosines of the C-
*H bond vector in the C, reference frame taken from the neutron scattering structure (38).
The original coordinates are transformed into the C, reference system by one translation
and three successive rotations. = 11°, y = 9° are the polar coordinates of the symmetry
axis of motion (m) in the reference frame given by the neutron diffraction structure (22).
B-12, 2, 3, 4, 4, 6-’H,] cholesterol has six different C-°’H bonds, which will give six
different values of S.,. Individual quadrupolar splittings were obtained by simulation

using the DMFIT program (39). §,,, is calculated using Eq. [4].

3.4 Results
3.4.1. EPR study of magnetically aligned phospholipid bilayers using the cholestane
spin probe.

The EPR spectra of cholestane inserted into DMPC/DHPC bicelles of varying
cholesterol concentrations are displayed in Figure 3.1 at 318 K (solid line, unaligned
bicelles; dotted line, parallel-aligned bicelles; and dashed line, perpendicular-aligned
bicelles). The addition of small amounts of lanthanide ions Tm3+ and Dy3+ enables the
DMPC/DHPC bicelles to align at the two different orientations in the magnetic field (25,
29). The lineshapes and hyperfine splittings indicate that the phospholipid bilayers are
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Figure 3.1 EPR spectra taken at 318K of the cholestane spin probe incorporated into
oriented and randomly dispersed DMPC/DHPC/cholesterol bicelles at cholesterol
concentrations of 0 mol%, 5 mol%, 10 mol%, 15 mol% and 20 mol% with respect to
DMPC. The solid-line spectra represent the randomly dispersed bicelles without added
lanthanide ions. The dashed-line spectra represent the Dy**-doped bicelle sample with
the normal of the bilayers being perpendicular to the static magnetic field. The dotted-
line spectra represent the Tm’*-doped bicelle sample with the normal of the bilayers

being parallel to the static magnetic field.
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Figure 3.2 EPR spectra of the cholestane spin probe incorporated into oriented and
randomly dispersed DMPC/DHPC/cholesterol bicelles at 15 mol% cholesterol with respect
to DMPC over the temperature range from 308 K to 348 K. The solid-line spectra
represent the randomly dispersed bicelles without added lanthanide ions. The dashed-line
spectra represent the Dy**-doped bicelle sample with the normal of the bilayers being
perpendicular to the static magnetic field. The dotted-line spectra represent the Tm’*-doped

bicelle sample with the normal of the bilayers being parallel to the static magnetic field.
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well aligned. The hyperfine splittings (measured between the m; = +1 and O peaks) for
parallel-aligned bicelles decrease from 10.6 G to 8.6 G as the cholesterol concentration
increases, while the hyperfine splittings for the perpendicular-aligned bicelles increase
from 17.2 G to 18.4 G.

Figure 3.2 shows the EPR spectra of cholestane inserted into DMPC/DHPC
bicelle samples with 15 mol% cholesterol with respect to DMPC as a function of
temperature. The spectra taken at 308 K indicate that the phospholipid bilayers are not
well aligned in the magnetic field, because the hyperfine splitting and lineshape of the
spectra with either Tm> or with Dy’* are nearly the same as the randomly aligned
spectrum. At 313 K, the spectra indicate that the bicelles with 15 mol% cholesterol with
respect to DMPC are aligned (data not shown) and look similar to the spectra taken at
higher temperatures (318 K ~ 348 K) shown in Figure 3.2. The hyperfine splitting
decreases from 18.0 G to 16.8 G for the bicelles in the perpendicular orientation, and
increases from 8.8 G to 11.3 G in the parallel orientation as the temperature increases. At
20 mol% cholesterol with respect to DMPC, the bicelles are not well aligned at 308 K
and 313 K, but are aligned from 318 K up to 348 K (data not shown). However,
magnetically aligned phospholipid bilayers prepared with 0 mol%, 5 mol%, 10 mol%
cholesterol with respect to DMPC are aligned at both the parallel and perpendicular
orientations at 308 K. Therefore, the minimum temperature required for alignment of the
phospholipid bilayers increases as the cholesterol concentration increases.

The method for calculating the molecular order parameters (S,,,,) for the 33-doxyl-
Sa-cholestane (cholestane) is described in Section 3.3. Figure 3.3 shows the changes in
S,.; in the presence of cholesterol as a function of temperature. The concentration of
cholesterol ranges from 0 mol% to 20 mol% with respect to DMPC. The ordering of the
cholestane in the membrane decreases as the temperature increases. The degree of
ordering decreases gradually in the low temperature region. At higher temperatures
(above 323 K~333 K), the ordering shows a slower decrease.

For comparison, Figure 3.4 displays the ordering profile of cholestane as a

function of cholesterol concentration at different temperatures. At a given temperature,
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Figure 3.3 The molecular order parameters (S,,) calculated from the spin-labeled
cholestane EPR spectra as a function of temperature in magnetically aligned
DMPC/DHPC/cholesterol bicelles at cholesterol concentrations of 0 mol%, 5 mol%, 10
mol%, 15 mol% and 20 mol% with respect to DMPC.
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Figure 3.4 The molecular order parameters calculated from the cholestane spin probe
EPR spectra as a function of cholesterol concentration in magnetically aligned
DMPC/DHPC/cholesterol bicelles. The sample temperature of the spectra ranges from
308 K to 348 K.
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the ordering of the membrane increases as the cholesterol concentration increases, and
the slope of the increase of ordering is higher for the bicelle samples at lower
temperatures. At 318 K, the ordering increases from 0.5 to more than 0.7. In contrast,
the ordering changes from 0.3 to about 0.4 at 348 K. The spin-labeled cholestane is used
to probe the motions and the dynamics of the phospholipid membranes. The increase in
ordering shows that the rigid sterol ring of cholesterol limits the motion of lipid
membrane, and the restriction effect is more pronounced at low temperatures (308 K, 318
K).
3.4.2. Solid-state NMR study of magnetically aligned phospholipid bilayers using
deuterium-labeled cholesterol

Deuterium-labeled cholesterol-d; NMR studies have also been carried out on the
same compositions of DMPC/DHPC/cholesterol bicelle samples. Cholesterol has been
shown to orient in phospholipids bilayers with its polar hydroxyl group in close vicinity
to the head groups of phospholipid molecules and its alkyl side-chain extending towards
the bilayer center (40). The amount of cholesterol-d, in the bicelle samples is titrated
from 5 mol% to 20 mol% with respect to DMPC. The *H NMR spectra of 10 mol%
cholesterol-d, at 318 K is displayed in Figure 3.5(A). The resolved peaks are simulated
using the DMFIT simulation program and are displayed as dotted lines in Figure 3.5 (B)
(39). The peak assignments are based upon previous work (22). The inner doublets with
the smallest quadrupolar splitting (4.2 kHz) represent the 6-’H deuteron. The second
smallest quadrupolar splittings (48.1 kHz and 50.9 kHz) represent the 4-’H,, and 2-’H,,
deuterons on the fused ring of cholesterol, and the last set of doublets (73.4 kHz, 76.1
kHz, 79.2 kHz) correspond to the quadrupolar splitting of the 4,2 -°H,, deuterons and the
deuteron at the C,-’H position, respectively. The molecular order parameters are
calculated as described in the Material and Methods section and the results are shown in
Figure 3.9. The six quadrupolar splittings from the different C-’H bonds give almost the
same molecular order parameter (S,,,) values within a small standard deviation. The final

result is the average of the six values of §

mol*

The quadrupolar splittings and S, values
confirm that the cholesterol ring is rather rigid in the phospholipid bilayer under these

conditions.
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Figure 3.5 ’H NMR spectra of Tm’*-oped magnetically aligned DMPC/DHPC/

cholesterol-d, phospholipids bilayers at 318 K. Cholesterol-dy is incorporated into the
magnetically aligned bilayers as the deuterium label. The concentration of cholesterol-d,
is 10 mol% with respect to DMPC. The structure of cholesterol-d, is shown in the inset.
The simulations were carried out using the DMFIT simulation program. (A) The solid-
line spectrum represents the "H NMR spectrum. The dotted-line spectrum is the summed
simulated NMR spectrum. (B) The dotted line in the spectrum represents individual
peaks that are simulated. The peaks are labeled according to the assignment by Marsan

et.al (19).
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3.4.3. Solid-state NMR study of magnetically aligned phospholipids bilayers using
deuterium-labeled DMPC-d.,.

The molecular order parameters of “H-labeled cholesterol will only give
information about the flexibility of the lipid chains indirectly. However, by incorporating
DMPC-d,, into the bicelle samples, the lipid chain dynamics can be directly investigated
with *H solid-state NMR studies. The bicelle samples are analyzed in both the parallel
and perpendicular orientations. The molecular order parameters calculated from both
bicelle samples are similar. However, only the parallel-aligned phospholipid bilayer data
will be presented due to the increased resolution. Figure 3.6 shows a series of ‘H NMR
spectra of parallel-aligned DMPC/DHPC phospholipid bilayer samples doped with
DMPC-dy, investigated as a function of cholesterol concentration at 318 K. The "H NMR
spectrum of the bicelle sample with 0 mol% cholesterol with respect to DMPC is well
resolved. The good resolution is clearly indicative of well-aligned phospholipid bilayers.
As the cholesterol concentration increases, the spectra become broader and start to lose
resolution. The bicelle samples prepared in the absence of cholesterol yield well-
resolved spectra at 308 K and at a slightly lower temperature. The bicelle samples
prepared with 10 mol% cholesterol with respect to DMPC yield well-resolved spectra at a
temperature of 318 K or higher. However, for the bicelle samples with 20 mol%
cholesterol, well-resolved spectra were obtained only at temperature above 318 K. Thus,
the minimum temperature required for alignment of DMPC/DHPC phospholipid bilayers
increases as the cholesterol concentration increases from 0 mol% to 20 mol%. This result
is consistent with the EPR results.

Figure 3.7 displays the molecular order parameter §,,, profile versus the carbon
atom position along the acyl chains of DMPC-ds, placed into magnetically aligned

phospholipid bilayers. The S, for the individual C-°H bonds of the methylene groups

mol
and the terminal methyl groups of the acyl chains is directly evaluated from the
corresponding quadrupolar splittings of each group. The quadrupolar splittings for the
deuterons in the plateau region are estimated by integration of the last broad peak
according to the literature (47). Figure 3.7(A) shows the molecular order parameter S

mol

profile of varying cholesterol concentrations as a function of the carbon number. The

48



0% cholesterol

M 5% cholesterol

Lt

M 10% cholesterol
L

| [ | e

40 20 0 -20 -40

Figure 3.6 H-NMR spectra of Tm**-doped magnetically aligned DMPC/DHPC/DMPC-
ds,/cholesterol phospholipids bilayers at 318 K. DMPC-ds, is incorporated into the
magnetically aligned bicelles as the deuterium label. The cholesterol concentration is O

mol%, 5 mol%, 10 mol%, 15 mol% and 20 mol% with respect to DMPC.
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molecular order parameters decrease gradually towards the end of the hydrocarbon chain.
Cholesterol enhances the ordering of the entire acyl chain within the phospholipid
bilayers as the amount of cholesterol in the bicelle sample increases from O to 20 mol%
with respect to DMPC. The increase in ordering of the methylene groups near the top of
the hydrocarbon chain is almost the same as the increase in ordering of the methyl groups
at the end of the hydrocarbon chain as the cholesterol concentration increases. These
results indicate that the ordering effect of cholesterol to the phospholipid molecules is
uniform along the entire acyl chains of the phospholipid molecules. Figure 3.7(B) shows
the temperature effect on the molecular order parameter of DMPC-ds, at 15 mol%
cholesterol with respect to DMPC. The molecular order parameters decrease as the
temperature increases. The decrease in ordering of the methylene groups and methyl
groups at different positions along the acyl chain of the phospholipid molecules are
almost identical.

The normalized order parameter over the 13 quadrupolar splittings, calculated

. 14 . . . .
using <Sm0,> =55 . ._, S » can be used to characterize the ordering of the entire myristoyl

mol °
chain (29). Figure 3.8(A) displays the cholesterol concentration dependence of the
normalized order parameter profile as a function of temperature. In Figure 3.8(B), the
normalized order parameter is plotted versus cholesterol concentration at various

temperatures. <Sm0,> decreases with increasing temperature, but increases with increasing

cholesterol concentration. Both graphs indicate that the ordering effect of cholesterol on
the membranes is more significant at low temperatures. In contrast, the disordering effect
on the membrane caused by increasing the temperature is more significant at high
cholesterol concentrations. These results agree well with the corresponding EPR results
(Figure 3.3 and 3.4).

Figure 3.9(A) compares the cholestane EPR data from Figure 3.3 with the
deuterium-labeled cholesterol-d; NMR data. The data show an overall decrease in the
S, order parameters of cholesterol-ds/cholestane incorporated into the DMPC/DHPC
phospholipid bilayers as the sample temperature increases. The cholesterol-d./cholestane

gives high molecular order parameter values while the phospholipids yield lower
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Figure 3.7 Molecular order parameter profiles with respect to the position along the acyl
chain of deuterium labeled DMPC-d;, incorporated into Tm’*-doped
DMPC/DHPC/cholesterol bicelle samples. (A) The cholesterol concentrations are 0
mol%, 5 mol%, 10 mol%, 15 mol% and 20 mol% with respect to DMPC. The sample
temperature is 323 K. (B) The cholesterol concentration is 15 mol% with respect to
DMPC. The temperature range is from 318 K to 348 K. The DMPC/DHPC/cholesterol
bicelles with 15 mol% cholesterol at 308 K and 313 K are not aligned.
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Figure 3.8 (A) The average molecular order parameter profiles over the entire length of
the acyl chain of DMPC-dy, as a function of temperature in magnetically aligned
DMPC/DHPC/cholesterol bicelles at cholesterol concentrations of 0 mol%, 5 mol%, 10
mol%, 15 mol% and 20 mol% with respect to DMPC. (B) The average molecular order
parameter profiles over the entire length of the acyl chain of DMPC-dy, as a function of
cholesterol concentration in magnetically aligned DMPC/DHPC/cholesterol bicelles at
different temperatures. Both graphs are from bicelle samples that are aligned with their

normal being parallel to the static magnetic field.
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Figure 3.9 A comparison of the molecular order parameters (S,,,) obtained by spin-
labeled cholestane (open symbols) with S, obtained by *H-labeled cholesterol-d, (closed
symbols) incorporated into DMPC/DHPC/cholesterol bicelles as a function of
temperature. (A) S,,, is displayed and as a function of the cholesterol concentration. (B)

mol
S

nu

,, at a temperature of 323K. Tm’*-doped bicelle samples were used to obtain the
molecular order parameters from the ’H NMR spectra. Tm’*- and Dy**- doped bicelle
samples were used to obtain the order parameters from cholestane spin probe EPR

spectra.
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molecular order parameter values (Figure 3.7 and 3.8). These results indicate that
phospholipid molecules undergo faster motions than the corresponding cholesterol
molecules. *H-labeled cholesterol and spin-labeled cholestane give slightly different
information with deuterium-labeled cholesterol having larger molecular order parameter
values and less dependence upon the temperature. Figure 3.9(B) displays the molecular
order parameters as a function of cholesterol concentration at 323 K. The cholesterol-
d¢/cholestane molecular order parameters increase as the cholesterol concentration
increases. “H NMR spectra of cholesterol-d, incorporated into DMPC/DHPC
magnetically aligned bilayers show less dependence on the degree of ordering on
cholesterol concentration than the corresponding EPR spectra of cholestane incorporated

into magnetically aligned phospholipid bilayers.

3.5 Discussion

The EPR lineshapes and hyperfine splittings shown in Figure 3.1 for magnetically
aligned phospholipid bilayers are consistent with previously published spectra of aligned
bicelles containing cholestane (30). The bicelle samples incorporated with cholesterol-d,
or DMPC-ds, yield well-resolved NMR peaks (Figure 3.5 and 3.6). The magnetically
aligned spectra demonstrate that cholesterol/cholestane molecules have been successfully
incorporated into the bicelle membranes and that the phospholipid bilayers can be well
aligned in both EPR and NMR magnetic fields at certain temperatures.

In this paper, we present for the first time the molecular order parameters obtained
from both deuterium-labeled cholesterol and deuterium-labeled phospholipid molecules
inserted into magnetically aligned phospholipid bilayers. The deuterium-labeled
cholesterol-d; NMR spectrum yields six different quadrupolar splittings corresponding to
C-’H bonds at six different positions of the sterol ring. However, the molecular order
parameters calculated from the six quadrupolar splittings are similar to each other in
magnitude. The result confirms that cholesterol molecules are fairly rigid inside the
DMPC/DHPC phospholipid bilayers. The molecular order parameter profiles of the acyl
chains of DMPC-ds, incorporated into the bilayers as a function of temperature and
cholesterol concentration are also compared in Figure 3.7. The magnitude of change of

ordering is uniform along the entire acyl chains from carbon 2 to 14. The phospholipid
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acyl chain carbons at position 2-10 have been estimated to lie close to the sterol ring
structure of cholesterol (40) and the carbons at positions 11 through 14 are close to the
side chain tail of cholesterol. Analysis of the data indicates that the cholesterol side chain
located at the end of the sterol ring is also rigid and has a similar ordering effect on the
phospholipid molecules. The effective length of cholesterol has been estimated to
correspond to a 17-carbon all-trans hydrocarbon chain (40), while DMPC has 14 carbons
on one of its acyl chains. Therefore, the side chain of cholesterol is probably highly
packed and tangled in the middle of the phospholipid bilayers, which induces ordering of
the membrane in that region.

Three sets of S, order parameters on cholestane, cholesterol, and phospholipid
molecules from both spin-label EPR and ’H NMR spectroscopic studies are presented in
this work for the first time on bicelles and are consistent with each other. The degree of
ordering increases as the amount of cholesterol in the DMPC/DHPC bilayer samples
increases. Actually cholesterol molecules have a higher degree of ordering and slower
motion than the corresponding phospholipids molecules in the same sample. The
dynamics of the phospholipid membrane can be characterized by three correlation times
corresponding to the rotation about the principal diffusion axis of the molecule (chain
rotation), rotation about this axis (chain fluctuation or wobbling), and a trans-gauche
isomerization of the acyl chain. The flat cholesterol molecule with cylindrical symmetry
probably has the relatively higher activation energy for molecular rotation about its
molecular axis than the corresponding phospholipid molecules. The molecular rotation
of phospholipid molecules will slow down because of the close contact of cholesterol
molecules with slower motions. At the same time, the rigidity of the cholesterol
molecules can also restrict the trans-gauche isomerization of the acyl chains of the
phospholipid molecules next to it. As the temperature increases, the molecules gain more
energy; thus, both the intermolecular motion (chain rotation and fluctuation) and
intramolecular motion will increase. Therefore, the molecular ordering decreases when
the temperature increases.

A detailed analysis of the EPR spectra of phospholipid bilayers with the nitroxide
spin label cholestane revealed that the hyperfine anisotropy tensor has the following

values A ,=5.8G, A, =5.8G and A_=30.8G (34). The observed hyperfine splittings depend
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upon the orientation of the spin probe with respect to the magnetic field and the motion of
the molecules about its three tensor-axes. The long molecular axis of the cholestane
molecule and y-axis of the nitroxide spin label are reported to lie approximately parallel
to the membrane normal of the phospholipid bilayers when cholestane is inserted into the
membranes. If the phospholipid bilayers are aligned with their bilayer normal
perpendicular to the magnetic field, the hyperfine splitting should equal the average value
of A, and A,, ((A,,+A,)/2=18.3 G). The measured hyperfine splitting ranges from 17~18
G, slightly less than the theoretical value of 18.3 G. This variation is attributed to the
fluctuation of the long molecular axis of cholestane or the slight difference in the
orientation between the long molecule axis and y-axis of the nitroxide spin probe. As the
cholesterol concentration reaches 20 mol% in the phospholipid bilayers, the hyperfine
splitting increases to 18.4 G at 318K. These results indicate that the addition of
cholesterol to the DMPC/DHPC membrane reduces the fluctuation of the molecular axis.
Conversely, the hyperfine splitting of cholestane inserted into DMPC/DHPC bilayers in
the perpendicular orientation decreases from 18.0 G to 16.8 G when the temperature
increases. The decrease in the hyperfine splitting is due to the faster molecular axis
fluctuations at higher temperatures. The fast molecular motion makes A,, a nonnegligible
factor in determining the hyperfine splittings. An ideal motionally averaged isotropic
sample yields an isotropic hyperfine value of 14.5 G ((A,+A, +A_)/2=14.5 G).

In Figure 3, the EPR studies indicate that the decrease of ordering displays a steep
slope in the low temperature range (308 K to 323 K). At higher temperatures, the
decrease of ordering is slower with a smaller slope. There is a noticeable turning point
from the steep decrease to the slow decrease around 323 K to 333 K, depending on the
cholesterol concentration. This may indicate a morphological change corresponding to
the liquid crystalline nematic phase changing to a smectic phase at a temperature around
323 K to 333 K (30). When the cholesterol concentration is raised, the presumed
nematic-to-smetic phase transition temperature is also raised. At this temperature range,
the H NMR spectra show higher resolution. These results agree with work in the
literature and indicates that a conversion from a positively aligned nematic to a positive
aligned smectic phase coexists with an isotropic phase between about 313 K to 328 K (3).

Previously, we have characterized the nematic to smectic phase change of DMPC/DHPC
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bicelle samples with ‘H NMR spectroscopy in the absence of cholesterol and cholestane
(30). However, the changes in the molecular order parameters of DMPC-ds, and
cholesterol-d, given by *H NMR in Figure 8 and 9 show a gradually decrease as the
temperature increases. As mentioned before, EPR spectroscopy is sensitive to molecular
motions of phospholipids within the membrane. EPR spectra of nitroxide radicals are
particularly sensitive to motions with correlation times between 10" and 10® s, which is
in the range of correlation times for molecular “long-axis” rotations and wobbling (18).
In this sense, EPR spectroscopy can provide more detailed information about the
membrane than NMR spectroscopy.

In the present paper, both deuterium-labeled cholesterol and spin-labeled
cholestane are used to study the DMPC/DHPC bicelle membrane system. The data
indicates that the behavior of the two probes is similar. The degree of ordering of the
membrane increases as the amount of cholesterol increases in the sample and the ordering
decreases as the temperature increases. However, the degree of ordering of cholesterol in
the membranes is lower for the EPR data than for the corresponding NMR data (Figure
3.9). This result can be explained by the different properties of the two probes. The
cholesterol OH group is replaced by a bulky nitroxide spin label in cholestane, which will
probably slightly distort the close packing of the headgroups of the phospholipids
bilayers. For the molecular order parameter calculations, different rotational axes are
used for the deuterium-labeled cholesterol and the spin-labeled cholestane. The rotation
axis of cholesterol is defined in the OH-C;-’H reference systems (22), whereas the motion
of the cholestane is believed to be about the nitroxide y-axis (34). The small deviation of
the rotation axis would also result in the difference observed in the molecular order
parameter values.

Inspection of Figure 3.9 indicates that the cholesterol-d; NMR data yield larger
molecular order parameter values with less dependence upon temperature than the
cholestane EPR data. The order parameters given by cholestane show a larger
dependence upon temperature and cholesterol concentration. The correspondence
between the magnitudes of the molecular order parameters for the two probes is best in
situations of high inherent order (high cholesterol and low temperature). The S, values

from EPR and NMR data diverge as the membrane becomes more flexible and the degree
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of ordering decreases. The degree of ordering in the membrane with cholestane is more
sensitive to changes in membrane composition and environment probably duo to the
existence of the nitroxide radicals. In a comparison study of phospholipid bilayer
systems that contain the cholestane spin probe or a cholesterol-30—d deuterium probe, the
NMR results show less dependence upon temperature and cholesterol concentration,
which agrees with our results (8). The discrepancy between the EPR and NMR data
observed in this paper is also caused by the difference in sensitivity of the two techniques
over the various molecular motion time scales. “H NMR spectra are sensitive to motions
with correlation times between 10~ and 10™ s (42), whereas EPR spectra of nitroxide spin
probes are particularly sensitive to faster motions with correlation times between 10
and 10® s (21). The phospholipids molecular chain rotation and wobbling will be at the
fast-motional limit of NMR time scale. When the temperature increases or the amount of
cholesterol in the bilayers decreases, the membrane will be more fluid and the molecules
will undergo faster motions. Under these conditions, the correlation time fits better on
the EPR time scale. Thus, spin-label EPR spectroscopy is more sensitive for probing
faster motions, when compared to solid-state "H NMR spectroscopy. This explains why
the molecular order parameter values obtained by EPR spectroscopy and NMR
spectroscopy studies are more consistent under conditions of higher ordering in the
membrane.

In both the EPR and NMR spectroscopic studies, the minimum alignment
temperature of the bicelles increases as the cholesterol concentration increases. The
DMPC/DHPC phospholipid bilayers in the absence of cholesterol are aligned at a
minimum temperature of 308 K. The DMPC/DHPC phospholipid bilayers with 20 mol%
cholesterol with respect to DMPC are aligned at a minimum temperature of 318 K (10 K
higher). The alignment of the bicelles is a cooperative phenomenon. The alignment of
bicelles only occurs when the sample temperature is raised above the lipid gel-to-liquid
crystalline phase transition temperature. In the gel phase, the H NMR spectrum exhibits
only an isotropic peak, which suggests the formation of small rapidly tumbling bicelles in
an isotropic phase (20, 30). Above the gel-to-liquid crystalline phase transition
temperature, the bicelles become aligned in the magnetic field. The phase of the

phospholipid bilayers is sensitive to membrane compositions, membrane hydration,
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temperature and other factors (31, 42). The incorporation of cholesterol alters the
physical and phase properties of the phospholipid bilayers. Cholesterol increases the
molecular ordering of the phospholipid molecules at the temperature above the gel-to-
liquid crystalline phase transition temperature, most likely by restricting the motions of
the neighboring acyl chains, reducing the fraction of gauche bonds of the acyl chains,
making the acyl chains pack tighter together. As discussed above, the membrane
nematic-to-smectic phase transition temperature also increases as the cholesterol
concentration is raised in the DMPC/DHPC phospholipid bilayer samples. The data
suggests that the lipid gel-to-liquid phase transition temperature is raised by increasing
the cholesterol concentration, and the minimum bicelle alignment temperature increases

as well.

3.6 Conclusion

We present here for the first time a comparison of both spin-labeled EPR and *H-
labeled NMR techniques to study the cholesterol effect on DMPC/DHPC magnetically
aligned phospholipid bilayer membranes. Both techniques are ideal ways to study the
unique phospholipid membrane system. Our study provides a relatively complete picture
of the cholesterol effect on bicelles by both EPR and solid-state NMR techniques with
different sensitivity. Cholesterol molecules are rather rigid. Cholesterol incorporated
into the phospholipid bilayers increases the molecular ordering of the phospholipid acyl
chains, stabilizes the liquid crystalline phase of the phospholipids, increases the minimum
alignment temperature of the DMPC/DHPC phospholipid bilayers, and increases the
liquid crystalline nematic-to-smectic phase transition temperature. The S,, values
obtained in this paper for DMPC/DHPC bilayers are consistent with previous EPR and
solid-state NMR studies on other phospholipid bilayer systems (8, 9, 18, 22, 43, 44).
Thus, magnetically aligned phospholipid bilayers represent an excellent model membrane

system for both spin-labeled EPR and solid-state NMR studies.
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4.1 Abstract

An 18-residue peptide, KWGAKIKIGAKIKIGAKI-NH, was designed to form
amphiphilic -sheet structures when bound to lipid bilayers. The peptide possesses high
antimicrobial activity when compared to naturally occurring linear antimicrobial
peptides, most of which adopt an amphipathic a-helical conformation upon binding to the
lipids. The perturbation of the bilayer by the peptide was studied by static *'P and "H
solid-state NMR spectroscopy using POPC and POPG/POPC (3/1) bilayer membranes
with sn-1 chain perdeuterated POPC and POPG as the isotopic labels. *'P NMR powder
spectra exhibited two components for POPG/POPC bilayers upon addition of the peptide,
but only a slight change in the lineshape for POPC bilayers, indicating that the peptide
selectively disrupted the membrane structure consisting of POPG lipids. "H NMR powder
spectra indicated a reduction in the lipid chain order for POPC bilayers and no significant
change in the ordering for POPG/POPC bilayers upon the peptide association with the
bilayers, suggesting the peptide acts as a surface peptide in POPG/POPC bilayers.
Relaxation rates are more sensitive to the motions of the membranes over a large range of
time scales. Longer *'P longitudinal relaxation times for both POPG and POPC in the
presence of the peptide indicated a direct interaction between the peptide and the
POPG/POPC bilayer membranes. *'P longitudinal relaxation studies also suggested that
the peptide prefers to interact with the POPG phospholipids. However, inversion-
recovery “H NMR spectroscopic experiments demonstrated a change in the relaxation
rate of the lipid acyl chains for both the POPC membranes and the POPG/POPC
membranes upon interaction with the peptide. Transverse relaxation studies indicated an
increase in the spectral density of the collective membrane motion caused by the
interaction between the peptide and the POPG/POPC membrane. The experimental
results demonstrate significant dynamic changes in the membrane in the presence of the
antimicrobial peptide, and support a carpet mechanism for the disruption of the

membranes by the antimicrobial peptide.
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4.2 Introduction

A large number of antimicrobial peptides have been studied recently because of
their potential to serve as medical alternatives to antibiotics (/, 2). These defense peptides
usually possess a net positive charge and are able to form an amphipathic structure when
bound to phospholipid bilayers. Many of these antimicrobial peptides, such as PGLa (3,
4) and magainins (5, 6), adopt an amphipathic a-helical conformation when interacting
with the membrane. Conversely, some antimicrobial peptides form an amphipathic -
sheet structure because of their intrinsic intra-molecular disulfide bonds (6). In this
paper, a novel linear amphiphilic -sheet cationic antimicrobial peptide KIGAKI was
used. This peptide was designed to have a high hydrophobic moment value (0.63) for a
B-sheet structure and low hydrophobic moment value (0) for an a-helical structure (7).
The absence of cysteine residues precludes the formation of either inter- or intra-
molecular disulfide bonds to stabilize the secondary structure. In a previous paper, CD
and FTIR spectroscopy results showed that this peptide does indeed adopt a f3-sheet
conformation when bound to anionic lipids (7). One important factor in determining the
potential application of these antimicrobial peptides is the ability of the peptides to
disrupt prokaryotic membranes at concentrations that are not harmful to host membranes.
The antimicrobial and hemolytic activity of KIGAKI showed higher antimicrobial
activity than PGLa and magainins and an increased selectivity between bacterial and
mammalian cells (7, §).

While these functional properties appear promising, no studies on KIGAKI have
been reported to address the origin of the selectivity at the molecular level. In order to
obtain a better understanding of the mechanism of the antimicrobial activity and
selectivity of this peptide, solid-state NMR longitudinal (T,) and transverse relaxation
(T,) experiments are reported here that examine the effects of KIGAKI on membrane
structure and lipid mobility.

Recently, solid-state NMR spectroscopy has been widely applied to studying
short membrane active peptides, such as human LL-37, HIV intracellular domain gp41,
magainin, protegrin-1, colicin la (3-6, 9-15), using uniformly labeled or site-specifically
labeled peptides while details of the dynamic and conformational information were

obtained. Little useful information about the dynamics of the phospholipid bilayer
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membranes could be determined from these results. Static *'P and *H solid-state NMR
spectroscopy are the most common techniques used in studying the perturbation of the
phospholipid bilayers by peptides. In fact, the bilayer membranes possess a variety of
motions with a hierarchy of correlation times, including the fast trans-gauche
isomerization of acyl chains (107'°-10” s), the long axis rotation of the lipids (10°-10®s),
the lipid lateral diffusion (10°-107 s), and the whole membrane slow-order director
fluctuations whose correlation times depend upon membrane size and thickness (16).
Depending upon the nature of the interaction, the peptide can modify these motions in
different time scales (17). It is very important to choose the appropriate technique to
detect these motions. One type of interaction may appear fast (averaged) and featureless
when viewed by one technique, but slow (discrete) with the other techniques. Solid-state
NMR spectroscopy is a powerful method that can determine molecular motions over a
wide range of time scales (/6). The averaging deuterium quadrupolar interaction can
detect molecular motions of ~10-100 kHz, and the averaging *'P chemical shift
anisotropy is effective for probing rates of ~4-6 kHz (/6). Moreover, NMR relaxation
time measurements are more appropriate to probe the dynamics of the phospholipid
bilayers (18). The longitudinal relaxation time (T,) is sensitive to the lipid molecular
motions in the ns-us time scale, which includes rapid conformational changes of lipid
acyl chains and polar head groups and long axis rotations and diffusion of the lipids (fast
molecular motion) (19-21). The transverse relaxation time (T,) is sensitive to motions in
the ms range which is effective for measuring collective lipid motions in the bilayer (slow
molecular motion) (22-24).

Two biologically relevant membrane systems were studied here. Multilamellar
vesicles (MLVs) contain either POPC or a mixture of POPG and POPC at 3/1 molar
ratio. POPC is a neutral zwitterionic phospholipid that is abundant in mammalian cell
membranes. POPG is an anionic lipid that is commonly found in bacterial plasma
membranes (7). H-labeled POPC and POPG acyl chains were used in order to localize
the influence of the peptide on each lipid class in the bilayer. The static powder spectra
of *'P from the lipid headgroups and *H from the acyl chains showed significant
difference between POPC bilayers and POPG/POPC bilayers, indicating that KIGAKI

interacts with these membrane systems in a selective manner. We propose that this short
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cationic peptide aggregates into -sheet structures and disrupts the membrane through an
electrostatic interaction at the surface of the bilayers when it binds to the membrane
containing anionic lipids, such as POPG. The relaxation studies carried out in this work
reveal unique dynamic information over a large time scale range that further supports this
mechanism. A significant change occurs in the *'P T, and T, relaxation times at the
surface of the bilayers as well as the *H relaxation times in the hydrophobic interior of the
bilayers upon addition of the KIGAKI peptide. A complete picture of the membrane

dynamics in the presence of the antimicrobial peptide is discussed.

4.3 Material and Methods
4.3.1 Material

POPC, POPG, POPC-d;, and POPG-d,, were purchased from Avanti Polar Lipids
(Alabaster, AL) and used without further purification. All phospholipids were dissolved
in chloroform and stored at -20°C prior to use. Deuterium-depleted water was obtained
from Isotec (Miamisburg, OH). HEPES, TFE and EDTA were obtained from
Sigma/Aldrich (St. Louis, MO). The antimicrobial peptide KIGAKI was synthesized
using Fmoc chemistry by ResGen (Huntsville, AL). The crude peptides were purified by
reverse-phase HPLC. The purity of the peptide (>95%) was checked by reverse-phase
HPLC and electrospray mass spectrometry.
4.3.2 NMR sample preparation

MLV samples containing either POPC MLV or POPG/POPC (3/1) MLV were
prepared according to the following procedure (25). The phospholipid mixture (0.1
mmol) was first dried under a steady stream of N, gas for ~ 30 mins to remove the
organic solvent. The deuterated lipids represented 15 mol% of the total phospholipids.
The sample was then left under a high vacuum dessicator overnight. MLVs were formed
by resuspension of the dry lipids in 190ul. HEPES buffer (SmM EDTA, 20mM NaCl,
and 30mM HEPES, pH 7.0) with frequent vortexing to homogenize the sample. Samples
were then allowed to sit in a warm water bath (50 °C) for 20 mins. The peptides were
dissolved in 100ul. TFE and sonicated for 10 mins. Bilayer samples with peptides were
prepared by mixing the peptides in TFE solvent with phospholipids in chloroform

followed with the same drying down procedure described above. Next, the samples were
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hydrated using 190ul. HEPES buffer (SmM EDTA, 20mM NaCl, and 30mM HEPES, pH
7.0). After vortexing, the samples were put in a water bath (50 °C) for 20 mins.
4.3.3 NMR spectroscopy

All experiments were recorded on a Bruker Avance 500 MHz WB solid-state
NMR spectrometer using a 4mm triple resonance CPMAS probe. *'P static NMR spectra
were acquired at 202.4 MHz using a spin-echo pulse sequence with proton decoupling.
°H static NMR experiments were performed at 76.77 MHz using a quadrupolar echo
pulse sequence. The 90° pulses used for *'P and *H were 4.0 usec, 3.0 usec respectively.

*'P T,, longitudinal relaxation experiments were conducted using an inversion-
recovery pulse sequence 180°-T-90°-acq. The delay time (T) was varied from 10.0 msec
to 6.0 sec. *'P T, transverse relaxation experiments were studied using a spinecho
sequence 90°-t-180°-t-acq. The innerpulse delay time (t) was varied over a range from
243.7 usec to 99.994 msec. The *'P solid-state NMR relaxation study was conducted
when the sample was spun at 4 kHz at the magic angle. For the *'P transverse relaxation
experiments, rotor synchronization was used (26, 27). *H T,, longitudinal relaxation
experiments were recorded using the inversion-recovery quadrupolar echo sequence
180°-T-90°-1-90°-t-acq. The delay time (T) was varied from 2.0 msec to 1.5 sec. °‘H T,
transverse relaxation experiments were carried out using a standard quadrupolar echo
pulse sequence: 90°-t-90°-t-acq. The innerpulse delay time (t) was varied between 10.0
usec to 6.0 msec (28).
4.3.4 NMR data analysis

Powder-type “H NMR spectra of multilamellar dispersions of POPC-d,, or POPG-
d,, were deconvoluted (dePaked) using the algorithm of McCabe and Wassall (29). The
spectra were deconvoluted such that the bilayer normal was parallel with respect to the
direction of the static magnetic field. The *H order parameters S, were calculated
according to the equation: S'v; = Av, / (3/2(e’qQ/h)), where Av, is the quadrupolar
splitting for a deuteron attached to the ith carbon of the POPC or POPG acyl chain, and
e’qQ/h is the quadrupole coupling constant (168 kHz for deuteron in C-D bonds) (30,
31). The order parameters of the methyl groups at the end of the acyl chain were 3 times

of the calculated So, (30). Powder-type *'P NMR spectra of POPG/POPC MLVs
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associated with 4 mol% peptide with respect to the total lipids concentration were fitted
using two components with the DMFIT program (32).

For the *'P and *H longitudinal relaxation study, the change in the area under a
particular peak was fitted to a single exponential function: I(t) = I(0)-Aexp(-t/T,), where
I(0) is close to 1 and A is about 2 (28). The standard deviation of each *'P T, value is
within = 0.005 ms. The °H longitudinal relaxation rate R,, =1/T,. The standard deviation
of each R,, value is within = 0.02 s". A double exponential decay I(t) = A exp (-2t/T,s) +
Aexp (-2t/T,;) was used to fit the *'P transverse relaxation data. The standard deviation
of T,s value (the slow component with longer *'P transverse relaxation time) is within =
0.5 ms, whereas the standard deviation of T,; value (the fast component with shorter *'P
transverse relaxation time) is within = 0.1 ms. For the H transverse relaxation study, the
decay of the peak area was fitted to the equation: I(t) = Aexp (-2t/T,), where A is about 1
(28). The standard deviation of each T, value is within = 0.1 us. The fitting was
performed using Igor Pro Carbon version 4.05A (WaveMetrics Inc.) on a G5 Mac

computer.

4.4 Results

The effect of the antimicrobial peptide KIGAKI on the dynamic properties of
phospholipid bilayers was examined using *'P and *H NMR longitudinal and transverse
relaxation studies. Three MLV samples consisting of POPC/POPC-d,,,
POPG/POPC/POPC-d;;, and POPG/POPC/POPG-d,, were studied with and without
peptide. First, the static *'P and ’H NMR powder spectra were compared for the POPC
and POPG/POPC (3/1) MLVs. Then the *'P and *H NMR longitudinal relaxation times
were measured. *'P and ’H NMR transverse relaxation were then performed only for

POPG/POPC (3/1) MLVs.

4.4.1°'P and *H Solid-State NMR spectroscopy of POPC and POPG/POPC MLVs
interacting with KIGAKI
Static *'P solid-state NMR spectra were collected for POPC lipid dispersions with

different peptide concentrations (from 0 mol% to 8 mol% with respect to the total lipids
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Figure 4.1 (A) *'P NMR powder spectra of POPC MLVs at 25 °C. The solid line
represents the spectrum of the control POPC MLVs. The dash line represents the
spectrum of the POPC MLVs with 4 mol% antimicrobial peptide. The dotted line
represents the spectrum of the POPC MLVs with 8 mol% antimicrobial peptide. (B) and
(C) >'P NMR powder spectra of POPG/POPC/POPC-d,, MLVs and POPG/POPC/POPG-
d;; MLVs respectively at 25 °C. The solid line represents the spectra of the control
sample, while the dash line represents the spectra of MLVs with 4 mol% peptide. (D)
The best fitting of *'P NMR spectrum of POPG/POPC/POPC-d;;, MLVs at 25 °C using
the DMFIT program (32). Two spectral components are used to simulate the spectrum.
One anisotropic component (dash line) and one isotropic component (dotted line),
contributing approximately 72% and 28% respectively to the total peak area. The sum of

the two components is shown in solid line.
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concentration) as a function of temperature (spectra not shown). The *'P NMR spectra
indicate the formation of MLVs in the L, phase. The *'P NMR spectrum for POPC MLVs
at 25°C revealed an axial symmetric lineshape with a CSA of approximately 50 ppm
(Figure 4.1(A)). The spectral lineshape retained axial symmetry with no change in the
CSA in the presence of 4 mol% and 8 mol% KIGAKI. The *'P NMR powder spectra
with 4 mol% and 8 mol% KIGAKI were easily simulated with one spectral component.
The phosphocholine headgroup has a large dipole moment, and behaves like a sensitive
“molecular electrometer” (33). An increase in the surface positive electric charge should
change both the orientation of the 'P-N* dipole and the corresponding *'P CSA. The lack
of a significant CSA change suggests little or no electrostatic interaction between the
cationic peptide and the POPC headgroups. The intensity ratio between the o, edge and
the o, edge, however, changes upon addition of the peptides. The slight change in the
lineshape indicates that the peptide perturbs the fast motion of the lipid headgroup (34,
35).

The static *'P NMR spectra of POPG/POPC MLVs are shown in Figures 4.1 (B)
and 4.1(C). The single CSA of ~40 ppm observed for POPG/POPC MLVs is much
smaller than the CSA of pure POPC MLVs (~50 ppm). *'P CSA values of ~37 ppm for
pure POPG bilayers (36) and ~48 ppm for pure POPC bilayers (33) have been reported.
The single CSA value for POPG/POPC MLVs supports a direct interaction between the
headgroups of POPC and POPG and no lateral phase separation of the lipids in this
binary lipid mixture over the NMR time scale. However, the powder pattern spectra of
mixed POPG/POPC MLVs at 4 mol% peptide concentration were able to be
deconvoluted into two different components using the DMFIT simulation program. The
isotropic component contributes about 28% to the whole peak area, and the anisotropic
component with a CSA of approximate 40 ppm contributes about 72% (Figure 4.1(D)).
The two components correspond to two different phospholipid species. These results
clearly indicate that the antimicrobial peptide selectively perturbs and alters the POPG

membranes.
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Figure 4.2 °’H NMR powder spectra of POPC MLVs with and without the antimicrobial
peptide, using POPC-d,, as the isotopic label at 30 °C (A). ‘H NMR powder spectra of
POPG/POPC MLVs with and without the antimicrobial peptide, using POPC-d,, as the
isotopic label (B) or using POPG-d,, as the isotopic label (C) at 25 °C. The solid line
represents the spectra of the control sample, while the dash line represents the spectra of
the MLVs with 4 mol% peptide. The deuterium quadrupolar splittings decrease along the
lipids acyl chain toward the center of the bilayer with the smallest deuterium quadrupolar
splitting corresponding to the methyl groups (CD,) at the end of lipids acyl chain (37,
38).
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Solid-state “H NMR spectra were obtained for POPC and POPG/POPC
phospholipid bilayers with peptide concentrations of 0 mol% and 4 mol% with respect to
the phospholipids. The *H NMR spectra for POPC MLVs with peptide concentrations of
0 mol% and 4 mol% at 30°C are shown in Figure 4.2(A). The ‘H NMR spectra for
POPG/POPC MLVs with either POPC-d;, or POPG-d,, as the deuterium labels at 25°C
are shown in Figures 4.2(B) and (C), respectively. The resolution decreased significantly
at a peptide concentration of 4 mol%. The phospholipid molecule in the bilayer is
characterized by an axial-symmetric motion with fast rotation around the long molecular
axis and a slower reorientation rate perpendicular to the axis (39). The fast rotation gives
a sharp peak at the o, edge. The decrease in resolution indicates that interactions with the
peptide have changed the motion of the lipids. An isotropic peak also appears at the
higher peptide concentration, indicative of an isotropic reorientation, which is in slow
exchange with the remaining lipids in the bilayers on the solid-state deuterium NMR time
scale (~10° s) (16). The results clearly show that the antimicrobial peptide perturbs the
membranes for all of the samples.

The order parameters for each individual C-’H were calculated after dePakeing
the ’H NMR spectra. The order parameter profiles for *H at different carbon positions
along the sn-I POPC or sn-1 POPG phospholipids acyl chain are shown in Figures
4.3(A), (B), and (C) for each MLV sample. The degree of ordering slightly decreased
along the whole acyl chains for POPC MLVs in the presence of KIGAKI. Conversely, for
the mixed POPG/POPC MLV, the degree of ordering of each C-’H did not change in the
presence of the peptide using either POPC or POPG as the deuterium label (Figures
4.3(B) and (C)). The difference in the order parameter changes between Figure 4.3(A)
and Figures 4.3(B), (C) indicates that the mechanism by which the lipids and peptides
interact is slightly different for the POPC MLVs and the POPG/POPC MLVs.

4.4.2*'P and *H longitudinal relaxation study
*'P longitudinal relaxation solid-state NMR studies were carried out for both
POPC and POPG/POPC phospholipid bilayers with and without KIGAKI. Magic angle

spinning was employed for this section of the relaxation study to give high-resolution
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Figure 4.3 Molecular order parameter profiles with respect to the carbon positions along
the acyl chain of deuterium labeled phospholipids with and without 4 mol% peptide,
calculated from the dePaked *H NMR powder spectra. (A) POPC/POPC-d,, MLVs at 30
°C, (B) POPG/POPC/POPC-d;; MLVs at 25 °C, (C) POPG/POPC/POPG-d;; MLVs 25
°C. The solid symbols represent the data from control MLVs. The open symbols
represent the ML Vs with 4 mol% peptide.
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solid-state NMR spectra. The isotropic peak position of POPC doesn’t change upon
addition of the peptide into pure POPC bilayers. For POPG/POPC mixed bilayers, POPG
and POPC exhibit *'P isotropic peaks at 0.68 ppm and —0.41 ppm, respectively (see inset
in Figure 4.4). In the presence of KIGAKI both *'P peaks position shift upfield by about
0.05 ppm with a slight line broadening (spectrum not shown). The *'P chemical shift of
the lipids headgroup is sensitive to the surface charge density (40). The binding of the
cationic peptides to the anionic bilayers will shift the *'P peak of the phospholipids
headgroup upfield slightly (40). These results demonstrate that the peptide interacts with
the POPG/POPC membrane surface and the surface charge of the membrane is reduced.

The *'P longitudinal relaxation time (T,) changes upon addition of the peptide into
the membrane at 25 °C shown in Table 4.1. The *'P relaxation time T, of POPC MLVs
decreases slightly from 763 ms to 755 ms within the experimental error when the peptide
is added into the bilayers. The error was calculated by the average *'P T, obtained from
three individual samples with the same composition. Conversely, the *'P T, values
increase significantly for both POPG lipids and POPC lipids once the peptide is
integrated into the POPG/POPC MLVs at 25 °C (Figure 4.4). The increase in the spin-
lattice relaxation time upon addition of the peptide indicates a less efficient longitudinal
relaxation mechanism, probably caused by the interaction between the peptide and lipids
and therefore a reduction in the fast axis rotational motion of the lipids.

Figure 4.4(A) exhibits the *'P T, value changes as a function of temperature
before and after addition of the peptide into the POPG/POPC MLVs. The *'P T, value of
POPG/POPC MLVs decreases with increasing temperature from 5 °C to around 15 °C,
and then increases at temperatures above 15 °C. The *'P longitudinal relaxation time T, is
related to the correlation time (t,) of fast molecular motion according to 1/T,x t/(1+ w,
°1.%), where w, is the Larmor frequency. If the molecular correlation time fits the equation
w,T.=1, the relaxation mechanism is the most efficient, and the T, relaxation time is at the
minimum (26, 27). The molecular correlation time changes as the corresponding
molecular motion increases at higher temperature. The relaxation process is most
efficient around 15 °C for both POPC and POPG, where the molecular correlation time T,

is approximately equal to 1/w,. A significant difference between POPC and POPG lipids
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Table 4.1 The comparison of *'P longitudinal relaxation times T, between control

MLV samples and MLVs with 4 mol% KIGAKI for both POPC MLVs and POPG/POPC

MLVs at 25 °C.

*'P T, (ms)
*'P T, (ms) ’'P AT, (ms)*
MLYVs with 4%
MLVs control
peptide

POPC MLVs POPC 763+3 755+5 -8

POPG 764+3 805+5 +41
POPG/POPC

MLVs
POPC 768+2 800+6 +32

* 3P AT, (ms)=""P T, (MLVs with 4 mol% peptide)->'P T, (MLVs control)
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Figure 4.4 (A) *'P longitudinal relaxation times (T,) as a function of temperature for
POPG/POPC MLVs. The solid symbols represent the control MLVs. The open symbols
represent the samples with 4 mol% peptide. The circles represent POPG phospholipids.
The triangle represents POPC phospholipids. The error bar was obtained by averaging *'P
T, values obtained from three samples with the same sample components. The inset is
the NMR spectrum of control POPG/POPC bilayers spun at 4K at the magic angle. (B)
The *'P T, values difference (A T,) was calculated by subtracting the control T, value
from the T, value of MLVs in the presence of KIGAKI for both POPG (black bars) and
POPC (white bars) phospholipids at variable temperatures.
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is found at 35 °C and 45°C for POPG/POPC membranes with the addition of 4 mol%
peptide. POPG lipids experience a large increase in their corresponding *'P T, values,
while the *'P T, values of POPC lipids only increase slightly at high temperatures.

Figure 4.4(B) shows the difference in the *'P relaxation time T, values (*'P AT))
between the control sample and POPG/POPC MLVs with 4 mol% KIGAKI at variable
temperatures for both POPG and POPC phospholipids. Generally, the *'P T, value
increases upon association of KIGAKI with the bilayers. Over a wide temperature range
(-5 °C to 45 °C), the increase in the value of the POPG °'P relaxation time T, is greater
than the corresponding increase in the POPC *'P relaxation time T,. However, at 45 °C,
the POPG *'P relaxation time T, increases in the presence of KIGAKI, whereas the POPC
*'P T, decreases in the presence of the antimicrobial peptide.

Additionally, a °H longitudinal relaxation study for POPC bilayers with POPC-d,,
utilizing an inversion-recovery pulse sequence was carried out at 30°C. The longitudinal
relaxation rate (R,,) profiles for *H at different carbon positions along the POPC
phospholipids acyl chain are shown in Figure 4.5(A). The relaxation rates “H R,,
decrease monotonically with C-"H group position going from the interfacial segments of
the membrane to the terminal methyl group of the lipid acyl chain. In the presence of
KIGAKI, the °H relaxation rates R,, decrease. This is consistent with the results obtained
from the *H order parameter studies, which show a slight decrease in the ordering of the
C-"H groups along the whole acyl chain of POPC in the presence of the peptide (Figure
4.3(A)). Figures 4.5(B) and (C) exhibit the *H longitudinal relaxation rates R,, of POPC-
d,;, and POPG-d;, respectively in the POPG/POPC (3/1) phospholipid bilayers with and
without 4 mol% KIGAKI at 25°C. The °H R,, rates of both lipids decrease upon

association of the antimicrobial peptide with the bilayer.

4.4.3'P and *H transverse relaxation NMR study
’'P solid-state NMR transverse relaxation times (T,) were investigated on
POPG/POPC lipid mixtures as a function of temperature from -5 °C to 45 °C (Figure

4.6). Since a single exponential fit of the data was not adequate, a bi-exponential fit for

both POPG and POPC phospholipids was used. For the POPG/POPC control sample, the
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Figure 4.5 ’H NMR longitudinal relaxation rate R,, profiles with respect to the carbon
positions along the acyl chain of deuterium labeled phospholipids with and without 4
mol% peptide. (A) POPC/POPC-d;; MLVs at 30 °C, (B) POPG/POPC/POPC-d;; MLVs
at 25 °C, (C) POPG/POPC/POPG-d;; MLVs at 25 °C. The solid symbols represent the
control MLVs data. The open symbols represent the data with 4 mol% peptide. The error
of each individual *H R,, value is obtained by averaging “H R,, values from two samples

with the same sample components.
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Figure 4.6 °'P transverse relaxation time T, as a function of temperature for POPG/POPC
MLVs. The solid symbols represent the control POPG/POPC MLVs. The open symbols
represent the POPG/POPC MLVs with 4 mol% peptide. The triangles represent the
POPG slow relaxation component. The circles represent the POPC slow relaxation
component. The diamonds represent the POPG fast relaxation component. The squares

represent the POPC fast relaxation component.
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*'P transverse relaxation time T, of the fast relaxation component is about 2~3 ms
for both POPG and POPC over the temperature range studied. The T, value of the slow
relaxation component varies over the range of 20~30 ms. Upon addition of 4 mol%
peptide into the membrane, the relaxation times of both the slow component and the fast
component decrease. The transverse relaxation rate is sensitive to changes in slow
collective membrane motions (23). The reduction in the slow component T, relaxation
time in the presence of the peptide indicates a more efficient relaxation mechanism
caused by the interaction of the antimicrobial peptide with the lipids.

’H NMR transverse relaxation experiments were used to examine the overall slow
collective membrane motion for POPG/POPC membranes with POPC-d;, or POPG-d,,.
The transverse relaxation rates at different carbon positions along the acyl chain of
POPC-d,, or POPG-d,, were calculated using the dePaked "H NMR spectra, and did not
for POPG/POPC bilayers with and without KIGAKI using POPG-d,, as the deuterium
show any significant changes between the different C-°H groups. These results confirm
that only the collective phospholipid motion dominates the relaxation mechanism. Fast
molecular motions, such as trans-gauche isomerizations, which are different for each C-
’H group, is not the dominant transverse relaxation mechanism. Therefore, the final
transverse relaxation rates were calculated by fitting the total area of all the *H NMR
peaks. Figure 4.7 shows the °H transverse relaxation time T, at four different
temperatures for POPG/POPC bilayers with and without KIGAKI using POPG-d;, as the
deuterium labels. The relaxation time T, decreases by a factor of 2 when the peptide is
added into the mixed membrane. Similar results were obtained for POPG/POPC bilayers
with POPC-d,, (data not shown). These results also indicate that the transverse relaxation
is more efficient in the presence of the antimicrobial peptide, which agrees with the result
obtained from the *'P transverse relaxation experiments. The H transverse relaxation
time is not very sensitive to temperature changes. Over the experimental temperature

range (15 °C to 45 °C), the *H T, relaxation time does not change significantly.

4.5 Discussion
KIGAKI is known to form a (3-sheet structure when bound to anionic POPG lipids

(7). The minimum inhibitory concentration of the peptide against E. coli, S. aureus and
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Figure 4.7 °H transverse relaxation times (T,) as a function of temperature for
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P. aeruginosa is much lower than the naturally occurring peptides magainin2 and PGLa
peptides (7, 8). It is believed that the high percentage of anionic lipids in the bacterial
membrane plays a crucial role in the function of antimicrobial peptides. POPC MLVs
and POPG/POPC MLVs were used in this study to mimic the mammalian membrane and
bacterial membrane, respectively, to test this hypothesis.

4.5.1 The phospholipid selectivity of the antimicrobial peptide KIGAKI

Static *'P powder pattern NMR spectra clearly indicate that KIGAKI disrupts
POPG/POPC bilayers into two major species at 4 mol% concentration, whereas the
peptide only slightly perturbs POPC bilayers at twice (8 mol%) this peptide concentration
(Figure 4.1). The *'P NMR powder pattern spectrum of POPC MLVs at 4 mol% peptide
concentration only revealed one axial symmetric component. This result supports that
KIGAKI has a greater ability to perturb the membrane structure that mimics bacterial
membranes (7).

The *'P longitudinal relaxation study exhibits a significant increase in the values
of both POPG and POPC T, upon association of KIGAKI with POPG/POPC MLVs.
However, the *'P T, values do not change significantly upon association of KIGAKI with
POPC MLVs (Table 4.1). The *'P longitudinal relaxation time T, is sensitive to fast
rotational phospholipid headgroup motions (/6). The increase in the longitudinal
relaxation time T, indicates a less efficient relaxation mechanism caused by a reduction
in the molecular motion of the lipids. The decrease in motion of the lipid head groups,
clearly indicates that a strong interaction exists between the peptide and the POPG/POPC
phospholipid bilayers. Conversely, there is no significant interaction between KIGAKI
and POPC phospholipid bilayers. The slight decrease in the *'P T, value upon addition of
the peptide to the POPC bilayers indicates a small increase in lipid motion. A subtle
increase in the lipid motion would result in a slight decrease in ordering for both the lipid
headgroups and the acyl chains. This agrees well with the static *'P and *H solid-state
NMR data (Figure 4.3(A)).

4.5.2 The KIGAKI-phospholipid interaction mechanism

The interaction mechanism between KIGAKI and the membrane was analyzed by

°H solid-state NMR spectroscopy. “H order parameters along the lipid acyl chains were

calculated for both POPC MLVs and POPG/POPC MLVs. Both POPG-d,, and POPC-d,,
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deuterium labels were used in the POPG/POPC bilayers to distinguish between the
different motional properties of POPG and POPC in the presence of KIGAKI. The
ordering along the POPC and POPG acyl chains (Figure 4.3(B) and (C)) does not change
upon association of the peptide into POPG/POPC MLVs. This result suggests that no
significant influence on the packing of the lipid acyl chain upon peptide binding to the
POPG/POPC membranes, indicating that the peptide binds to the POPG/POPC
membranes near the membrane surface.

The *H order parameter reveals information about the amplitudes of the acyl chain
fluctuations at different carbon positions, while the longitudinal relaxation rates depend
upon both the amplitude of the motion and the corresponding rate of the motion (41). *H
longitudinal relaxation rate R,, profiles exhibit a decrease in the relaxation rate along the
POPC acyl chains as well as the POPG acyl chains upon association of the peptide with
POPG/POPC MLVs (Figures 4.5(B) and (C)). Considering the ordering of the lipids acyl
chains doesn’t show much change in the presence of the peptide, this result clearly
indicates that only the rates of the lipids motion are disturbed upon peptide binding to the
lipid bilayers.

The *'P MAS spectra of POPG/POPC MLVs show an upfield shift in both POPG
and POPC isotropic peaks upon addition of the antimicrobial peptide. The *'P chemical
shift of the lipid headgroup is sensitive to the surface charge density (40). A decrease in
the surface charge density will cause an upfield shift in the *'P isotropic peak (34, 40).
Our result indicates that the binding of the cationic antimicrobial peptide to the anionic
membrane surface decreases the membrane surface charge density. Conversely, the *'P
isotropic peak position of POPC MLVs does not show any shift when the peptide is
added. The *'P CSA value of the POPC bilayers is also very sensitive to the changes in
membrane surface charge because of its phosphocholine headgroup with a large dipole
moment (33, 40). The *'P CSA value of pure POPC bilayer remains unchanged upon
addition of the peptide (Figure 1(A)). These results suggest that the electrostatic
interaction plays an important role in the peptide binding to the POPG/POPC
phospholipid bilayers, but not with pure POPC phospholipid bilayers.

Since the electrostatic interaction is important to the binding between KIGAKI

and the mixed POPG/POPC phospholipid bilayers, one would expect that the cationic
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peptide would prefer to interact with anionic phospholipid POPG. *'P and *H longitudinal
relaxation experiments on POPG/POPC MLVs would show a big difference in the
change of T, value between POPG and POPC lipids upon addition of the peptide.
However, the *'P longitudinal relaxation experiments indicate that both the POPC and
POPG lipid T, values increase upon association of the peptide with the mixed
POPG/POPC phospholipid bilayers at 25 °C. Similarly, the *H longitudinal relaxation
study displays a similar relaxation rate R,, reduction for both POPG and POPC samples
in the presence of the KIGAKI peptide. In order to further elucidate the molecular
mechanism of the interaction between the antimicrobial peptide and the POPG/POPC
lipid bilayers, *'P longitudinal relaxation studies on POPG/POPC MLVs as a function of
temperature were carried out. It is very interesting to observe that the change in the *'P
T, value for POPG phospholipids is larger than POPC lipids over a wide temperature
range (Figure 4.4(B)). This result supports the peptide’s preference to interact with the
POPG lipids and indicates that the interaction between the peptide and the POPG
headgroup is greater than that between the peptide and the POPC headgroup.

At 45 °C, the POPC and the POPG phospholipids *'P longitudinal relaxation T,
exhibit totally different changes upon association of the antimicrobial peptide with the
POPG/POPC bilayers (Figure 4.4(B)). The POPC *'P longitudinal relaxation T, value
decreases, while the POPG *'P longitudinal relaxation T, value increases significantly.
The increase in T, value indicates an interaction between the peptide and lipids and a
more restricted phospholipid headgroup motion, while a decrease in T, value suggests a
relatively less-restricted lipid headgroup motion than the lipids in the control
POPG/POPC MLVs. This result can be explained by the changes in peptide-lipid and
lipid-lipid interactions upon association of KIGAKI with POPG/POPC bilayers. For the
binary mixed bilayer POPG/POPC system, only one *'P CSA value was obtained (Figures
1(B) and (C)) in the *'P powder pattern spectra. Since the *'P CSA of pure POPG and
pure POPC bilayers are significantly different, the result indicates a strong interaction
between the POPG and POPC headgroups (36). Once the peptide is associated with
bilayer, the *'P relaxation time T, of both of the phospholipids increases at low
temperature, suggesting there are probable interactions between the peptide and both of

the lipids. The intensity of all these interactions changes as the temperature increases. At
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high temperatures (45 °C), if the interaction between the POPC headgroup and the
peptide becomes very weak and finally broken and the interaction between the POPG
headgroup and the peptide is retained, the POPC *'P relaxation time T, value would be
close to the POPC *'P T, value of the control. However, the result demonstrates a
decrease in the POPC *'P T, value when compared to the control, suggesting that it is
important to consider the interaction between the POPC and POPG phospholipid
molecules together. It is more possible that the peptide interacts with POPG directly and
restricts the POPG headgroup motion. The POPC headgroup motion is only affected
indirectly by the interaction between the POPC and POPG headgroups. At 45 °C, the
interaction between the POPC and POPG headgroups decreases in the presence of the
peptide, causing the POPC headgroup motion to be faster than the POPC headgroup
motion in the control POPG/POPC MLVs. These results suggest that the interaction
between the phospholipids is strongly affected upon the peptide binding to the
POPG/POPC membranes.

Magainin is a surface peptide and disrupts the membrane via a carpet mechanism
(42). The antimicrobial peptide first binds at the membrane surface at low concentrations
like a carpet spreading on the floor (42). When the peptide concentration reaches a
threshold value, the membrane will be disintegrated into small vesicles. It has been
reported that magainin associates with the lipid headgroups without significantly
disturbing the lipid acyl chain packing even at very high peptide concentrations (43). In
this paper, the *H order parameter shows that the acyl chain packing of both POPG and
POPC is unperturbed in the presence of the peptide, and supports that the peptide binds
the POPG/POPC membranes near the membrane surface. *'P NMR chemical shift and
CSA analysis indicates that the electrostatic interaction is important in the binding of the
antimicrobial peptide KIGAKI to the POPG/POPC membranes. At 4 mol% peptide
concentration, the peptide is able to disrupt the POPG/POPC membranes into two species
with one isotropic component, which possesses a faster vesicle tumbling motion than the
normal MLVs (44). The *'P longitudinal relaxation data suggest that the interaction
between the POPG and POPC molecules decreases upon association of the peptide,

providing the probable mechanism of the disruption of the POPG/POPC membranes. All
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of these results suggest that a carpet mechanism may also apply to the KIGAKI peptide
perturbing the POPG/POPC membranes.

As to the pure POPC MLVs, *'P NMR powder type spectra and longitudinal
relaxation data indicate that there is no strong interaction between KIGAKI and the
POPC membranes, although the lipids headgroup motion is slightly perturbed. H order
parameters show a decrease in the ordering of each C-’H group along the POPC-d,, acyl
chain upon association of the antimicrobial peptide with the POPC MLVs (Figure
4.3(A)). Additionally, the longitudinal relaxation rate ’H R,, of POPC acyl chains also
decrease in the presence of the peptide (Figure 4.5(A)). The *H NMR data suggest that
the acyl chain packing of the POPC bilayers is disturbed. Considering the amphipathic
characteristics of the peptide, the peptide may randomly aggregate in the phospholipid
headgroup region and create space between different phospholipid molecules. The loose
packing phospholipid molecules, therefore, are able to move more freely and exhibit a
decrease in the ordering of the acyl chain. The similar effects on *'P and ’H NMR spectra
were also observed on DMPC membranes by some antimicriobial peptides from
Australian frogs (45). A previous study on KIGAKI using high sensitivity fluorescence
spectroscopy indicates that no tryptophan emission intensity changes at 330 nm upon
peptide binding to pure POPC large unilamellar vesicles (LUVs), suggesting that the
peptide remains in a very hydrophilic environment upon peptide binding (8). LUVs have
a significant high hydration level (lipids concentration ~1 mg/ml in buffer) when
compared to MLVs (lipids concentration ~76 mg/190 ul in buffer). The peptide may
prefer to stay closer to the membrane aqueous surface when a bulk aqueous solution
exists in LUVs. In MLVs, however, it is more likely that KIGAKI is inserted in the lipid
headgroup region since the perturbation of the lipids motion is clearly observed in both
lipids headgroup region and acyl chain region.

In conclusion, the cationic antimicrobial peptide acts differently in POPC and
POPG/POPC bilayers. For POPC bilayers, the antimicrobial peptide has a weak
interaction with the membranes although it does perturb the lipids motion slightly in this
research. For POPG/POPC mixed bilayer membranes, the peptide has a strong ability to
disrupt the membrane. The electrostatic interaction between the peptide and the

membrane surface is very critical in the initiation of the binding. The binding of the
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antimicrobial peptide KIGAKI to the membrane surface disturbs the interaction between
the phospholipids, changes the dynamics of the lipid motion and thereby makes the
membrane more fragile. The results suggest a carpet mechanism for bilayer disruption
(42, 46, 47).

This research obtains information purely from the perspective of the phospholipid
membranes and demonstrates that solid-state NMR relaxation experiments, specially
designed to probe molecular motions, can be extremely powerful in probing membrane-

peptide interactions.
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Abbreviations: KIGAKI, KIGAKIKIGAKIKIGAKI-NH,; POPC, 1-Palmitoyl-2-oleoyl-
3-sn-glycero-3-phosphocholine; POPG, 1-Palmitoyl-2-oleoyl-3-sn-glycero-3-[phospho-
rac-1-glycerol]; POPE 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine; POPC-
d,, 1-Palmitoyl-d,,-2-oleoyl-3-sn-glycero-3-phosphocholine; POPG-d,,, 1-Palmitoyl-d,,-2-
oleoyl-3-sn-glycero-3-[phospho-rac-1-glycerol]; HEPES, N-[2-hydroxyethyl] piperazine-
N’-[2-ethanesulfonic acid], TFE, 2,2,2, trifluoroethanol; EDTA, ethylenediamine
tetraacetic acid; Fmoc, N-(9-fluorenyl)methoxycarbonyl; HPLC, high performance liquid
chromatography; CP, cross-polarization; MAS, magic angle spinning; MLVs,

multilamellar vesicles; LUVs, large unilamellar vesicles; T,, longitudinal relaxation time.
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5.1 Abstract

The designed antimicrobial peptide KIGAKIKIGAKIKIGAKI possesses
enhanced membrane selectivity for bacterial lipids, such as phosphatidylethanolamine
and phosphatidylglycerol. The perturbation of the bilayer by the peptide was first
monitored using oriented bilayer samples on glass plates. The alignment of POPE/POPG
model membranes with respect to the bilayer normal was severely affected at 4 mol%
KIGAKI while the alignment of POPC bilayers was retained. The interaction mechanism
between the peptide and POPE/POPG bilayers was investigated by carefully comparing
three bilayer MLV samples (POPE bilayers, POPG bilayers, and POPE/POPG 4/1
bilayers). KIGAKI induces the formation of an isotropic phase for POPE/POPG bilayers,
but only a slight change in the *'P NMR CSA line shape for both POPE and POPG
bilayers, indicating the synergistic roles of POPE and POPG lipids in the disruption of
the membrane structure by KIGAKI. ’H NMR powder spectra shows no reduction of the
lipid chain order for both POPG and POPE/POPG bilayers upon peptide incorporation,
supporting the evidence that the peptide acts as a surface peptide. *'P longitudinal
relaxation studies confirmed that different dynamic changes occurred upon interaction of
the peptide with the three different lipid bilayers, indicating that the strong electrostatic
interaction between the cationic peptide KIGAKI and anionic POPG lipids is not the only
factor in determining the antimicrobial activity. Furthermore, *'P and "H NMR powder
spectra demonstrated a change in membrane characteristics upon mixing of POPE and
POPG lipids. The interaction between different lipids, such as POPE and POPG, in the
mixed bilayers may provide the molecular basis for the KIGAKI carpet mechanism in the

permeation of the membrane.
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5.2 Introduction

Antimicrobial peptides were discovered in a wide range of species as part of
organisms offensive or defensive systems (/, 2). These membrane-active peptides
permeate the cell membrane and cause the death of target cells. Antimicrobial peptides
have potential application as antibiotics in the health care and as preservatives in the food
industry (3). However, the toxicity of these naturally occurring antimicrobial peptides to
not only microorganisms but also eukaryotic cells has made it important to design novel
antimicrobial peptides with higher efficacy (3).

KIGAKI was designed to form a highly amphipathic -sheet structure when
bound to lipids (4, 5). The absence of cysteine residues precludes the formation of either
inter- or intramolecular disulfide bonds to stabilize the secondary structure. Previous data
indicated that the antimicrobial activity of KIGAKI was better than PGLa and
(KLAGLAK);-NH, and suggested that KIGAKI had enhanced selectivity between
bacterial and mammalian lipids (4). A solid-state NMR relaxation study confirmed that
the electrostatic interaction between the peptide and the charged POPG lipids in the
membrane is very critical for the function of KIGAKI (6). Although the electrostatic
interaction between the peptide and POPG is one important factor for the peptide to fulfill
its activity, the various lipid composition of the membranes is believed to be another
modulating factor for antimicrobial activity (7, 8). Mammalian and bacterial cell
membranes have different membrane compositions. The neutral zwitterionic lipid POPC
is a major component of mammalian cell membranes (9, 10), while another zwitterionic
phospholipid POPE with a smaller headgroup is the main lipid component of bacterial
membranes. POPG is an anionic lipid commonly found in bacterial plasma membranes
(10, 11). The conformation of KIGAKI peptide and its activity are different towards
various membranes (4). Therefore the functional and structural roles of these lipids
(POPC, POPE, and POPG) upon interaction with KIGAKI become very important.

Numerous biophysical studies have been conducted on the interaction between
antimicrobial peptides and membranes (/2). These studies have revealed two major
mechanisms: (1) the barrel-stave mechanism in which peptides insert into the
hydrophobic core of the membrane and form transmembrane pores (13, /4) and (2) the

carpet or the detergent-like mechanism in which peptides bind onto the surface of the
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membrane and cause membrane leakage when the peptide threshold concentration is
reached (/4, 15). An intermediate step before membrane disruption may include the
formation of transmembrane channels, referred as ‘“toroidal pores” (3, 7, 11, 16).
Previously a carpet mechanism was proposed to describe the interaction between
KIGAKI and POPC/POPG membranes. In this paper, solid-state NMR spectroscopy was
utilized to decipher the interaction mechanism of the KIGAKI peptide with a variety of
different membranes. Four model membrane systems consisting of POPC bilayers,
POPC/POPG (4/1) bilayers, POPE bilayers, and POPE/POPG (4/1) bilayers were
investigated to mimic mammalian and bacterial membranes and to examine the function
of anionic lipids upon interaction between KIGAKI and the membrane. The effects of
KIGAKI towards the alignment of the four different model membrane systems were
compared. The alignment of POPE/POPG model membranes was severely disrupted
upon association of the peptide while the alignment of POPC membranes was barely

altered at the same peptide concentration.

The perturbation of POPE/POPG MLV bilayers to KIGAKI was investigated using
*'P and *H solid-state NMR spectroscopy. >'P NMR spectroscopy reveals information on
the interaction between KIGAKI and the lipids headgroup. Meanwhile ‘H NMR
spectroscopy using acyl chain deuterated phospholipids can demonstrate the peptide
influence in the bilayer hydrophobic interior. *'P NMR relaxation measurements were used
to probe the dynamic characteristics of the lipid headgroup upon interaction with the
KIGAKI peptide. The longitudinal relaxation time T, is sensitive to lipid motions in the
nanosecond-to-microsecond time scale, which includes the polar lipids headgroup fast
conformational change and rotational motions (/7). The experimental results suggest a
toroidal pore mechanism upon KIGAKI interaction with POPG MLVs and a carpet
mechanism upon KIGAKI interaction with POPE/POPG MLVs. The synergistic role of
POPE and POPG lipids upon interaction between KIGAKI and the membrane is discussed.

5.3 Material and Methods
5.3.1 Material

POPC, POPE, POPG, POPC-d;, and POPG-d,, were purchased from Avanti Polar
Lipids (Alabaster, AL) and used without further purification. All phospholipids were
dissolved in chloroform and stored at -20°C prior to use. Deuterium-depleted water was

obtained from Isotec (Miamisburg, OH). HEPES, TFE and EDTA were obtained from
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Sigma/Aldrich (St. Louis, MO). The antimicrobial peptide KIGAKI was synthesized
using Fmoc chemistry by ResGen (Huntsville, AL). The crude peptides were purified by
reverse-phase HPLC. The purity of the peptide (>95%) was checked by reverse-phase
HPLC and electrospray mass spectrometry (data not shown). Microscope cover glasses
(8.5 x14 mm) were purchased from Marienfeld Laboratory Glassware (Germany).
5.3.2 NMR sample preparation

Mechanically aligned membranes were prepared using a procedure described
previously (/8). The peptide was dissolved in a small amount TFE (=50 ul) and mixed
with an appropriate amount of phospholipids in chloroform. If needed, 10 mol% of
deuterated lipids with respect to the total phospholipids amount was added. The solution
was spread onto glass plates (~1.4 mg lipids/plate) and allowed to air-dry. The glass
plates were then placed in a desiccator under vacuum overnight to remove any residual
solvents. The dried sample was directly hydrated using deuterium-depleted water 2
ul/plate, stacked and placed in a humidity chamber consisting of saturated ammonium
monophosphate at a relative humidity of about 93% at 45°C for one day. The glass plates
were wrapped in Parafilm and sealed in polyethylene bags to prevent sample dehydration
during data acquisition.

MLV samples were prepared according to a previously reported procedure (/9).
The phospholipids mixture (0.1 mmol) was first dried under a steady stream of N, gas for
~ 30 mins to remove the organic solvent. The deuterated lipids represented 20 mol% of
the total phospholipids. The sample was then left under a high vacuum desiccators
overnight. MLVs were formed by resuspension of the dry lipids in 190 uL HEPES
buffer (5SmM EDTA, 20mM NaCl, and 30mM HEPES, pH 7.0) with frequent vortexing
to homogenize the sample. Samples were then allowed to sit in a warm water bath (50
°C) for 20 mins. Bilayer samples with peptides were prepared by mixing the peptides in a
minimal amount of TFE solvent with phospholipids in chloroform followed with the
same procedure described above.
5.3.3 NMR spectroscopy

All experiments were recorded on a Bruker Avance 500 MHz WB solid-state
NMR spectrometer. A static double-resonance flat-coil probe (Doty) was used for

oriented-membrane experiments. Unoriented membrane samples were studied using a

102



4mm triple resonance CPMAS probe (Bruker). *'P static NMR spectra were acquired at
202.4 MHz using either a single pulse or a spin-echo pulse with proton decoupling. The
*'P NMR spectra were referenced by assigning the 85% H,PO, *'P peak to 0 ppm. H
static NMR experiments were performed at 76.77 MHz using a quadrupolar echo pulse
sequence. The 90° pulses used for *'P and *H were 5.0 usec, 4.1 usec for the flat coil
probe and 4.0 usec, 3.0 usec for the CPMAS probe, respectively. Powder-type *'P NMR
spectra of POPE/POPG MLV samples incorporated with 4 mol% peptide were simulated
using two components with the DMFIT program (20). Each component is defined to have
its distinctive *'P line shape and/or CSA width. Here one component is the isotropic
component and the other component has an axially symmetric line shape. Powder-type *H
NMR spectra of multilamellar dispersions of POPG-d,;, were deconvoluted (dePaked)
using the algorithm of McCabe and Wassall (27). The spectra were deconvoluted such
that the bilayer normal was parallel with respect to the direction of the static magnetic
field. The *H order parameters S, were calculated according to the equation: S'c, =
Av/(3/2(e’qQ/h)), where Av; is the quadrupolar splitting for a deuteron attached to the ith
carbon of the POPC or POPG acyl chain, and e’qQ/h is the quadruple coupling constant
(168 kHz for deuteron in C-D bonds)(22, 23). The order parameters of the methyl groups
at the end of the acyl chain were given the value of 3 times as the calculated S., (22). *'P
T,, longitudinal relaxation experiments were conducted using an inversion-recovery pulse
sequence 180°-T-90°-acquire with 4 kHz sample spinning at the magic angle (24). The
delay time (T) was varied from 10.0 msec to 6.0 sec, with a recycle delay of 10 s. The
change of the isotropic peak area was fitted to a single exponential function: I(t) = I(0)-
Aexp(-t/T,), where 1(0) is close to 1 and A is about 2. The error of *'P T, value is within =+
10 ms by averaging *'P T, values of the samples with same composition but from the

different preparations.

5.4 Results
5.4.1 KIGAKI perturbation of the oriented model membranes.

The membrane alignment of four different bilayer systems is displayed in Figure
1 utilizing *'P NMR spectroscopy on mechanically aligned samples. The peptide

concentration varied from 0 mol% to 4 mol% with respect to the total phospholipids. The
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alignment of the bilayers was studied in both orientations with the alignment axis parallel
(left) or perpendicular (right) to the static magnetic field. In the absence of KIGAKI, the
*'P NMR spectrum of the four bilayers exhibited a predominant peak at ~30 ppm for the
parallel orientation and ~-15 ppm for the perpendicular orientation, indicating that all the
lipids are well aligned.

The addition of KIGAKI up to 4 mol% did not significantly disturb the bilayer
alignment for the POPC bilayers (Figure 5.1(A)). The linewidth of the peak was only
slightly increased in the presence of KIGAKI when compared to the control sample.
However, at the same peptide concentration, POPC/POPG bilayers were perturbed
(Figure 5.1(B)). A broad peak showed up at the 90° edge for the parallel alignment
spectrum, indicating that the orientation of the lipids was distributed. This result was also
confirmed by the POPC/POPG *'P spectrum at the perpendicular orientation, where the
*'P chemical shift spans from ~28 ppm to ~ -15 ppm at 4 mol% KIGAKI, indicating
perturbed bilayers at several orientations. The perturbation of KIGAKI on POPE bilayers
was similar to that POPC/POPG on bilayers (Figure 5.1(C)). The addition of KIGAKI
caused the *'P 0° edge peak to shift slightly with an increase in the distribution of the *'P
chemical shift. POPE/POPG bilayers experienced the most significant disturbance upon
association with KIGAKI (Figure 5.1(D)). For the parallel alignment spectrum, the 90°
edge peak intensity is even higher than that of 0° edge peak and the high absorption spans
the entire chemical shift range at 4% KIGAKI. Since *'P NMR spectra only reflect the
perturbation of the peptide to the lipid headgroup, ’H NMR studies on membranes with
acyl chain deuterated lipids were also carried out to probe the changes that occur in the
hydrophobic part of the membranes. Figure 5.2 shows “H NMR spectra of (A) POPC/
POPC-d;,, (B) POPC/POPC-d;,/POPG and (C) POPE/POPG/POPG-d,, bilayers. The
spectra exhibit multiple splittings that correspond to different methylene groups and
methyl group along the lipids sn-2 chains. The largest splittings result from the groups
close to the glycerol backbone with a high molecular ordering. The smaller splittings
originate from the mobile chain with lower molecular orderings. The ’H NMR spectra of
all three control bilayers are well-resolved with the largest quadrupolar splitting about 62

kHz for the parallel alignment spectra and ~31 kHz for the perpendicular aligned spectra.
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Figure 5.1 *'P NMR spectra of oriented bilayer samples showing the perturbation of
KIGAKI on the lipid headgroup as a function of KIGAKI concentration in different
bilayers (A) POPC, (B) POPC/POPG (4/1), (C) POPE, (D) POPE/POPG (4/1). The
alignment axis was either parallel (left column) or perpendicular (right column) to the
magnetic field. The spectra were taken at 30°C for the POPC, POPC/POPG,
POPE/POPG bilayers. The spectra of POPE bilayers were taken at 37°C. At these

temperatures the spectra were optimally aligned.
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Figure 5.2 "H NMR spectra of oriented bilayer samples showing the perturbation
of KIGAKI on the lipid acyl chain as a function of KIGAKI concentration at 30°C in
different bilayers (A) POPC, (B) POPC/POPG (4/1), (C) POPE/POPG (4/1). POPC-d,,
was used as the chain deuterated lipids to probe the KIGAKI perturbation in the
hydrophobic interior of the membranes in POPC and POPC/POPG bilayers while POPG-
d;,; was used in POPE/POPG bilayers. The alignment axis was either parallel (left

column) or perpendicular (right column) to the magnetic field.
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For the POPC bilayers, the *H spectral resolution was maintained with only a
slight decrease in the quadrupolar splittings at 4 mol% KIGAKI (Figure 5.2(A)). This is
consistent with the results obtained from POPC *'P NMR spectra, indicating a minimal
perturbation of KIGAKI into POPC bilayers. The orientational disorder effect caused by
KIGAKI was further studied using POPC/POPG (Figure 5.2(B)) and POPE/POPG
(Figure 5.2(C)) bilayers. Both samples contain anionic POPG lipids. At 1 mol%
KIGAKI, the °H spectral resolution of POPC/POPG sample decreases slightly. At 4
mol% KIGAKI, the spectral resolution decreases significantly. The parallel alignment
spectrum displays an increase in the signal intensity of the small splittings. The
significant "H NMR line shape changes for the mixed POPC/POPG bilayer, but not for
the POPC bilayers suggests an important role for the charged POPG lipids upon
interaction with KIGAKI. For POPE/POPG bilayers, the “H NMR spectra resolution
deteriorates severely upon incorporation of the peptide for both the parallel and
perpendicular orientation. Combined with the *'P NMR study results, POPE/POPG is the
most vulnerable membrane subject upon interaction with the antimicrobial peptide

KIGAKI.

5.4.2 The interaction of KIGAKI with POPE/POPG bilayers.

To understand the individual roles of POPE lipids and POPG lipids upon
interaction of KIGAKI with POPE/POPG bilayers, *'P and “H NMR studies were applied
on MLV samples of POPE, POPG and binary POPE/POPG bilayers, respectively. The *'P
NMR spectra of POPE MLVs are shown in Figure 5.3(A). The *'P CSA spans from
around 32 ppm to -18 ppm. The addition of 4 mol% KIGAKI did not alter the *'P CSA
line shape. Only one axially symmetric CSA component was needed to simulate the line
shape of the POPE *'P NMR spectrum at 4 mol% KIGAKI (Figure 5.3(D)). Figure 5.3(B)
displays the *'P NMR spectrum that probes the interaction between the cationic peptide
and the anionic POPG bilayers. The *'P CSA span of POPG (26 ppm to -15 ppm) is much
smaller than that of POPE. Surprisingly, the association of KIGAKI to the negative

charged bilayer surface did not cause a significant change in the'P NMR line shape.
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Figure 5.3 *'P NMR powder type spectra of MLV samples exhibiting the effect of
KIGAKI on the *'P spectra line shape for three different bilayers (A) POPE, (B) POPG,
(C) POPE/POPG at 30°C. The solid line represents the control spectra and the dashed
line represents the spectra of bilayers at 4 mol% KIGAKI on the left column. The
corresponding simulated data representing >'P NMR spectra of (D) POPE bilayers, (E)
POPG bilayers and (F) POPE/POPG bilayers in the presence of KIGAKI are displayed
on the right column. Two components were needed to simulate the spectrum of (F)
POPE/POPG bilayer with one isotropic component contributing 40%= 1% (dotted line)
and another anisotropic component 60%= 1% (dash line) to the total spectrum area. The

error range was estimated so that the best fit of the spectra was obtained at these values.
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Only one *'P CSA component was needed to simulate the spectrum (Figure 5.3(E)). The
effect of KIGAKI on mixed binary POPE/POPG bilayers is displayed in Figure 5.3(C).
The mixed bilayers with 80% POPE and only 20% POPG exhibit a CSA span (26 ppm to
-16 ppm) much smaller than that of POPE and close to that of POPG. The *'P CSA line
shape of the lipids in the liquid-crystalline phase reflects an axially symmetric motion of
lipids. The orientation and the additional wobbling motion of the lipid headgroup with
respect to the molecular axis determine the *'P CSA span (25-27). This result suggests
that the minor POPG component plays a pivotal role in the mixed bilayer lipid headgroup
orientation and molecular motions. The association of 4 mol% KIGAKI with
POPE/POPG bilayers caused a *'P NMR line shape change with an increase of intensity
around O ppm. The powder pattern spectrum can be deconvoluted into two components
with an anisotropic component contributing 60% to the total spectrum area and an
isotropic component representing the remainder 40% (Figure 5.3(F)). Considering little
change in the *'P NMR line shape for POPE and POPG bilayers upon the association of
KIGAKI, this result indicates that the peptide can cause a membrane phase separation
only in bilayers consisting of both neutral POPE lipids and anionic POPG lipids.

The interference of KIGAKI with the membrane hydrophobic core was
investigated using ’H NMR powder pattern spectra (Figures 5.4(A) and (B)). POPG
bilayers have a smaller spectral width than POPE/POPG bilayers, suggesting less
molecular ordering and /or faster acyl chain motion when compared to POPE/POPG
bilayers. The corresponding lipid’s molecular order parameters are shown in
Figure5.4(C). The mixing of 80% POPE phospholipids to 20% POPG bilayers
significantly increases the ordering of the bilayer lipids. The *H quadrupolar splittings are
also increased upon incorporation of KIGAKI to POPG bilayers, whereas the addition of
4 mol% KIGAKI to POPE/POPG bilayers is not accompanied by any changes in the *H
quadrupolar splittings. A decrease in the lipids *H quadrupolar splitting upon
incorporation of the peptide suggests the disordering of the lipids. No disordering effects
for the lipid acyl chains were observed after the peptide was added to both POPG and
POPE/POPG bilayers, suggesting that the peptide didn’t penetrate inside the bilayers. An
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Figure 5.4 "H NMR powder spectra of MLV samples at 25°C showing the effect of
KIGAKI on the membrane hydrophobic interior for two bilayers (A) POPE/POPG (B)
POPG bilayers. POPG-d;; was used here as the deuterium probe. The corresponding
molecular order parameters of the individual groups along the lipid acyl chains were

obtained by dePakeing the H NMR spectra (C).
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Figure 5.5 °'P longitudinal relaxation time (T,) as a function of temperature for (A)
POPE and POPG bilayers (B) POPE/POPG bilayers. The open symbol represents the *'P
T, of the control sample while the solid symbol represents the *'P T, of the bilayers with
4 mol% KIGAKI. The dotted line represents the bilayers with single lipid component
POPE or POPG and the solid line represents the binary mixed POPE/POPG bilayer
sample. The experimental error was within + 10 ms by averaging *'P T, values of the
samples with same composition but from the different preparations. The isotropic peak

positions of the three bilayer samples at 4 kHz MAS are shown in the inset.
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isotropic component is exhibited for POPE/POPG bilayers at 4 mol% KIGAKI. This is
consistent with the >'P NMR powder pattern spectra studies, where the POPE/POPG
bilayer phase is disintegrated into two species by the peptide KIGAKI.

5.4.3*'P NMR relaxation study of lipids headgroup dynamics.

The *'P longitudinal relaxation time T, is sensitive to fast lipid headgroup
rotational motions (/7). Lipid headgroup dynamics for POPE, POPG and binary
POPE/POPG bilayers were examined using *'P NMR longitudinal relaxation inversion-
recovery pulse scheme at various temperatures. Using magic angle spinning, two
resolved resonances were observed around O ppm for the binary POPE/POPG bilayers
(Figure 5.5 inset). At 25°C, the control POPE/POPG bilayers exhibit two *'P isotropic
peaks at -0.12 ppm and 0.38 ppm for POPE and POPG respectively. The addition of 4
mol% KIGAKI shifted the POPE isotropic peak to -0.18 ppm and POPG isotropic peak
to 0.23 ppm with a slight increase in line broadening. Similar isotropic peak shifts were
also observed for POPE and POPG bilayers with a single lipid component when the
peptide was added to the MLVs sample. The isotropic *'P chemical shift of the lipid
headgroup is sensitive to the surface charge density. A upfield peak shift is consistent
with a decrease in the negative surface charge density of the membrane upon interaction
with KIGAKI (28, 29). Careful analysis of the spectra indicates that both POPE and
POPG lipids experience a slight shift in the isotropic peak of the binary POPE/POPG
bilayers. These small shifts are a manifestation of the interaction between POPE and
POPG headgroups in the mixed bilayers, which was also indicated by the POPE/POPG
*'P powder spectra.

The *'P T, values as a function of temperature for different bilayers are
summarized in Figure 5. The POPE and POPG lipids *'P T, (~800 ms at 25°C) are very
close for the three control bilayer samples. The *'P T, increases as the temperature
increases from 25°C to 45°C. The *'P longitudinal relaxation time T, is related to the
correlation time (t,) of fast molecular motion according to 1/T,« t/(1+ w, °t.%), where w,
is the Larmor frequency (27, 30). If the molecular correlation time fits the equation
w,t.=1, the relaxation mechanism is most efficient, and the T, relaxation time is at the
minimum (27, 30). The correlation time moving away from the 1/w, point would cause

an increase in the T, value. Temperature is a factor that modulates the molecular
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correlation time. In this case, the continuous increase in the *'P T, relaxation time above
25°C indicates the lipid’s minimum T, for these control samples would be lower than
25°C. This is typical for phospholipids in hydrated bilayers (27, 30).

The incorporation of 4 mol% KIGAKI enhanced the spin-lattice relaxation and
decreased the *'P T, for all the three bilayer samples. For the POPE lipids, the *'P T, of
the bilayers are reduced to around 700 ms, and the T, value slightly decreases when the
temperature increases. In POPG bilayers, the *'P T, decreases to around 600 ms at 25 °C
and the reduction of T, increases significantly as the temperature increases. At 45°C, the
POPG *'P T, is approximately 200 ms. These results suggest that a minimum T, would
occur at higher temperatures where the molecular correlation time <, is equal to 1/w,. For
the binary POPE/POPG bilayers, POPE *'P T, value is reduced to 615 ms and POPG lipid
*'P T, value is reduced to 583 ms at 25 °C in the presence 4% KIGAKI. Meanwhile, the
relaxation time remains consistent as the temperature increased. These results suggest
that different dynamic changes of lipid headgroups occurred for the three bilayers upon

association of 4% KIGAKI.

5.5 Discussion

Previous studies have indicated that compared to the antimicrobial peptide
magainin and PGLa, a lower KIGAKI peptide concentration is needed to inhibit the
bacterial growth while a higher peptide concentration is required to cause hemolysis (4,
5). Meanwhile the studies on the mimetic phospholipids bilayer membranes exhibit that
the antimicrobial peptide KIGAKI exhibits high lytic activity against membranes mainly
composed of POPE and lower lytic activity against POPC membranes (4, 5). To
understand KIGAKI membrane selectivity will provide fundamental information in the
design of novel, high efficacy antimicrobial peptides.

The alignment of four bilayer model membranes was compared first. The
KIGAKI perturbation to POPC bilayers is finite, while the perturbation to POPC/POPG
is moderate. The different effect of KIGAKI on these two bilayers can be attributed to the
presence of the negatively charged POPG lipids in POPC/POPG bilayers. Comparing the
alignment changes of POPE bilayers and POPE/POPG bilayers, the similar PG lipids

effect can be observed. In general, the bilayers containing POPE lipids are more
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susceptible to the presence of KIGAKI than the bilayers containing POPC lipids. The
alignment perturbation by KIGAKI is more significant for POPE and POPE/POPG
bilayers. The KIGAKI membrane selectivity manifested here seems very interesting;
however, the molecular mechanism of these specific peptide-membrane interactions is

still not understood.

5.5.1 The KIGAKI-POPE interaction mechanism.

POPE is major component of bacterial membranes. The interaction between
KIGAKI and POPE bilayers are displayed in Figure 3(A) using phospholipid bilayer
powder pattern spectra. The incorporation of KIGAKI to POPE bilayers only introduced
a slight change in the *'P CSA line shape, indicating minimal activity of KIGAKI with
pure POPE bilayers. In addition, the *'P spin-lattice relaxation time indicated a more
efficient relaxation mechanism of POPE lipids in the presence of KIGAKI, suggesting
that a dynamic change occurs in the POPE bilayers. The *'P spin-lattice relaxation time
had been previously used to study the KIGAKI-POPC interaction (6). The *'P T,
remained the same upon addition of KIGAKI to the POPC bilayers. *'P NMR study on
the same KIGAKI-POPC powder sample indicated a *'P CSA line shape change. These
results agree with the bilayer alignment perturbation study in this paper, which indicates
that the interaction between KIGAKI and POPC bilayers is very weak. Therefore, the
KIGAKI-POPE interaction is stronger than the KIGAKI-POPC interaction.

KIGAKI caused a distribution of the POPE lipid headgroup orientation on glass
plates at 4 mol% concentration. However, the incorporation of KIGAKI to POPE MLVs
at the same concentration only introduced a slight change in the *'P CSA line shape. The
inconsistency may reflect a fundamental difference in the study of these two membranes.
The studies of the oriented bilayer on the glass plates are complicated by additional
factors such as the ability of each individual lipid to orient on glass plates, etc.
Furthermore, the hydration levels in the two samples are different. The MLV samples
used here (~70% water relative to the total sample weight, calculated) have more water
content than the mechanically aligned samples (usually 30~50% water by weight, FT-IR
(31, 32)). The different hydration levels of these two bilayers may be another reason

causing the perturbation difference observed on POPE bilayer introduced by KIGAKI.
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5.5.2 The KIGAKI-POPG interaction mechanism.

POPG is a negatively charged phospholipid. The electrostatic interaction between
the cationic peptide and the anionic lipids is important for the peptide to form the proper
secondary structures (4). Previous reports indicate an essential role of POPG in the
function of KIGAKI causing a membrane phase separation and leakage (4, 60).
Unexpectedly, the interaction between 4 mol% KIGAKI and pure POPG bilayers didn’t
introduce any significant *'P CSA line shape changes from the control sample (Figure
3(B)).

Meanwhile, in POPG lipids, the *'P T, was reduced significantly in the presence
of 4 mol% KIGAKI. The reduction of *'P T, as a function of temperature suggests a
minimum T, would be at a higher temperature where the molecular correlation time T, =
1/w,. Since the Larmor frequency of the magnetic field is fixed, the *'P T, study proposes
a much slower molecular rotation and a much longer correlation time of POPG lipids for
POPG/KIGAKI sample. *H order parameter results indicate that the lipids acyl chain
displays a higher molecular ordering and/or a slower molecular motion of POPG upon
the addition of the peptide KIGAKI. This result agrees with the *'P T, study on the lipid
headgroups. One KIGAKI peptide molecule has six positive charged lysine residues.
Upon interaction with POPG bilayers, the peptide forms a [-sheet structure, flanking with
all six positive charges on one side (4). The interaction between the peptide and the
lipids, mainly the electrostatic interaction, could bring the lipids closer together and/or
cause the rearrangement of the lipids conformation. The space between different lipids
would be decreased. Therefore, both the lipid headgroups and the lipid acyl chains
exhibit restricted molecular motions. In conclusion, although KIGAKI disturbs the lipids
molecular motion, and causes the leakage of the bilayers (4), the POPG lipids bilayer

phase remains.

5.5.3 The KIGAKI-POPE/POPG interaction mechanism.

POPE/POPG is the most vulnerable model membrane against the antimicrobial
peptide KIGAKI. The alignment of the bilayer on glass plates was significantly perturbed
by KIGAKI. The *'P and °H spectra line shape changes are similar to those induced by a
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cyclic antimicrobial peptide RTD-1 observed in Hong’s group (9). They propose that the
micrometer-diameter lipid cylinders are formed in anionic membranes upon interaction
with the antimicrobial peptide. The curvature stress introduced by RTD-1 may play a role
in antimicrobial activity. The similar membrane curvature strain changes were also
noticed in the research of other antimicrobial peptide such as LL-37 (//) and MSI-78
(33). However, previous study on KIGAKI using differential scanning calorimetry on
DiPOPE vesicles indicates a minor increase in the bilayer-to-hexagonal phase transition
temperature (4). Therefore, it is still under debate as to whether the change in the
membrane curvature strain is important in membrane breakage upon interaction with
KIGAKI. Moreover, the results obtained from the interaction with DiPOPE bilayers may
not be able to generalize to other bilayers with different membrane compositions.

The interaction between KIGAKI and POPE/POPG bilayer was further
investigated using POPE/POPG MLVs. The *'P spectrum CSA of control POPE/POPG
bilayers is close to that of POPG bilayers, but significantly different from that of POPE
bilayers. Several papers have reported that the charged additives to the membrane can
alter the lipid *'P CSA and isotropic peak position significantly (25, 26, 34). In this case,
the negative charge on the POPG headgroup would probably move the N* end of POPE
headgroup towards the membrane, causing a downshift tilt. The orientational change of
the POPE headgroup would probably induce a CSA change (25).

’H NMR spectra of POPE/POPG bilayers exhibit larger quadrupolar splittings
than that of pure POPG bilayers. Therefore, although the POPE lipid headgroup was
easily affected by the charged molecules, the POPE lipids acyl chain possess a higher
molecular ordering, which was indirectly demonstrated by POPG-d,, lipids distributed
evenly within the POPE/POPG bilayers. Considering POPE lipids have a higher phase
transition temperature (24°C) than POPG (-4°C), the experiment on POPE/POPG
bilayers was also carried out in different temperatures (from 25°C to 45°C). *'P and °H
NMR data indicate an axially symmetry pattern spectrum similar as Figure 5.3 and 5.4,
indicating the liquid-crystalline phase of POPE/POPG bilayers for all these temperatures.

Different from POPE or POPG bilayers, the association of KIGAKI to
POPE/POPG binary mixed bilayers induced a big change in the *'P spectrum line shape

(Figure 5.3(C)). Two phases were observed, corresponding to a CSA component and an
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isotropic component (Figure 5.3(F)). An isotropic component was also superimposed in a
series quadrupolar splittings in POPE/POPG *H NMR spectrum in the presence of 4
mol% KIGAKI. The isotropic component could be micelles or small vesicles, which have
very fast tumbling motion. No molecular order parameter changes along the lipid acyl
chain upon incorporation of the peptide, suggesting that the peptide didn’t penetrate
inside the bilayer membranes. This is consistent with a carpet mechanism in the breakage
of the membranes (/5).

Obviously, although electrostatic interaction is very important in the interaction
between KIGAKI and POPG lipids, it alone is not enough to cause a bilayer phase
change. The *'P T, relaxation study of POPE/POPG bilayers indicates a similar T, value
for the two individual POPE and POPG lipids, suggesting that the two lipids have similar
dynamic changes in the interaction with the peptide. POPG lipids were not preferentially
selected in the interaction. This is different from our previous study on the interaction
between KIGAKI and the POPC/POPG bilayers, where the preference of KIGAKI to
interact with POPG lipids was inferred (6). However, both the study on the aligned
bilayer sample and previous activity assays indicate that KIGAKI has selectivity against
mixed bilayers in the presence of POPE lipids (4, 5). Therefore, the higher antimicrobial
activity would depend on more than electrostatic interaction between the peptide and the
POPG lipids. Both POPE and POPC lipids are zwitterionic lipids, but POPE lipid has a
smaller headgroup than POPC lipid. This would probably make the interaction between
the cationic peptide and the negatively charged phosphate group in the POPE lipids
easier, especially with the help of POPE headgroup tilting in the addition of POPG. The
capability of relatively stronger interaction between KIGAKI and POPE lipids than that
between KIGAKI and POPC lipids was also supported by the *'P T, and the bilayer
alignment perturbation study on POPE and POPC bilayers. Since POPE lipids have very
different dynamics from POPG lipids, indicated by significantly different >'P CSA values
and the ordering of lipids acyl chain, the phase separation of POPG lipids from POPE
lipids in the binary POPE/POPG bilayers would be observable. No POPE and POPG
phase separation was indicated after the addition of KIGAKI into the POPE/POPG
bilayers. The isotropic species exhibited by *'P and "H NMR spectra would likely consist
of both POPE and POPG lipids in a similar proportion as the POPE/POPG bilayer
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component. Alternatively, the electrostatic interaction between the antimicrobial peptide
and the POPG lipids in the mixed bilayers is so strong that one would expect the cationic
peptide to pull the anionic lipids close together to form a relatively separate domain. This
was not the case, suggesting that the electrostatic interaction between the peptide and
POPG is not so strong, and probably is comparable to the interaction between the peptide
and POPE lipids, as suggested by similar POPE and POPG *'P T, relaxation changes
(Figure 5.5(B)). Therefore, the comprehensive interactions among the membranes
including the lipid/lipid interaction and the interactions between the peptide and different
lipids must be considered to understand the KIGAKI antimicrobial mechanism.

For the pure POPG bilayers, the membrane leakage can exist without the
formation of the micelles or small vesicles. This suggests a different mechanism from the
carpet mechanism, more consistent with a toroidal pore mechanism (11, 16, 33). KIGAKI
interacts different membranes utilizing different mechanism. The different mode of
action on different lipids was also observed on other lytic peptides, such as melittin (35,
36). For the mixed POPE/POPG bilayers, our results suggest that KIGAKI interacts with
both POPE and POPG lipids in a similar fashion. In our last report, KIGAKI preferred to
interact with POPG lipids in the mixed POPC/POPG bilayers (6). For both the mixed
bilayers, the carpet mechanism is implied in the interaction between KIGAKI and
membranes. Probably the mixed bilayer is more fragile. The lipids interact with each
other by electrostatic interaction or hydrogen bonding etc. at the headgroup region,
forming a complex network to stabilize the bilayers. Upon introduction of KIGAKI to the
mixed bilayer, the interactions between the peptide and the lipids would decrease the
connectivity among the lipids and permeate the membranes. This is likely the molecular

basis of the KIGAKI carpet mechanism.
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Chapter 6

Phospholamban backbone dynamics and conformation study

"N Solid-state NMR results on uniform "N-labeled PLB obtained in this chapter were

included in the following two papers:

Abu-Baker, S., Lu, J.X., Chu, S.D. and Lorigan, G. A. “The side-chain and backbone
dynamics of phospholamban in POPC bilayers utilizing *H and "N solid-state NMR

spectroscopy” Biochemistry (in progress)

Abu-Baker, S., Lu, J.X., Chu, S.D. and Lorigan, G. A. “The structural topology of wild-
type phospholamban in oriented bilayers using "N solid-state NMR spectroscopy”

Protein Science (in progress)
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6.1 Introduction

Phospholamban (PLB) is a 52 residue integral membrane protein found in the
cardiac sarcoplasmic reticulum (SR) membrane that regulates the activity of calcium-
ATPase (/). Unphosphorylated PLB inhibits the sarco(endo)plasmic reticulum calcium-
ATPase (SERCA) and decreases the calcium flow into SR vesicles (2, 3).
Phosphorylation of PLB at Serl6 by cAMP-dependent protein kinase (PKA) and/or
Thr17 by CAM-kinase will increase the rate of calcium uptake into the SR leading to
relaxation of the cardiac muscle (4). Thus, PLB plays a pivotal role in the regulation of
the heartbeat. Clinical evidence indicates that naturally occurring mutations in the human
PLB gene led to dilated cardiomyopathy (DCM) and heart failure (5, 6). Therefore, PLB
has attracted extensive investigations into its function and structure (7-9).

Research studies have indicated that PLB exists in a dynamic equilibrium
between a pentamer form and a monomer form (/0, 11). It was first suggested that
SERCA binds PLB by stripping a subunit away from the pentamer, causing the
deoligomerization of PLB. The monomer PLB is the inhibitory active form (/2). In
addition, ion conductance studies also suggested pentameric PLB could act as an ion
channel (2, 13). In the early structure models, PLB has been described as a continuous o.-
helix or two a-helices connected by an unstructured/f-sheet region (14, 15).

Extensive mutational analysis of residues within the transmembrane domain of
PLB revealed that substitution of C36, C41 and C46 with either Ala or Ser stabilize the
monomeric form of PLB (/6). In order to facilitate PLB structural studies, the functional
PLB mutant AFA-PLB with C36A, C41F and C46A was created; it shows only a single
band on a SDS-PAGE gel (/7). Solution NMR studies on AFA-PLB in micelles revealed
that monomeric PLB is composed of three segments: cytoplasmic domain IA (residues 2-
16) and cytoplasmic domain IB (residues 17-21), transmembrane domain II (residues 22-
52) with helical structures for both the cytoplasmic domain IA and transmembrane
domain II forming an “L” shape conformation (Figure 6.1A) (I8, 19).

Conversely, using solid-state magic-angle sample spinning in combination with
through-space and through-bond magnetization transfer techniques, the cytoplasmic
domain structure of AFA-PLB incorporated into lipid bilayers was determined as a

disordered random-coil (Figure 6.1B) (20).
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Additionally, Chou’s group carried out a structural study on the original
pentameric form of PLB in dodecylphosphocholine micelles using solution NMR
methods. They revealed that the PLB structure exists as a bellflower-like assembly held
together by leucine/isoleucine zipper in the transmembrane region (Figure 6.1C). The
cytoplasmic domain has a helical structure with the helix axis almost parallel to the
bilayer normal (27).

These structural results described above are consistent in describing the PLB
transmembrane domain as a helix spanning the entire membrane bilayer. However, they
are inconsistent in the structure of the cytoplasmic domain. The debate on the three
structural models justifies further structural and dynamic studies on PLB.

In this chapter, "N solid-state NMR spectroscopy was utilized to probe wild-type
PLB backbone dynamics and orientation in its pentameric form. The study was carried
out in a lipid bilayer environment, which is closer to the natural membrane environment
when compared to micelles. Uniform "N labeled PLB was expressed by bacterial

fermentation.

Figure 6.1 Examples of PLB structures solved using NMR spectroscopy. (A) AFA-PLB
structure using solution NMR (PDB code 1N7L); (B) AFA-PLB structure using solid-
state NMR; (C) pentameric wild-type PLB using solution NMR (PDB code 1ZLL). The
figures were generated using MOLMOL software.

The purified PLB was first reconstructed into POPC multilamellar vesicles. PLB

backbone dynamic information was obtained by analyzing "N NMR powder lineshapes.
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"N NMR solid-state powder lineshapes provide useful information on protein backbone
dynamics, for example axially symmetry lineshape indicating restricted PLB backbone
motion while isotropic lineshape indicating motional averaging. Uniform '"N-labeled
PLB was also incorporated into the oriented POPC bilayers and DOPC/DOPE bilayers.
N solid-state NMR spectroscopy in combination with sample alignment provides direct

information regarding protein topology and orientation.

6.2 Material and methods
6.2.1 Material

1-Palmitoyl-2-oleoyl-3-sn-glycero-3-phospholcholine (POPC), 1, 2-Dioleoyl-sn-
glycero-3-phospholcholine (DOPC), 1, 2-Dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) were purchased from Avanti Polar Lipids (Alabaster, AL) and used without
further purification. The phospholipids were dissolved in chloroform and stored at -20°C
prior to use. ""NH,Cl and deuterium-depleted water was obtained from Isotec
(Miamisburg, OH). Chloroform, hexafluoro-2-propanol formic acid, HEPES,
triflouroethanol (TFE) and EDTA were obtained from Sigma/Aldrich (St. Louis, MO).
Microscope cover glasses (5.7 x12 mm) were purchased from Marienfeld Laboratory
Glassware (Germany).
6.2.2 Protein expression

The insertion of a constructed wild-type rabbit PLB gene into a modified pMal-
c2X vector (New England Biolabs) was done at Dr. Veglia’s lab in Minnesota (22). The
Tobacco Etch Virus (TEV) recognition sequence was introduced to replace the Xa factor
cleavage site. A (His), sequence was also constructed immediately before the TEV

cleavage site to allow purification by Ni-affinity chromatograpy (Figure 6.2). The gene

Maltose binding protein | (His); tag [TEV protease| PLB

Figure 6.2 The outline of PLB fusion protein construction.

was first transformed into DHI0B competent cells (Invitrogen). Plasmid DNA was

isolated using a Wizard Plus miniprep kit (Promega). The plasmid DNA encoding wild-
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type rabbit PLB was then transformed into E. coli BL21(DE3)-RIL cells (stratagene). A
3mL Luria Broth (LB) culture, supplemented with 100ug/mL ampicillin was inoculated
with a single colony from a LB/amplicillin plate and incubated for 6 hr at 37 °C. A
starter culture was inoculated with the LB culture and grown overnight at 37 °C in a
standard M9 minimal media supplemented with vitamins (Sigma BME vitamin solution)
and minerals (Minerals: 6 mg/L FeSO,, 1.3 mg/LL. MnSO,, 0.8 mg/L. CoCl,, 0.6 mg/L
ZnCl,, 0.3 mg/L CuSO,, 0.02 mg/L. H;BO,, 0.25 mg/L (NH,); Mo,0,,, and 5 mg/L
EDTA). Cells were then transferred (1:50) into fresh M9 minimal media with "NH,Cl as
the sole nitrogen source. Cells were induced with 1 mM isopropyl-f-D-
thiogalactopyranoside (IPTG) at ODy,, ~0.7. After 30°C overnight growth or 37°C for 6
hr, cells were harvested and stored at —20 °C. For the expression of protein without
isotopic labels, the LB media was used and the culture was induced for 5 hr at 37 °C

before harvesting.

6.2.3 Purification of the maltose-binding fusion protein (MBP-PLB) and PLB

Cells were resuspended using 150mL lysis buffer (20 mM TrisHCI, pH 8.0, 200
mM NaCl, | mM EDTA, 0.1 mM DTT, 0.5% glycerol, 2.5 uM lysozyme, 0.5 mM
PMSF) for every liter of culture. The suspension was passed twice through a French
Press and centrifuged at 18,000 rpm for 20 min at 4°C. The supernant with the MBP-PLB
fusion protein was purified using an amylose resin (New England Biolabs). The fusion
protein solution was dialyzed against TEV protease buffer and PLB was released from
MBP by cleavage using active TEV protease (Ac-TEV) (Invitrogen). Approximately, one
milligram of fusion protein requires 1.5 pl Ac-TEV. The subsequent mixture was first
purified using Ni-affinity chromatography. However, the flow-through of Ni-affinity
chromatography contains both PLB and small amounts of MBP-PLB fusion protein. The
step was therefore omitted from the routine purification. The mixture after cleavage was
directly purified by HPLC (Amersham Pharmacia Biotech) using a silica based C4
reverse-phase column (Vydac). PLB was eluted as a single peak at 95% solvent B (58%
isopropanol, 37% acetonitrile, 5% H,O and 0.1% TFA). Solvent A contained H,O with
0.1% TFA. The purified PLB was confirmed by 12% SDS-PAGE and MALDI-TOF

mass spectrometry.
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6.2.4 Secondary structure study

Circular dichroism (CD) spectra were recorded at room temperature using a Jasco
J-810 CD spectropolarimeter. The purified PLB was dissolved in an aqueous solution
containing 10% TFE or 50% TFE. The final PLB concentration was 50 uM. The sample
was analyzed in 0.1 cm path-length cell. Each spectrum was obtained by averaging 4
successive scans over the 180 nm-250 nm wavelength range and the blank solvent

backgrounds were subtracted.

6.2.5 NMR sample preparation

Multilamellar vesicle (MLV) samples with 4 mol% peptide were prepared by
mixing PLB in a minimal amount of TFE solvent with POPC (76 mg) in chloroform. The
mixture was first dried under a steady stream of N, gas for ~ 30 minutes to remove the
organic solvent. The sample was then left under a high vacuum desiccator overnight.
MLVs were formed by resuspension of the dry lipids in 190 uLL HEPES buffer (SmM
EDTA, 20mM NacCl, and 30mM HEPES, pH 7.0) with frequent vortexing to homogenize
the sample. Samples were allowed to sit in a warm water bath (50 °C) for 20 minutes
before finally packed into a NMR rotor (23).

Mechanically aligned membranes were prepared using a procedure described
previously (24). PLB was dissolved in a small amount TFE (=50 ul) and mixed with
POPC lipids in chloroform. The solution was spread onto 36 glass plates (~50 mg lipids)
and allowed to air-dry. The glass plates were then placed in a desiccator under vacuum
overnight to remove any residual solvents. The dried sample was directly hydrated using
deuterium-depleted water (2 ul/plate), stacked and placed in a humidity chamber
consisting of saturated ammonium monophosphate at a relative humidity of about 93% at
45°C for one day. The glass plates were sealed in a rectangular cell to prevent sample
dehydration during data acquisition. The peptide accounts for around 0.5 mol% with
respect to the lipids.

6.2.6 NMR spectroscopy
All experiments were recorded on a Bruker Avance 500 MHz WB solid-state

NMR spectrometer. Unoriented membrane samples were studied using a 4mm triple
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resonance CPMAS probe (Bruker) at both 25 °C and -25°C. A static double-resonance
low-E probe (National High Magnetic Field Laboratory) was used for oriented-membrane
experiments. "N NMR spectra were acquired using a standard CP pulse with TPPM
proton decoupling. The spectra were referenced to an external standard of ('"NH,),SO, at
27 ppm. 'H 90° pulse was 4.7 usec for the CPMAS probe and 5.0 usec for the flat coil
probe. The contact time was 1.5 ms and the recycle delay was 4 s. Powder-type "N NMR
spectra at 25 °C were deconvoluted using two components with the DMFIT program
(25). °'P NMR spectra on oriented membrane samples were also recorded to verify the

membrane alignment.

6. 3 Results and Discussion

Uniform “N-labeled PLB was purified with a best yield of 10 mg per liter of
culture. A 12% SDS-PAGE gel showing the results in each purification step is in Figure
6.3. PLB fusion protein gives a band around 48 kDa. In Figure 6.3B the purified PLB
gave two bands, a major band around 26 kDa and a minor band around 6 kDa, indicating
that the PLB is mainly in the pentamer form under the experimental conditions. The PLB
pentamer with a theoretical molecular weight around 30 kDa migrates faster than the
corresponding molecular marker in the gel, which is consistent with the literature (27).
The hydrophobic membrane protein usually migrates faster than the soluble protein in a
SDS-PAGE gel because of the protein’s conformation and hydrophobicity. Purified PLB
in this work has 53 residues with one extra glycine at the N terminus from the TEV
cleavage site. The theoretical molecular weight of each PLB subunit is 6154 Da. The
corresponding MALDI-TOF result is shown in Figure 6.4A. Figure 6.4B shows the PLB
molecular weight after uniform "N labeling. The peak at around 3000 Da may be from a
double-charged molecular ion. CD spectrum of PLB in TFE/H,O solution indicates that

PLB is mainly in a-helix conformation (Figure 6.5).
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Figure 6.3 SDS-PAGE results of PLB purification in each step. (A) lane 1 is the
molecular marker, lane 2 cell lysis supernant, lane 3 the flow-through from amylose
column, lane 4 the elution from amylose column, lane 5 Ac-TEV cleavage for 3 hr at 1ul
Ac-TEV per mg fusion protein, lane 6 addition of another 0.5x1 Ac-TEV per mg fusion
protein in lane 5 after overnight reaction. (B) lane 7 purified PLB using reverse phase C4

column, lane 8 1/10 dilution of lane 7, lane 9 is the molecular marker.

B 6279.678
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Figure 6.4 MALDI-TOF results of purified PLB (A) and “"N-labeled PLB (B)
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Figure 6.5 CD spectrum of purified PLB dissolved in 10% TFE or 50% TFE.

6.3.1 PLB backbone dynamics

PLB backbone dynamics were studied using "N solid-state NMR spectroscopy on
a MLV sample. A "N NMR spectrum of uniform ""N-labeled PLB at 25°C is shown in
Figure 6.6(A) while Figure 6.7(A) is at -25°C. Figure 6.6(A) shows the overlap of two
distinct lineshapes. The spectrum was deconvoluted using the DMFIT program,
indicating a major anisotropic CSA component and a minor isotropic component.
However at -25°C, a single anisotropic CSA component was observed (Figure 6.7(A)).
N solid-state NMR spectroscopy is sensitive to molecular motion on the 10™ timescale
(26). "N anisotropic CSA lineshapes indicate restricted protein backbone motions.
Conversely, a fast molecular motion will cause a significant narrowing of the CSA
lineshape to an isotropic resonance. The "N NMR spectrum of uniform '*N-labeled PLB
indicates that at 25°C PLB exists in two distinct dynamic populations with one rigid and
the other mobile. Upon decreasing the sample temperature to -25°C, PLB backbone
motion is totally frozen and only a CSA lineshape, indicating rigid backbone motion, was
observed (Figure 6.7(A)). The "N CSA tensor values of uniform "“N-labeled PLB
inserted into POPC bilayers at 25°C are o,, = 59.9 ppm, 0,, = 76.1 ppm, 05, = 230.0 ppm.
These values were obtained using the DMFIT fitting program.
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(A) Uniform '°N-labeled WT-PLB

(B) "°N-Ala11-PLB

(C)"°N-Leu51-PLB
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Figure 6.6 Solid-state "N NMR spectra of PLB incorporated into POPC MLV at 25 °C.
(A) Uniform ""N-labeled PLB sample. (B) and (C) site-specific °"N-labeled PLB at Alall
and Leu51 respectively. Left column: black line represents the spectra obtained from
experiment; red line represents the fitting using DMFIT program. Right column: black
line represents the two components used in the DMFIT; red line represents the final

fitting lineshape.

N NMR spectra of site-specific ’N-labeled PLB at Alall and Leu51 were also
obtained at both 25°C and -25°C in order to study PLB backbone dynamics at specific
domains (site-specific ’N-labeled PLB was obtained by Shadi Abu-baker.). Alall is
located in the cytoplasmic domain of PLB. The "N NMR spectrum of Alal1-PLB shows
two components at 25°C (Figure 6.6(B)) while only one component at -25°C (Figure
6.7(B)), consistent with the results obtained from uniform '°N-labeled PLB. This result

suggests two dynamic populations of the PLB cytoplasmic domain at room
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(A) Uniform ' °N-labeled WT-PLB

(B) "°N-Ala11-PLB
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Figure 6.7 Solid-state "N NMR spectra of PLB incorporated into POPC MLVs at -25 °C.
(A) Uniform "N-labeled PLB sample. (B) and (C) site-specific labeled PLB at Alall and

Leu51 respectively.

temperature. Conversely, only one CSA component was observed in the "N NMR
spectrum of Leu51-PLB at both 25°C (Figure 6.6(C)) and -25°C (Figure 6.7(C)). Leu51 is
located in the transmembrane domain of PLB. This result suggests that the
transmembrane domain of PLB always exists in a rigid form at both temperatures.
Comparing the spectra obtained from uniform “N-labeled and site-specifically labeled
PLB, it is concluded that PLB has two dynamic populations upon incorporation into

POPC MLVs at room temperature, and that the difference between these two populations
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is mainly in the cytoplasmic domain. The major population of PLB probably has rigid
helical structures in both domains while the minor population has a higher dynamic
motion in cytoplasmic domain. This result does not agree with the solid-state NMR
structure study on AFA-PLB, which suggested that the cytoplasmic domain is dynamic
and in a random coil structure (20).

EPR is more sensitive to fast molecular motions in the nanosecond range when
compared to NMR. Interestingly, EPR studies probing the peptide backbone dynamics on
AFA-PLB suggested that the cytoplasmic domain of PLB exhibits two resolved
conformations, an ordered state and a dynamically disordered and extended state (27).
This result is consistent with our research in that PLB has two conformations in the

membrane environment with different dynamics (28, 29).

6.3.2 PLB backbone orientation

PLB was also incorporated into oriented POPC bilayers and DOPC/DOPE (4/1)
bilayers using glass plates. The anisotropic characteristics of a solid-state "N NMR
spectrum make it possible to obtain topology information on the helical tilt of PLB in an
oriented sample (30), so that the debate on the orientation of the PLB cytoplasmic
domain can be solved. *'P NMR spectra of the oriented bilayer samples are shown in
Figures 6.8(C) and 6.8(D). 'P NMR spectra give a sharp resonance around 25 ppm
indicating that the membranes were well aligned and the bilayer normal was parallel with
the magnetic field. "N NMR spectra of uniform "N-labeled PLB at 25°C are displayed in
Figures 6.8(A) and 6.8(B). The spectrum shows two major resonances around 210 ppm
and 74 ppm and a small isotropic peak at 115 ppm. DOPC/DOPE bilayer sample gives
N NMR spectrum with a better resolution than POPC bilayers in this case. ’N chemical
shift tensor values were obtained from "N NMR spectra of PLB in MLV samples (o,, =
59.9 ppm, 0,, = 76.1 ppm, 0;; = 230.0 ppm). The resonance around o,; (210 ppm)
indicates that the protein backbone has an orientation that is slightly tilted from the
magnetic field and the bilayer normal direction, corresponding to the transmembrane
domain of PLB. The resonance around o,, and 0,, (74 ppm) indicates that the protein
backbone has an orientation, which is almost perpendicular to the magnetic field and

bilayer normal, corresponding to the cytoplasmic domain of PLB lying on the membrane
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surface. The isotropic peak at the averaged chemical shift position (close to the average
of 0,,, 0, and 0O;) indicates a mobile component of PLB, which has fast dynamic
motion. These results suggest two dynamic populations of PLB in the membrane bilayers
consistent with the results obtained from PLB incorporated into POPC MLVs. "N NMR
spectra on oriented bilayers also suggests that it is impossible for the cytoplasmic domain
to orient parallel to the bilayer normal, which is given in the bellflower structure (27). No
resonance around 74 ppm was observed, which would be expected for the bellflower
structure of pentameric PLB (Figure 6.1(C)).

In conclusion, our research confirmed that PLB in a lipid bilayer environment has
at least two conformational populations with different dynamic motions. The cytoplasmic
domain could be rigid, interacting with the bilayer surface; or dynamic, with unspecific

orientation. PLB inhibits SERCA by forming a stable complex with SERCA. A dynamic

(A) DOPC/DOPE (4/1)

(C) DOPC/DOPE (4/1)

(B) POPC (D) POPC

| | | | | | |
[ [ [ [
300 250 200 150 100 50 0 40 20 0 20
N (ppm) 31

Figure 6.8 "N and *'P NMR spectra of uniform ""N-labeled PLB incorporated into
oriented DOPC/DOPE bilayers (A), (C) and POPC bialyers (B), (D).
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cytoplasmic domain of PLB will probably facilitate the initial recognition and binding of
SERCA. The rigid cytoplasmic domain is close to the perpendicular orientation with
respect to the bilayer normal and probably lies on the membrane surface. It agrees with
previous research carried out in our group (29) and Middleton’s group (3/) suggesting a
direct interaction between PLB and lipid headgroups (29, 37). Although PLB is
predominantly in the pentameric form in this case, small amounts of monomer may still
exist in the bilayers. We can probably relate the two oligomeric states of PLB to the two
dynamic states since the pentameric form of PLB is the major component in the sample
and at the same time the rigid conformation of PLB is the dominant form indicated by
NMR studies. It is reasonable to propose that the dynamic component of PLB is actually
in the monomer form, considering the monomer form of PLB binds SERCA. This would
explain the dynamic characteristic of AFA-PLB (the monomer form) obtained by solid-
state NMR (20). However, it is still hard to justify the inconsistency in PLB structures
(“L” shape and bellflower model) obtained by solution NMR using the micelle samples
(18, 19, 21, 32). PLB conformation could be altered in different lipids and hydration
environments. It is also very important to optimize the sample preparations. The previous
structural studies of PLB possibly may have only detected one of the many
conformations. Therefore, a thorough structural study of PLB at different conditions and

in the presence or absence of SERCA is really needed in the near future.
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Chapter 7

Conclusion and future experiments
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7.1 Bicelles and SAMMY technique

Bicelles have been extensively used as model membranes to align membrane
proteins and facilitate membrane protein structure studies (/-3). However, several
limitations in the application of bicelles have to be mentioned. First, the alignment
temperature of bicelles is always altered when macromolecules are incorporated into the
bicelles (4). Second, the stability and viscosity of bicelles are very sensitive to membrane
additives (5). High concentration of additives can make the lipid mixture very viscous
and in some cases bicelles wouldn’t be formed or aligned (6). These two facts require that
the amount of peptide has to be optimized while using bicelles. Also, the lipid
composition and ratio in a bicelle have to be optimized to accommodate membrane
proteins with different sizes (7). Therefore, it becomes very important to understand the
effect of different membrane additives to the bicelle membranes.

In solid-state NMR, *'P and *H spins are commonly used to study the bicelle
alignment and lipid dynamics (8, 9). In this dissertation, SAMMY was applied to
magnetically aligned bicelles, where both "H-">C dipolar couplings and "*C chemical shift
values for every resolvable "C resonance of DMPC were obtained. This technique
provides us an alternate way to gain information on bicelle lipid dynamic changes in local
areas when bicelles interact with various membrane additives. The interaction mechanism
between bicelles and membrane-associated macromolecules can also be used as a
guideline to better understand the interaction between the real cell membranes and
membrane additives. Based upon our research, a similar experiment has been applied to
study the bicelle membrane interaction with an antidepressant molecule, desipramine
(10). The SAMMY pulse sequence is a separated local field spectroscopy technique (/7).
Several papers have also been published developing new separated local field pulse
sequences to enhance the sensitivity and resolution of this technique (712, 13). We expect
that this approach will be applied more in the future to study the interaction between

membrane-associated molecules and aligned membranes.

7.2 Membranes and membrane-associated macromolecules

7.2.1 The effect of cholesterol on bicelle membranes
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Cholesterol concentration in the cell membrane varies from species to species and
changes with different stages and locations of the cell (/4, 15). Cholesterol can regulate
cell membrane function (/4). Therefore, it has been an essential component in
mammalian membrane mimics (/6, /7). Membrane proteins can assume different
conformations and affect the lipids motion differently when reconstituted into model
membranes with or without cholesterol (/7, 18). For example, the bee toxin melittin has
been reported to have the largest effect on DMPC mobility in DMPC/DHPC bicelles
while less effect in cholesterol-doped bicelles (/8). In this dissertation, the cholesterol
effect on membrane dynamics was extensively studied. Cholesterol changes the
membrane fluidity and increases the lipid acyl chain ordering above the gel-to-liquid
crystalline phase transition temperature. Our results provided fundamental information on
the effect of cholesterol to the bicelles and facilitated future research on membrane
proteins.

7.2.2 The interaction between KIGAKI and different membrane bilayers

In the past decade, solid-state NMR has attracted people’s attention as a powerful
technique to study antimicrobial peptides (10, 19). In this dissertation, the interaction
mechanisms of the antimicrobial peptide KIGAKI with different model membranes were
studied using solid-state NMR techniques. Solid-state NMR proved to be a useful
technique to discern the membrane lipid dynamic changes when KIGAKI was
incorporated into the membranes. NMR relaxation techniques and NMR lineshape
perturbation studies provided complementary lipid dynamic information. The results
obtained from both techniques confirmed a carpet mechanism when KIGAKI interacts
with bacterial membrane mimics. However, no detailed structure information of KIGAKI
has been obtained till now. It will be ideal to carry out further experiments on the
structure and conformation of KIGAKI in the same membrane mimics used in this
dissertation. The REDOR (Rotational echo double resonance) technique combined with
site-specific "N, “C-labeled peptides can be used to distinguish between an a-helix or a
[-sheet structure (20, 21). The structural constraints of Alzheimer’s f-amyloid fibril have
been obtained using 2D solid-state NMR "“C-"°C or "C-"N correlation spectroscopy (22,
23). Similar techniques can also be applied to the antimicrobial peptide KIGAKI.

7.2.3 The structure of PLB
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Structural studies on the membrane peptide phospholamban (PLB) in our lab
started with a short version of PLB that only contains the transmembrane segment (24,
25). Recently, the full-length form of PLB was obtained and studied (26). The interaction
of PLB with membrane bilayers was first carried out using *'P and "H NMR spectroscopy
(26). However, structural studies of the full-length PLB in our lab have to be extended. In
this dissertation, "N solid-state NMR studies were carried out when PLB was
reconstituted into membrane bilayers. PLB backbone dynamic information was obtained
from unoriented lipid bilayer membrane samples. The backbone orientation of PLB was
obtained from aligned bilayer membrane samples. We also found out that the "N NMR
spectrum of PLB in aligned DOPC/DOPE bilayers had a better resolution than that
obtained from aligned POPC bilayers. This result indicated the importance to optimize
the bilayer membrane samples, including the choice of the lipids, the sample hydration,
and the concentration of the peptide in the sample, etc. The inconsistency of the PLB
structure in the literature may be caused by these factors (27, 28). It will be interesting to
know what kind of structural changes occur with PLB upon interaction with SERCA and
what is the difference in the structure between native PLB and PLB mutants that cause
heart disease. All these comparisons have to be based on a correct native PLB
conformation. Therefore, the native conformation of PLB has to been obtained before any
further experiments. PISEMA (Polarization inversion spin-exchange at the magic angle)
type NMR techniques can be used on uniform or site-specific '°N-labeled PLB to gain
more structure information (29). PISEMA experiments yield a 2D NMR spectrum with
one dimension consisting of the "N chemical shift, the other dimension the 'H-"N
dipolar coupling. If possible, a group of PLB samples should be prepared using bilayers
with different types of lipids. Bicelles probably can also be used to reconstitute PLB,
since they are the membrane system closer to the natural membrane (/3). Data from these
experiments will be used to compare the structures obtained from different sample

preparations and to gain a thorough understanding of the PLB structure.
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