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ABSTRACT

The determination of protein structures is central to the field of
structural biology. Although techniques exist and are well developed for the
determination of proteins in solution and proteins that are readily
crystallized, techniques for the determination of protein structures in the
solid state are just now being developed. Described here is such a technique.
The structure of the membrane spanning, monovalent cation channel
gramicidin A is solved through the use of experimentally determined Solid
State Nuclear Magnetic Resonance orientational constraints. The structure
is solved for the peptide in its native conformation in a fully hydrated lipid
bilayer by taking advantage of the wealth of experimental observations. The
resulting structure is computationally refined by a method described here
using a simulated annealing protocol which defines a penalty function
based on the experimental observations and the CHARMM energy. This
refinement strategy produces a structure that meets the experimental data

and has a reasonable global energy.
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CHAPTER 1
INTRODUCTION

1.1 Dissertation Overview

Molecular biophysics is the branch of science that utilizes the
application of physics to explore biological processes and phenomena on the
molecular level. Many of the biological processes of life are carried out by
complex systems composed of biological macromolecules, such as proteins.
Since these molecules exist in the atomic world, physics is well suited to
study their structure. The determination and understanding of the
structure of these proteins at an atomic level is central to the
understanding of their function.

Although most proteins exist within an aqueous media, many find
their roles within an anisotropic environment, such as a cell membrane.
Developing methods for the determination of the structure of proteins in
such an environment is necessary. Solid State Nuclear Magnetic
Resonance (SSNMR) is a useful tool for studying such systems when
coupled with appropriate observations. The results of these observations
can be interpreted to provide conformational constraints on the structure of
the observed system. These constraints may then be used to build a high
resolution structural representation of the protein.

This dissertation will introduce and discuss a method for the

experimental structural determination and computational refinement of



the peptide gramicidin A (gA) in a fully hydrated lipid bilayer. Chapter 1
gives a brief introduction to proteins, gramicidin, phospholipid
membranes, SSNMR, and computational methods. Chapter 2 contains a
description of the materials and methods used in this study. Chapter 3
provides details of the method for the determination of the initial gA
structure, focusing on the peptide backbone. Chapter 4 describes the
computational refinement of the entire gA structure constrained by the
SSNMR observables. Chapter 5 discusses the final structure. An appendix
has been included that contains the SSNMR spectra obtained for many of
the observables, the final atomic coordinates, an analysis of the final
structure, and the source code used to obtain the complete structure.
1.2 Proteins

Proteins are extremely important components in biological systems
and are present in all living systems. They provide structure inside and
between cells. They transport, such as hemoglobin and membrane
channels. They synthesize and metabolize as enzymes. Proteins are the
most versatile of all biological macromolecules. DNA is said to be the
blueprint of life, but it is actually a blueprint for proteins.
1.2.1 Protein Composition

Despite the variable roles of proteins, they are composed of very few
common building blocks known as amino acids. Twenty different amino
aci“s are used to form the wide array of proteins necessary for the survival
of an organism. The difference between the amino acids lies in the R group
which is attached to the alpha carbon, as shown in Figure 1.1. Different
substitutions on the alpha carbon form different amino acids. The amino

acids covalently link in specified sequences to form a polymer, as shown in
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Figure 1.1. The possible combinations of these twenty amino acids is

sufficient to form all of the proteins required by an organism.

~ YO~ \ C

- f\ S / \

P N ~ /
- N ~ o \ -~
R H H Ay g -
Peptide Linkage O
L I | i
L Amino Acid D Amino Acid
L ]
Peptide Plane

Figure 1.1: Dipeptide. Two amino acids link together to form a
dipeptide. The amino acids link together by forming a covalent bond
known as the peptide bond. The six atoms in a peptide linkage (Cq, C,

O, N, H, Cy) define a plane if the w torsion angle is either 0° or 180°.
The R group defines the amino acid type.

All of the individual amino acids have a specific stereochemistry
about the central alpha carbon, except glycine which has a hydrogen for an
R group. The chirality of an amino acid is determined by comparing its
rotation of polarized light with glyceraldehyde. D-glyceraldehyde
(dextrorotatory) rotates polarized light to the right, so amino acids that
behave in the same manner are D amino acids. Amino acids that rotate

polarized light opposite to that of D-glyceraldehyde are termed L
3



(levorotatory) amino acids. D and L. amino acids are shown in Figure 1.1.
All amino acids found in nature that are used by ribosomes for the
synthesis of proteins are L amino acids.

1.2.2 Protein Structure

The sequence of amino acids is termed the protein primary
structure. Proteins fold by changing the torsion angles about the backbone
bonds. The peptide linkage, affected by the ® torsion angle, is considered
planar due to its resonant bond structure, so changes in the ¢ and y torsion
angles dominate the backbone structure of proteins. Local regions in the
protein can fold into distinct secondary structures, such as alpha helices,
beta strands and beta turns. These local secondary structures in turn fold
together to form tertiary structures. Separate sequences folded into tertiary
structures can bind together into a single functional unit leading to
quaternary structure.

The final structure of a protein is dependent not only upon its
primary structure, but also upon the environment in which it exists. The
different amino acids have properties, such as hydrophobicity and charge
that vary with environment. For example, a globular protein in an aqueous
environment will have a shell of mainly hydrophilic amino acids
surrounding a hydrophobic core. Proteins that span a lipid bilayer will have
mainly hydrophobic amino acids within the lipid environment. When
protein structure is discussed, it is important to consider both its sequence
and environment.

1.3 Gramicidin
The membrane protein system used in this study is the peptide

antibiotic gramicidin A (gA). gA is a pentadecapeptide that forms a
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monovalent cation channel in membranes. The gA monomer consists of
fifteen amino acids, VGALAVVVWLWLWLW, with alternating L. and D
stereochemistry. The N-terminus is blocked by a formyl group and the C-
terminus is blocked by ethanolamine (Sarges and Witkop, 1965).
Gramicidin has been studied for more than fifty years as a simple
membrane protein model. Despite the extensive research done on this
channel, the complete structural description of the peptide in hydrated lipid
bilayers has never been presented before and is the subject of this
dissertation.

Gramicidin in nature exists as a mixture, denoted gramicidin D,
composed of 80% gramicidin A, 5% gramicidin B and 15% gramicidin C
(Weinstein et al., 1980). Substitution of Trpi; in the sequence stated above
with Phe yields gramicidin B, while substitution with Tyr yields gramicidin
C. Synthesis is performed by multi-enzyme complexes that build the peptide
from the N-terminal valine and ending with the addition of the C-terminal
ethanolamine (Lipmann, 1980; Kurahashi, 1981). The naturally occurring
L-residues are converted to D-conformers during the process (Akashi et al.,
1977; Akashi and Kurahashi, 1977).

Gramicidins are antibiotics produced by the bacterium Bacillus
brevis during sporulation (Katz and Demain, 1977). The gramicidin
molecules form monovalent cation channels across biological membranes
causing lysis of many Gram positive bacteria. The disruption of the ion
gradient in the targeted bacteria is lethal, thus providing B. brevis with
needed resources for sporulation. Gramicidin has also been shown to

induce sporulation in B. brevis (Mandl and Paulus, 1985).



Left Handed Right Handed

Figure 1.2: Beta Sheet. The primary structure of gA is such that the
individual amino acids alternate in stereochemistry. The odd residues
are (L) and the even residues are (D). When the structure is formed
into a beta sheet, all of the amino acid sidechains lie on the same side

of the sheet. This causes the B-sheet to bend into a B-helix. Depending
on which end crosses the other, the helix can be either right handed or
left handed. In the case of gA, the helix is right handed.

Due to the alternating L, D amino acids that make up the primary
structure of gA, the structural motif formed by gA in lipid bilayers is that of
a B-helix, with a backbone hydrogen bonding pattern similar to that in
B-sheets (Urry, 1971). Since the amino acids alternate in stereochemistry,
all of the sidechains are on one side of the peptide straﬁd, forcing the
backbone to curve, thus causing the formation of a helix, as shown in
Figure 1.2. Since the backbone hydrogen bonding pattern is that of a
B-sheet, the structure is termed a B-helix. The helical pitch has been

measured by X-ray diffraction and found to be 4.7 + 2 A (Katsaras et al.,
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1992) with 6.3 residues per turn. This gives the channel a length of 26 A
with a pore diameter of 4 A

As a helix, the hydrophobic sidechains point away from the helical
axis, providing a hydrophobic environment on the surface of the helix. This
allows the helix to exist in the hydrophobic region of phospholipid
membranes, while at the same time providing a hydrophilic channel. The
carbonyl oxygens, as well as the amide protons, are also typical of the -
sheet structural motif in that they alternately point parallel and anti-
parallel to the helix axis. The presence of the carbonyl oxygens, along with
the absence of the sidechains, in the channel pore produces a hydrophilic
environment in the interior of the channel that allows for the passage of
both water and monovalent cations.

The general structural motif as outlined above has been confirmed by
SSNMR in phospholipids (Nicholson and Cross, 1989; Ketchem et al., 1993;
Mai et al., 1993) and by solution NMR studies in sodium dodecyl phosphate
(SDS) (Bystrov et al., 1987; Lomize et al., 1992). Spectroscopic data has been
used to suggest that the helix is composed of roughly 6.3 residues per turn
(Prosser et al., 1991), and to determine that the helix is right handed in
lipids (Nicholson and Cross, 1989). Further studies have shown that the
monovalent cation channel is formed by an N-terminus to N-terminus head
to head dimer of gA in hydrated lipid bilayers (Bamberg and Lauger, 1987).

gA in hydrated lipid bilayers does not lend itself well to conventional
structural studies. The structural species formed in organic solvents have
been solved by solution NMR (Bystrov et al., 1987; Pascal and Cross, 1992;
Pascal and Cross, 1993) and by X-ray crystallography (Wallace and

Ravikumar, 1988; Langs et al., 1991), but these structures are not consistent



with channel function. The formation of co-crystals with lipids has proven
difficult (Wallace and Janes, 1991). Solution NMR has been used with gA in
SDS (Bystrov et al., 1987; Lomize et al., 1992), but the sidechain
conformations differ from those determined by SSNMR (Hu et al., 1993).
The gA channel system is well suited for study by SSNMR since the
channel can be easily incorporated into oriented lipid bilayers (Moll and
Cross, 1990; Mai et al., 1993) and, therefore, the channel can be oriented
with respect to the external magnetic field allowing for structural
characterization.

The structural study of gA in hydrated lipid bilayers will establish a
method that can be applied to similar systems. The experimental
techniques for obtaining structural constraints, the means by which these
observations are converted to direct structural information and the
computational structure refinement based on these observations are
important for the study of membrane protein structures.

1.4 Phospholipid Membranes

Membranes are essential in the function of all cells. They are used to
compartmentalize specific regions such as the nucleus, mitochondria, and
the entire cell. Membranes also facilitate communication between~ the
inside and the outside of these compartments, taking form in the passage of
ions or conformational changes in the membrane. Also, proteins embedded
in membranes are used for channels, communication and recognition. The
major role of membrane lipids is to form lipid bilayers.

The peptide gA forms a monovalent cation channel in hydrated lipid
bilayers. In preparing samples of gA in oriented lipid bilayers, the

phospholipid dimyristoyl phosphatidylcholine (DMPC) is used in this study.
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Phospholipids consist of a polar head group and long hydrocarbon tails,
and are therefore amphipathic. As such, phospholipids readily form
bilayers in aqueous media that have the polar head group of the
phospholipid interacting with the polar solvent and the hydrophobic tails on
the interior, as shown in Figure 1.3. The most significant interaction in an
aqueous solution is the hydrophobic interaction. The nonpolar molecules
cannot participate in the hydrogen bonding in the aqueous solution. The
absence of hydrogen bonding between the nonpolar molecule, such as the
lipid tails, and the water, rather than a favorable interaction between the
nonpolar groups themselves, is a major factor in the stability of proteins

and membranes.

Figure 1.3: Lipid Bilayer. This schematic representation of a lipid
bilayer shows the polar phospholipid head groups pointing outwards,
thus interacting with the polar, aqueous media in which the bilayer
exists. The apolar hydrocarbon tails group together forming a
hydrophobic region.

The lipid bilayer forms a membrane around a biological cell which
serves to protect it, and provides an effective barrier to most small molecule

solutes. For a substance such as a monovalent cation to enter or leave the
9



cell directly through the cell membrane, it would have to pass through the
hydrophobic region of the membrane. The cation would have to break all of
its bonds and shed its waters of hydration in order to do this, which would
be energetically unfavorable. There is a constant flux of polar and ionic
substances across the membrane, however. This transport is protein
mediated by channels (or pores) and transporters. Channels are often
pictured as tunnels across the membrane in which binding sites for the
solutes being transported are accessible from either side of the membrane
at the same time. Channel proteins do not require conformational changes
to transport the solute, while transporters do. Channels do undergo
conformational changes, though, as a regulation mechanism. In order to
facilitate the passage of monovalent cations, to the demise of the host cell,
gA forms a channel through the bilayer, thus destroying the cation
gradient maintained by the membrane.
1.5 Solid State Nuclear Magnetic Resonance

The structure and refinement of gA in hydrated DMPC bilayers
requires experimentally derived structural constraints. The method
described here to obtain these constraints is SSNMR of oriented samples.
SSNMR does not require that samples be crystallized, as in x-ray
crystallography, nor does it require the system to undergo fast isotropic
motions, as in solution NMR. SSNMR can be used to characterize
interactions in an anisotropic environment or to determine structural
information. Structural information can be obtained by either magic angle
spinning to average the anisotropic interactions to obtain distance
information, or by aligning the molecule of interest with the external

magnetic field to obtain orientational information. The latter approach is
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used in this study.

A number of texts describing NMR in detail have been written
(Abragam, 1961; Slichter, 1990; Sanders and Hunter, 1993). I will give a
basic description of NMR here to facilitate an understanding of the
experiments used in this study.

1.5.1 NMR

Nuclear spins have associated with them angular momentum
described by the spin quantum number, I. The magnitude of the angular
momentum, P, for a spin is

P=R[I(I+1)], (1-1)
where # is Planck’s constant divided by 2r. The angular momentum of a
positively charged nucleus has a magnetic moment, fi, which interacts
with an applied magnetic field. The magnetic moment and the angular
momentum are related by

fi=7P, (1-2)
where 7 is the gyromagnetic ratio of the observed nucleus.

The interaction of the nuclear magnetic moment with the external
magnetic field, Bg, is termed the Zeeman interaction. This interaction
removes the degeneracy of the different spin states so that

E,=-u,-B,, (1-3)
where

U, = Yhm (1-4)
is the projection of i on the external magnetic field.

For spin 1/2 nuclei (I = 1/2), such as the 15N, 13C and 1H used in this
study, two energy levels are generated in a magnetic field, as shown in

Figure 1.4. The energy states are described by the nuclear spin quantum

1



number, m, and are separated by an amount AE. The total number of
energy states is 2I + 1 with values ranging from -I, -1+ 1, ..., +I. The

difference in the energy states is field dependent, described by
AE = hyB,. (1-5)

m=-1/2 (P state)

X —

m=1/2 (o state)

By —

Figure 1.4: Energy Level Diagram for a Spin 1/2 Nucleus. As the
magnetic field, By, increases, the separation between the energy states

increases. The energy states are denoted with m.

For a single value of By, the frequency for the transition between the o

and B'energy states is given by
hv = |hyB,Arm| (1-6)
v, =|7/27|B,, (1-7)
where Vv, is termed the Larmor, or observation, frequency. The
gyromagnetic ratio is the proportionality constant that relates the Larmor
frequency for a particular nucleus to the applied magnetic field. Different
values of y for different nuclei lead to different Larmor frequencies for the

different nuclei on a particular spectrometer. The gyromagnetic ratio for

1H is 26.7520 x 107 radians Tesla-l s'1. In a 4.7 Tesla magnetic field the
12



Larmor frequency is 200 MHz. An 15N nucleus, with a gyromagnetic ratio
of -2.712 x 107 radians Tesla-l s-1, has an observed frequency in the same
field of 20.272 MHz (Fuller, 1976).

The two energy states for a particular nucleus do not have equal
populations, and their ratio is given by the Boltzmann equation

Ng /N, = exp(-AE/KT), (1-8)
where Ng is the population of the lower state, Ng is the population of the
upper state, k is the Boltzmann constant and T is the absolute temperature.
The population difference is directly related to the bulk magnetization and
is dependent upon both the gyromagnetic ratio and the applied field. For
protons at 200 MHz, the population difference is on the order of 1 in 105,
which is very small. Despite this small population difference, NMR is able
to measure the effects of the induced magnetization by resonance methods.
The observable signal in NMR may last several seconds, allowing for
various experiments to be performed leading to many different types of
information.

The behavior of the bulk magnetization, M, can be described using
vector diagrams. The bulk magnetization is the sum of the magnetization of
the individual nuclear spins. M is initially aligned with Bg, as shown in
Figure 1.5. The direction of Bg is assigned to the Z axis of the laboratory
Cartesian coordinate system. M will remain along B¢ unless it is perturbed.
Once M is perturbed, there is a force on M by Bg. The magnetization
behaves similarly to a gyroscope in a gravitational field and, therefore, the
torque generated by Bg on M causes M to precess about By at a frequency

Vo = ¥B,, (1-9)

known as Larmor precession. M will eventually relax to By after a time T,

13



but during much of this time a vector component of M will precess in the
XY plane. If a coil is wrapped around an axis perpendicular to the applied

field, the precessing magnetization will induce a current in the coil which

is read as the NMR signal.

Bo Bo
AZ 72
AM
"~ 90° Pul
- se /__
Y {1 Y
Vo
X X

Figure 1.5: Bulk Magnetization. The bulk magnetization, M, is
originally aligned along the applied magnetic field, Bg. After M is

perturbed by a 90° pulse, the magnetization lies along Y and precesses
about Z and By, at a frequency vg.

The precession of the magnetization is influenced by several
interactions, such as chemical shift and dipole-dipole coupling. These
interactions are observable by NMR experiments and provide useful
information about the observed system. The observation and interpretation
of these interactions are used in this study to provide structural constraints
on gA leading to a structural solution for this peptide.

1.5.2 Chemical Shift

The precession frequency of the bulk magnetization of a single spin
14



population is influenced by its electronic environment. Electrons circulate
around the observed nucleus generating a local magnetic field in opposition
to the external field. This has the effect of shielding the nucleus from By
and is described by an induced field

B,, =-6B,, (1-10)
where & is the second rank chemical shift tensor.

The chemical shift tensor is described by a 3 x 3 matrix and can be
visualized as three orthogonal vectors. The magnitudes of the tensor
components define an ellipse and the orientation of this ellipse with respect
to the applied magnetic field defines a chemical shift value, as shown in
Figure 1.6. If the coordinate system expressing the tensor is oriented along
the semi-axis of the ellipsoid, the tensor is said to be in the Principal Axis

System (PAS). The matrix describing the PAS is

oy O O
Ops=| 0 o, 0| (1-11)
0 0 o4

where oxX, 0YY, and o7z are the principal elements of the tensor. The
tensor elements are labeled as |0, - 0,,|2|0y —0,,|2|0y —0,|, Where
Oy =(0yx + Oy + 0)/3.

If the population of nuclei giving rise to the observed signal is
undergoing fast isotropic motion, much faster than the frequency range
defined by the chemical shift anisotropy, then the chemical shift will be
observed as the isotropic average of the chemical shift tensor and is termed
the isctropic chemical shift. If the nuclei are in all possible orientations
with respect to Bg and are undergoing slower motions, then the NMR
spectrum will exhibit a dispersion of peak positions due to the chemical

shift anisotropy. The principal values of the chemical shift tensor can be
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measured in this way. If the nuclei giving rise to the signal have a unique

orientation with respect to Bg, only a single chemical shift value will be

observed.

Figure 1.6: Chemical Shift Tensor. The chemical shift tensor is defined
by the tensor elements oxx, oyy and o7z in the Principal Axis System
(PAS) and is oriented with respect to the applied magnetic field, By,

through the Euler angles 6 and ¢. The tensor elements define an
ellipse and the orientation of this ellipse with respect to By defines the

chemical shift value.

The value of the chemical shift is dependent upon the orientation of
the nuclei in the magnetic field and can range from the maximum to the
minimum tensor element value. Since the magnetic field is aligned with

the laboratory Z axis, the chemical shift value is described fully by the Z
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component of the tensor as
O g = Oyy COS” @sin’ 8+ 0,y sin’ ¢sin® @ + 5, cos’ 6 (1-12)
where ¢ and 6 are shown in Figure 1.6.

Since the chemical shift has an orientational dependence with the
applied magnetic field, structural information can be gained from the
observed chemical shift value of a sample oriented with respect to the
magnetic field when coupled with knowledge of the chemical shift tensor.
The orientation of the chemical shift tensor with respect to the molecular
frame can be measured (Teng et al., 1992). By then observing the oriented
chemical shift value, the orientation of the molecular frame with respect to
the magnetic field can be constrained, providing a powerful structural
constraint (Teng et al., 1991; Ketchem et al., 1993).

1.5.3 Dipole-Dipole Coupling

Spin 1/2 nuclei generate a spatial dipolar field around themselves,
and the field is modulated by surrounding spin 1/2 nuclei due to the
interactions between the nuclei through space. The dipole-dipole
interaction is a function of the two nuclear magnetic moments, the distance
between the two nuclei and the orientation of the dipolar tensor with respect
to the magnetic field, but is not a function of the strength of the external
magnetic field.

The dipolar coupling tensor, D, describes the dipole interaction and
is an axially symmetric and traceless tensor (Mehring, 1983) in which the
principal axis lies along the vector connecting the interacting nuclei. The

dipolar interaction Hamiltonian for two nuclei I and S is

3

2
i, =1 5ps (1-13)
r .

where T and § are the nuclear spin operators and r is the distance between
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