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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.,
6



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
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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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the spins I and S. The dipolar interaction is weak compared to the Zeeman
interaction, and therefore only the first order contribution needs to be
considered. As a result, only the Z component of the dipolar coupling tensor
is considered, which is

2
A, =1 (3c020-1)1,5, (1-14)
r

where 0 is the angle between the unique axis of the dipolar interaction and
the external magnetic field. For a spin 1/2 nucleus, the detected NMR

signal from a dipole-dipole interaction is

Av=v,(3cos’ 0~ 1) (1-15)
where
h
v=LEs, (1-16)

Av is the observed dipolar splitting in hertz and v) is the magnitude of the
dipolar interaction.

If the length of the vector between spins I and S is known, then the
observed dipolar splitting for an oriented sample serves to define the
orientation of the internuclear vector and the external magnetic field. This
provides another structural constraint.

1.5.4 Quadrupole Interaction

Nuclei with I > 1/2 have an ellipsoidal spatial charge distribution in
the nucleus. The ellipsoid can be either prolate or oblate to guarantee a
symmetric distribution about the nuclear spin axis. The distribution of
charged particles generates an electric quadrupole moment defined by eQ,
where e is the charge of a proton and Q, in length squared, is a function of
the spatial distribution of the positive charges within the nucleus.

The electric quadrupole moment has no net interaction with a

homogeneous electric field, but interacts with an inhomogeneous electric

18



field. Such an interaction is termed the quadrupole interaction.

A, =101 ) 1-17)
A eQ ~ )
Q= 21(2I - 1) v (1-18)

where ﬁQ, is the Hamiltonian for the quadrupole interaction of spin I, 0 is

the quadrupole interaction tensor, and V is the electric field gradient (EFG)
tensor.

For a nucleus with I = 1, such as deuterium, there are two resonance
frequencies corresponding to the three energy levels caused by the
quadrupole interaction. The difference between these two frequencies,
observed as quadrupole splittings, is expressed in the LAB frame as
(Sillescu, 1982; Spiess, 1983; Spiess, 1985)

Av= %—e%q—‘-o“—[(%osz 8 -1)- ncos2¢sin® 9], (1-19)

where Vzz = eq (|V | 2|Vy| 2|Vyy|) is the unique principal element of the EFG

tensor,
n=—XX_"1 (1-20)

is the asymmetry factor, ¢ and 0 are the Euler angles that describe the

Q

2
orientation of the EFG to the magnetic field, and E—;Il—— is the quadrupole

coupling constant (QCC).

Unlike the dipolar interaction, often the quadrupolar interaction is
slightly asymmetric. Because the asymmetry is small (n = 0.03-0.05) in
aliphatic hydrocarbon systems, it can be ignored and the unique tensor
element assumed to lie on the internuclear vector. It is therefore reasonable
to set 1} = 0, making equation (1-19)

Av=20CC(3c05" 6-1). (1-21)

If QCC is known, the quadrupole splitting for a specific site serves to
19



orient that C-2H bond with respect to the magnetic field, providing another
structural constraint.
1.5.5 Use of SSNMR Observed Interactions

In this study, isotopic labels are used in the synthesis of gA to allow
for the observation of specific bond orientations with respect to the external
magnetic field, such as 15N-1H and 15N-13C;. This is accomplished through
the use of SSNMR experiments to obtain chemical shifts, chemical shift
tensor orientations and dipolar splittings. Since samples of gA in hydrated
DMPC can be made such that the gA channels are aligned parallel to the
magnetic field, the individual molecular bond orientations can be observed
as a function of dipolar splitting and the chemical shift tensor orientations
can be observed. The entire structure can be solved by piecing together these

orientational constraints.

1.6 Computational Methods

1.6.1 Simulated Annealing
1.6.1.1 General description. An introduction to and application of

simulated annealing is provided in Numerical Recipes in C (Press et al.,
1992). I will give a brief introduction here.

An analogy of simulated annealing to thermodynamics is the way in
which a metal cools or anneals. At high temperatures, the molecules have
high mobility. As the metal cools, this mobility is slowly lost and the
molecules are often able to line themselves up to form a minimum energy
conformation. If the metal is cooled quickly, or quenched, it does not reach
the global minimum but ends up in an amorphous state. The process of
slow cooling allows ample time for molecular redistribution.

The method of simulated annealing (Kirkpatrick et al., 1983) is a
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technique suitable for large scale optimization problems in which a desired
global minimum is hidden among many local minima. In direct
minimization the system is brought from its initial configuration to a local
minimum by a direct path. This technique often fails to reach the global
conformational minimum. Nature handles minimization differently by
allowing changes in configuration to occur both in uphill and downhill
directions. This is shown by the Boltzmann Probability Distribution:

Prob(E) ~ exp(—-E / kT), (1-22)
where E is the system energy, k is the Boltzmann constant, and T is the
system temperature. This says that a system in thermal equilibrium at
temperature T has its energy probabilistically distributed among all energy
states E. At high T, there exists a high probability for the existence of a high
energy state. At low T, the probability for a high energy state is decreased.
Therefore, the system is allowed to move uphill, but uphill movement
becomes less likely as T decreases.

When a system undergoes a change from E;j to Eg, it does so with a
probability

p=exp[—(E, — E,)/ kT1]. (1-23)

. For Eg < E7 (downhill), p=1 (always allow)

For Eg > E1 (uphill), p < 1 (sometimes allow)
As T decreases, p decreases, so the probability of taking an uphill step is
decreased. This general method, where a downhill step is always accepted
and an uphill step is sometimes accepted based on T, is called the
Metropolis algorithm (Metropolis et al., 1953).

1.6.1.2 Application of the Metropolis algorithm. The application of

simulated annealing to a system requires the following:
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1. Description of possible system configurations.

2. Generation of random configuration changes.

3. Objective function for E (analog of energy). Minimization of this
parameter is the goal of the procedure.

4. Control parameter T and annealing schedule (how to lower T).

This procedure is demonstrated by the classic Traveling Salesman
problem, in which a salesman is required to visit N cities and return to his
city of origin. Each city is to be visited once and the route is to be as short as
possible. The number of possible solutions is (N-1)!. The computation time
of this problem for an exact solution increases with N as exp(cN), where c¢ is
a constant. This becomes quickly prohibitive as N increases. The objective
function E for this problem has many local minima. The annealing
procedure locates a minimum that, even if not absolute, cannot be
significantly improved upon, while limiting its calculations to scale as a
small power of N.

The application requirements are as follows:

1. Description of possible system configurations.
Number cities i = 1...N with coordinates (xj, yi).
2. Generation of random configuration changes.
a) Reverse a section of path (12345 —514325).
or
b) Move a section of path to another location (12345 — 1423 5).
3. Objective function for E (analog of energy). Minimization of this

parameter is the goal of the procedure.
N+1

E = Total Path Length = 2[(x,. — %) + (- y,.ﬂ)zr
i=l

1

N +1=1 (the path is cyclic)
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4. Control parameter T and annealing schedule (how to lower T).

In order to get an idea of what the starting T should be and how to
reduce T, generate several random rearrangements of the order of the
cities. From the random rearrangements, calculate an average AE for
random rearrangements. Choose a starting T >> AE. For this
application, T is started at 0.5. Proceed downward (T—0) by 10%
decreases in T. Hold each T for 100N rearrangements or 10N successful
rearrangements, whichever is first. Stop rearrangements when no
further successful rearrangements are found.

The following is a result found for 35 cities. The coordinates for the
cities are assigned randomly in a square of area 1. A plot of the path is
shown in Figure 1.7. The path length is significantly shortened in only 4
seconds of computer time. A complete search of all possible paths would
require 2.95x1038 configurations. A comprehensive search of all
configurations at a rate of 50000 per second (a reasonable number on

current workstations), would require 2x1026 years, which is not feasible.

Order of cities before anneal:
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
ie 17 18 19 20 21 22 23 24 25 26 27 28 29 30
31 32 33 34 35

Initial Path Length: 20.68

Order of cities after anneal:
17 21 5 27 24 23 14 22 31 16 15 2 11 25 35
34 7 28 3 20 4 33 8 1 13 26 6 10 19 18
12 32 29 9 30

Final Path Length: 4.55



Before

Figure 1.7: Traveling Salesman Path Before and After Simulated
Annealing. The path before simulated annealing is obviously not
optimized for the shortest path length. After simulated annealing,
however, the path is significantly shortened. :

The application of simulated annealing to gA is accomplished
generally the same way and is described in detail in Chapter 4.
1.6.2 Protein Structure Determination and Refinement

1.6.2.1 Solution NMR. Techniques for the determination and
refinement of protein structures in solution using NMR are well developed.
Distance constraints based on nuclear Overhauser effect intensities and
angle constraints based on coupling constants are used to generate an
ensemble of initial structures and to refine the structures. Knowledge of the
covalent geometry for the protein of study, such as the stereochemistry of its
sidechains, and imposed energy functions describing its geometry are used
in conjunction with the experimental constraints during the refinement
procedure. Methods based on this strategy have received many recent
reviews (Braun, 1987; Altman and Jardetzky, 1989; Clore and Gronenborn,
1989; Wiithrich, 1989; Gippert et al., 1990; Briinger and Karplus, 1991; Clore
and Gronenborn, 1991; Havel, 1991).
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Protein structure determination is usually done in two steps. First, a
set of initial structures is generated that approximately satisfy the covalent
and experimental constraints. Second, an average of the structural
ensemble is refined using the same constraints. The methods used for the
steps are quite different. The initial structure is found by searching wide
regions of conformational space and generating structural ensembles with
random distributions within the imposed constraints. The final structure is
generated by refining initial structures by improving the quality of the fit to
the experimental and covalent constraints.

1.6.2.2 Solid State NMR. Protein structure determination in the solid
state is similar to the method used in solution NMR, but the details are
quite different. While solution NMR uses a large number of constraints to
control the iterative process in determining an ensemble of initial
structures, the SSNMR method described in Chapter 3 of this dissertation
solves the initial structure analytically by using constraints that define the
orientations of the individual peptide planes with respect to the external
magnetic field. Ambiguities in the constraints lead to a set of initial
structures. The initial structures are refined multiple times using the full
set of SSNMR data available for the system and energy functions describing
its geometry, generating a structural ensemble. An average structure is
generated from this ensemble and is refined, producing a final structure.

The development of SSNMR as a structural tool is being pursued by
various research groups. Internuclear distances as structural constraints
(Smith, 1993) can be determined by either rotational resonance (Griffiths
and Grifﬁn', 1993) or by rotational echo double resonance (REDOR) (Gullion

and Schaefer, 1989). These techniques provide quantitative distance

2



measurements as opposed to NOE derived distance constraints in solution
NMR which are qualitative. Orientational constraints are being used as
structural constraints not only as discussed in this dissertation, but also as
constraints on the allowed conformational space in polar angles relative to
the axis of orientation (Opella et al., 1987). This is achieved by determining
the allowed regions (af plots) for individual spin interactions at a
structural unit, such as a peptide plane, and overlapping the regions to
constrain the orientation of the structural unit. These techniques and their
applications provide ample evidence that SSNMR is a valid technique for
structure determination.

1.6.2.3 CHARMM. The program CHARMM (Chemistry at HARvard
Macromolecular Mechanics) (Brooks et al., 1983) is used in this study to
éupply the energy of the system, as described in Chapter 4. The energy is
composed of several terms. Internal energy terms consist of bond lengths,
bond angles, dihedral angles and improper torsions. A Urey-Bradley term
is included to add a distance energy between atoms A and C in an A-B-C
bonded atoms triplet. The improper torsion term is used to maintain
chirality about a tetrahedral extended heavy atom and to maintain
planarity about certain atoms, such as a carbonyl carbon. Non-bonded
interactions consist of van der Waals (VDW) interactions and electrostatic
potentials. Hydrogen bonding is described solely in terms of non-bonded

interactions.



CHAPTER 2
MATERIALS AND METHODS

2.1 Materials

2.1.1 Dimyristoyl Phosphatidylcholine

The oriented samples used in this study were prepared using
dimyristoyl phosphatidylcholine (DMPC) at 99+% purity purchased from
Sigma Chemical Corp. and was used without further purification or
modification. DMPC is used as the lipid in this study due to its acyl chain
length which is well suited to form bilayers having the same thickness as
the gramicidin channel. Samples produced using a mixture of gA and
DMPC have been well characterized (Nicholson et al., 1987; Killian et al.,
1988; Moll and Cross, 1990), and are therefore routinely made.
2.1.2 Gramicidin A

Isotopically labeled L ‘and D amino acids were purchased from
Cambridge Isotope Laboratories. FMOC-L and -D amino acids were
synthesized in our lab for use in peptide synthesis using FMOC N-
hydroxysuccinimide ester by Weidong Hu and Fang Tian. Isotopically
labeled gA samples were synthesized by solid phase peptide synthesis using
FMOC blocking groups on an Applied Biosystems 430A automated peptide
synthesizer (Fields et al., 1989) by Kwun-Chi Lee and Myriam Cotten. The
C-terminus ethanolamine blocking group was added during the cleavage

process to remove the synthesized gA from the resin. Single site isotopically
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labeled gA was consistently 98% pure after recrystallization as analyzed by
reverse phase HPLC and no further purification was necessary. Double
labeled 15N-13C; gA required purification and was done by reverse phase
HPLC (22 x 250 mm column, C18, 10 micron pore, irregular silica) in a
solution of 85% MeOH and 15% phosphate buffer (Fields et al., 1989).
2.2 Oriented Sample Preparation

Oriented samples of gA in hydrated DMPC bilayers were prepared
based on an earlier method used in this lab (Nicholson et al., 1987). The
method was modified slightly to accommodate larger sample sizes.
Samples containing approximately 30 mg gA in hydrated DMPC bilayers
were prepared by codissolving isotopically labeled gA with DMPC (1:8 molar
ratio) in a 95% benzene / 5% ethanol solvent system (Mai et al., 1993). This
solution is spread on 25 thin glass slips measuring 5 mm X 20 mm and the
slips are vacuum dried. They are then stacked into a square glass tube with
one end sealed and hydrated to approximately 50% by weight. Because of the
known gA solvent history dependence (Killian et al., 1988; LoGrasso et al.,
1988) in which gA forms different conformations in solution based on the
solvents used, the tube is fully sealed and incubated at 40 °C for a minimum
of two weeks, resulting in a sample containing gA channels in fully
hydrated lipid bilayers. The orientation of the channel axis of the gA helix
is parallel to the normal of the glass surface (Fields et al., 1988). The
uniform orientation of the DMPC lipids in the oriented samples is
confirmed by 31P NMR (Moll and Cross, 1990). The orientational mosaic
spread of the sample can be assessed from the resonance lineshapes and
has been shown to be as little as 0.3° (Cross et al., 1992). The resulting

samples are highly stable, sometimes lasting many months, though

2



" repeated use of the sample often leads to degradation.
2.3 NMR Experiments

The experimentally observed orientational constraints used in this
structure determination were acquired using two spectrometers, one built
around a Chemagnetics data acquisition system and an Oxford
Instruments 400/89 magnet, the other a heavily modified IBM/Bruker
200SY spectrometer equipped with a solids package. The 15N-13C; dipolar
splittings were measured on the IBM/Bruker instrument due to the
relatively larger size of the dipolar interaction with respect to chemical shift
at lower field, and the 15N-1H dipolar splittings were measured on the
Chemagnetics instrument due to the superior software for data acquisition.

The experiments were run at room temperature under a constant
stream of room temperature air to keep the sample at constant
temperature. The temperature of the coil region was measured during a
typical experiment using a thermocouple and was found to be
approximately 28 °C.

The 15N 90° pulse length was determined using (15NH4)SO4 by
modifying the pulse length to find the point at which no signal was seen,
indicating a 180° pulse. Half of this time was taken as the 90° pulse length.
The power match for the cross polarization, which is explained in the next
section, was set by changing thé 1H spin lock power to obtain the best signal
and line shape from a dry powder sample containing 15N-acetyl-glycine.
The spectra were 15N chemical shift referenced using a saturated solution
of 15SNH4NO3.

2.3.1 Cross Polarization

The sensitivity of the 19N nucleus is very low due to its low abundance

29



and low gyromagnetic ratio (-2.712 x 107 radians Tesla-1 s-1) relative to 1H
(26.7520 x 107 radians Tesla-1 s-1) (Fuller, 1976). Isotopically labeling the gA
at a single site avoids the low 15N abundance, but does not help avoid the
low gyromagnetic ratio. Magnetization can be transferred, however, from a
relatively high ¥ nucleus such as 1H through a process known as
polarization transfer or cross polarization (Hartmann and Hahn, 1962).
The aim of cross polarization is to detect an NMR signal from a low
sensitivity nucleus S surrounded by high abundance spins I with high
sensitivity. This is accomplished when the Hartmann-Hahn match
condition,

B =vsB’, 2-1)
is met. This says that the strength of the radio frequency generated
magnetic fields at the Larmor frequencies for the I and S spins are adjusted
so that the rate of precession for these rotating frames (in which the frame
of reference rotates about the laboratory Z axis at a frequency equal to
2nvi radians s-1, where v; is the precessional frequency in the Bj field) are
equal. At this point the spin state transition energies for the two spins are
equal and the energy can be transferred from the abundant spin I to the low
sensitivity spin S. Coupling takes place through a dipole-dipole interaction.
The I spins are irradiated with a field B! along X so that the I spin
magnetization is placed along Y. The I spins are then spin locked along Y
for the duration of the magnetization transfer, typically 1 ms. A contact
pulse, also along Y, on the S spins will bring its magnetization along Y. If
the match condition in equation (2-1) is met, the I magnetization will
transfer to the S spins by resonance in the rotating frame. Acquisition of the

NMR signal is done on the S spins while decoupling the I spins. Since the
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magnetization originates from the I spins, repetitive scans must be
separated by a time dictated by the T; time of the I spins. The cross

polarization pulse sequence is shown in Figure 2.1.

1)2a) 3a)
1H @)
90°x SLy Decouple
2b) 3b)
15N (S) V\,\~—
CPy Acquire
1) Z 2a) Z 3a) Z
1H (D) v 90 X v SLy v
/ My
2b) Z 3b) Z
15N (S) / v CPY. v
X X

Figure 2.1: Cross Polarization. The magnetization from the relatively
abundant I spins is transferred to the S spins. The magnetization of
spin I is initially aligned with the magnetic field as shown in 1). The
application of a 90° pulse along X places the magnetization of spin I
along Y, shown in 2a). 2b) shows the bulk magnetization for spin S
before cross polarization. Cross polarization transfers the
magnetization of spin I to spin S as shown in 3a) and 3b).
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2.3.2 Cross Polarization Echo

1H (I)
90°y SLy Decouple
4) 5 6
15N (S) V\,w. .N\/\A,\,w
CPy T 180°y " 1 Acquire
4 Z 5 Z 6) Z
15N (cont) - 180°¢ |
__:E_’ Y—> Y’ T > Y’
- — M

Figure 2.2: Cross Polarization Echo. The cross polarization echo pulse
sequence is shown to refocus the magnetization along Y. The vector
diagrams begins with the magnetization along Y as a continuation of
Tigure 2.1. Due to field inhomogeneities and various local
environments, some spins precess faster than others, as shown in 4). A

180° pulse after a time 1 along Y causes the magnetization to refocus,

shown at 5). After an additional time 1t the magnetization is refocused
along Y, as in 6).

Under ideal conditions the CP experiment would be adequate to
observe the free induction decay (FID) (the response of a nuclear spin
system to a radio frequency pulse) of spin S. However, SSNMR uses high
power which can lead to acoustic probe ringing, in which current is still in

the coil after the termination of the pulse sequence. In order to alleviate this
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problem, a Hahn echo (Hahn, 1950) is used. The Hahn echo allows the spin
magnetization in the rotating frame to dephase in the XY plane and then
refocuses the spin magnetization for the observation of the echo after the
acoustic ringing has stopped. The fact that the spins do not all precess at
precisely the same frequency leads to a loss in phase coherence. If after a
time T a 180° pulse is applied, the spins are flipped and will refocus after
another time 7, as shown in Figure 2.2. A typical value of 1t is 60 ps. At the
point of refocus, the echo can be acquired without the acoustic ringing.

This pulse sequence is used to observe the 15N resonance when it is
dipolar coupled with the 13C; nucleus. The dipolar interaction between the
15N and 13Cj leads to a dipolar splitting of the observed 15N frequency which
gives information about the N-C; bond orientation with respect to the
magnetic field. Sample experimental spectra are shown in Appendix A.1.1.
2.3.3 Separated Local Field

To measure the 15N-1H dipolar splitting a method to reintroduce the
dipolar coupling between the 15N and its bonded 1H while still being able to
decouple for acquisition must be used. The separated local field (SLF)
experiment (Waugh, 1976) is a two dimensional experiment that produces
the 15N chemical shift in the first dimension and the 15N-1H dipolar
splitting in the second dimension. The SLF pulse sequence, shown in
Figure 2.3, is a slight modification of the CPECHO pulse sequence shown in
Figure 2.2.

The SLF pulse sequence uses an evolution time, t1, to vary the time
that the 15N and 1H dipolar coupling is present. At a small t;, little dipolar
coupling occurs. As a result, nearly the full intensity is seen in the

chemical shift peak. As the evolution time is increased, the dipolar
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interaction time increases and the chemical shift signal intensity
decreases. Over the course of the 16 1D experiments, the signal intensity
oscillates, producing a FID in the second dimension. The 15N-1H dipolar
splitting is obtained by Fourier transform of the second dimension. The
width of the dipolar dimension is 50 kHz since the time increment is 20 us

(1/20 ps). Sample experimental spectra are shown in Appendix A.1.1.

1H (D) t1
90°x SLy Decouple
15 '
N (S) N\M._
CPy T 180°y T Acquire

Figure 2.3: Separated Local Field. The SLF experiment is used to
determine the 15N-1H dipolar splitting. The time t is varied from 2 to

302 ps in steps of 20 ps for a total of 16 one dimensional experiments
using a T value of 360 us. This leads to a dipolar dimensional width of

50 kHz. The dipolar interaction between the 15N and 1H nuclei is
reintroduced as a function of the t; evolution period.

2.4 NMR Data Processing

The experimental NMR spectra were all processed on a Silicon
Graphics Indigo II Extreme using the Felix NMR data processing software
from Biosym Technologies. The CPECHO spectra were processed by first

zero filling by a factor of four, applying an exponential multiplication with

A



50-100 Hz line broadening, Fourier transforming the echo, and applying
phasing as required. The SLF experiments were processed in much the
same way in the first dimension, and the dipolar dimension was processed
by zero filling from 16 to 128 data points and Fourier transforming the FID.
2.5 Molecular Visualization and Analysis

Molecular visualization was required at many stages during this
study and was carried out on a Silicon Graphics Indigo II Extreme using
Insight II from Biosym Technologies. The diplane solutions from the
SSNMR data, as will be discussed in Chapter 3, were assembled into the
initial structure using Insight II. The sidechains were placed on the
backbone and the final structure analyzed using this software. Procheck
(Laskowski et al., 1993) was used to analyze the properties of the final
structure.

2.6 Computational Analysis

The individual (¢, y) torsion angles were calculated from the
experimentally determined 15N-13C; and 15N-1H dipolar splittings using the
program CNFCS (CoNFormation with reduction by Chemical Shift)
developed in this lab. The diplane coordinates were created by using the
diplane direction cosine solutions along with the (¢, y) solutions, both
output from CNFCS, with the program COORDS (Calculate cOORDinateS),
also developed in this lab. The global computational refinement was
performed using the program TORC (TOtal Refinement of Constraints),
developed in this lab. The source code for these programs is listed in
Appendix A.4. All computer work was performed on both a Silicon
Graphics Indigoll Extreme and a Silicon Graphics 4xR8000 Power
Challenge.




CHAPTER 3
DETERMINATION OF THE INITIAL STRUCTURE

3.1 Introduction

The initial structure is determined not by model fitting the data, but
by determining the structure entirely from the experimental data without
using prior knowledge of the global structural characteristics. The
determination of the backbone structure begins with the calculation of the
individual backbone (¢, y) torsion angles from the experimentally
determined 15N-1H and 15N-13C; dipolar splittings. Since the experimental
data is measured as local orientational constraints with respect to an
external reference, the magnetic field, the torsion angles can be determined
locally and individually for each alpha carbon. Due to ambiguities in the
observed dipolar splittings, multiple solutions are determined for each (¢,
y) pair. Using the 15N chemical shifts and Cy-2H quadrupolar splittings as
structural filters reduces the number of possible solutions. Four possible (¢,
V) solutions remain for each alpha carbon, leading to 20+1 initial backbone
structures, where n is the number of alpha carbons. These solutions all
have the same structural motif and differ subtly only in the peptide plane
normal orientations with respect to the channel axis.

This chapter will explain the method for calculating the individual
(¢, y) solutions, the reduction of these solutions using additional

experimental constraints, the pairing of subsequent peptide planes to build
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the possible initial structures, and the reduction of the 2n+1 possible initial
structures to four characteristic structures. The details of these initial
structures will be discussed and the need for a computational refinement
method introduced.

3.2 Calculation of the Individual Torsion Angles

The method for determining the backbone torsion angle pairs about a
single alpha carbon has been previously described (Brenneman and Cross,
1990; Teng et al., 1991). Recently this method has been modified and is
implemented in the program CNFCS.

The gA channel is oriented in the lipid bilayer such that the helix
axis is parallel to the normal of the lipid surface. The helix axis can then be
aligned parallel to the external magnetic field of the spectrometer by
positioning the sample in the magnetic field so that the glass plates are
perpendicular to the magnetic field vector. Aligning the helix axis with
respect to the magnetic field allows for the determination of individual spin
interaction tensor orientations with respect to the magnetic field. Once the
orientations of the tensors are known with respect to the molecular frame,
the orientation of the molecular frame with respect to the magnetic field
can be determined (Mai et al., 1993). The relative orientations of the
individual molecular frames can then be used to calculate the initial

backbone torsion angles about individual alpha carbons (Teng et al., 1991).

3.2.1 Determination of Possible Peptide Plane Orientations
As a first step in the determination of the (¢, ) solutions, the peptide

plane linkage (®) is assumed to be 180°. This causes the six backbone atoms
on either side of the peptide bond to lie in a plane. Both the carbonyl oxygen

and the amide proton are considered backbone atoms since the orientation
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of these atoms with respect to the main chain atoms cannot change without
a modification in the peptide geometry. By the same reasoning, the Hy, and
Cp atoms are also considered backbone atoms and, therefore, data from
these sites can be used as additional backbone structural constraints. Each
peptide plane can be defined by two intersecting vectors, the N-H and N-C;

bonds, as shown in Figure 3.1.
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Figure 3.1: Peptide Plane Definition. The peptide plane is defined by
the N-C; and N-H bonds. Since these two vectors intersect at the

nitrogen, they are sufficient to define the orientation of the plane. The
dipolar interactions that define the N-C; and N-H bond orientations

are shown, as is the 15N chemical shift tensor and the C-2H
quadrupolar interaction. Subsequent peptide planes are linked by
taking advantage of the tetrahedral geometry about the shared alpha
carbon.

3.2.1.1 Experimental data used. The determination of the bond

orientations is accomplished by the incorporation of isotopic labels into gA;
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15N-1H for the determination of the N-H bond orientation and 15N-13C; for
the determination of the N-C; bond orientation, as explained in Chapter 2.3.
Experimental data for multiple gA sites is shown in Appendix A.1.1. For
those 15N-13C; spectra that contain a single peak the dipolar splitting is
obtained by observing the shift of the single peak from the known chemical
shift of the 15N only labeled sample. The unique axis of the dipolar
interaction is the internuclear vector, so an observed dipolar splitting
serves to orient this vector or bond with respect to the external magnetic
field.
3.2.1.2 Bond orientations and experimental error. The 15N-1H and
15N-13C; dipolar splittings and the 15N chemical shift is theoretically
redundant, as shown by the following system of equations (Teng et al.,
1991):

Ocs = 011052011 + 022c052029 + 633c052033 (3-1)

cos033 = (sinfp / sin@HNC)(cosONH - cosONC cosOUNC)
+ cosONC cospD (3-2)

cos011 = (cosBp / sinONC)(cosONH - cosONC cosOHNC)
— cosONC sinfp (3-3)
cosB22 = (1 - cos2011 - c0s2033) (3-4)
where o¢s is the observed chemical shift, oxx is the magnitude of the XX
tensor element, 0xx is the orientation of the XX tensor element with respect
to the magnetic field, Bp is the orientation of the tensor with respect to the

N-C1 axis of the molecular frame and 6gNc is the H-N-C; bond angle.



Table 3.1: Calculated versus Experimental 15N-13C; Dipolar
Splittings. Differences in the actual peptide geometry are shown
when the 15N-13C; dipolar splittings are calculated using the 15N
chemical shifts and the 15N-1H dipolar splittings.

TRelaxation effects have compromised our ability to obtain 15N-13C;
dipolar splitting data for this site. The value shown is determined
from the existing data and is used only in the determination of the
initial structure.

Residue | Experimental Orientation Calculated  Orientation
(kHz) (degrees) (kHz) (degrees)
Val; 0.463 48,63 0.988 40,74
Glys 0.910 41,72 0.804 42,70
Alag 0.670 44,67 0.815 42,70
Leuy 0.820 42,70 0.724 44, 68
Alas 0.572 46, 65 0.913 41,72
Valg 0.626 45, 66 0.369 49,61
Valy 0.519 47,64 0.819 42,70
Valg 0.702 44,67 0.413 48, 62
Trpo 0.487 47,63 0.957 40,73
Leujg 0.7007 44,67 0.018 54, 55
Trp11 0.365 49, 61 0.114 53, 57
Leujs 0.779 43,69 0.760 43,69
Trpis 0.454 48, 62 0.568 46, 65
Leuyy 0.657 45,66 0.475 47,63
Trpis 0.507 47,63 0.560 46,64

Equation (3-1) says that the chemical shift is a function of the
magnitudes of the chemical shift tensor elements and the orientation of the
chemical shift tensor with respect to the magnetic field. Equations (3-2), (3-
3) and (3-4) solve for the orientations of the tensor elements using the N-H
and N-Cj bond orientations. If the observed chemical shift is known and the
chemical shift tensor characterized, then with knowledge of either the
15N-1H or 15N-13C; dipolar splitting, the unknown dipolar splitting can be

calculated, as shown in Table 3.1. However, the error associated with the
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observables and the imperfectly characterized dynamics results in typical
errors of a few degrees and as much as 12°. As a result, the observation of

15N-1H and 15N-13C; dipolar splittings as well as the 15N chemical shift has

been useful for the structural characterization.
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Figure 3.2: 15N-13Cy Dipolar Splitting as a Function of N-C; Bond

Orientation. The range of experimental error associated with a single
observable may be large in the dipolar splitting dimension, but results
in only a small range of possible bond orientations.

Table 3.1 illustrates the high resolution of these constraints. Since
the experimentally determined bond orientations with respect to the
magnetic field are all within 41°-49° or 61°-72°, which are both in regions
of steep slope in a plot of dipolar splitting versus bond orientation (Figure

3.2). The range of experimental error about an observed splitting defines a
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very small range of possible bond orientations. For example, an 15N-13C;
dipolar splitting of 0.600 typically has an error of £0.1 kHz, which leads to a
possible bond orientation range of onl‘y 47°-44°,

3.2.1.3 Bond orientation ambiguities. The nature of the dipolar
interaction is such that the determined individual bond orientations are not
unique. This orientational ambiguity arises from Avops = vjj (3c0s20 - 1) in
that the sign of cos® is undetermined. Furthermore, the sign of Avyps is
unknown unless the magnitude of Aveps is greater than v),. In the case of
gA, the N-C1 Avops is always less than v), while the N-H Avgpg is always
greater than v). As a result, there are four possible N-C; orientations and
only two possible N-H orientations. This leads to eight possible plane
orientations based on the dipolar splitting data alone.

If the 15N chemical' shift tensor is oriented with respect to the
molecular frame, the 15N chemical shift can be used as an additional
orientational constraint for the individual peptide plane orientations. Not
only does the 15N chemical shift tensor provide an orientational constraint,
the calculation of the observed chemical shift from the plane orientation
introduces information about the covalent geometry of the peptide plane
through the HNC; bond angle (equation (3-2)). N-H and N-C orientation
solutions must therefore meet this constraint. It can be shown (Brenneman
et al., unpublished results) that the introduction of the 156N chemical shift
constraint reduces the number of possible peptide plane orientations by a
factor of four, leaving two possible orientations for each plane.

3.2.2 Linking the Peptide Planes
Once the independent orientations of two adjacent peptide planes are

determined with respect to the magnetic field, the relative orientations of
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the two peptide planes can be defined in terms of the ¢ and y torsion angles
about the linking alpha carbon (Figure 3.1). Two orientations are possible
for each peptide plane, which leads to four possible diplane solutions
consistent with the tetrahedral geometry about the linking alpha carbon.

Of the four diplane solutions, two are structurally identical to the
other two, differing only in the orientation with respect to the XY plane. In
gramicidin, the channel exists as a head to head dimer. The upper and
lower monomers are identical with respect to their orientation to the
magnetic field, but point in different directions. A diplane in the upper
monomer is identical to the same diplane in the lower monomer after a 180°
rotation about a vector in the XY plane. As a result, only two diplane
solutions need to be considered.

With the introduction of the above constraints on the possible peptide
plane orientations and the diplane combinations, a set of possible (¢, y)
torsion angles is generated for the diplane (Teng et al., 1991). Each diplane
combination is associated with eight possible (¢, y) torsion angles
(Brenneman et al., unpublished results), resulting from sign ambiguities
in the spherical angles used to calculate the torsion angles from the diplane
direction cosines. In the case of gA, two possible diplane combinations exist
for each alpha carbon, resulting in sixteen possible (¢, y) torsion angle
pairs, as shown in Table 3.2.

The individual (¢, y) solutions are named by first stating the direction
cosine number and then the (¢, y) number. The letter g is added at the
beginning of each name to designate gramicidin. For example, the (91°, 73°)
(0, y) solution shown in Table 3.2 would be named gl1 and the (-121°, 121°)

solution would be named g28.



Table 3.2: Possible Alag Diplane Torsion Angle Pairs. The two
possible diplane direction cosine solutions lead to sixteen possible (¢,
y) torsion angle pairs. The number of diplane direction cosine

solutions, and hence the number of possible (¢, y) torsion angle pairs,
is the same for each alpha carbon along the gA backbone.

Direction Cosines

Plane 1 Plane 2
15N-1H 15N-13C 15N-1H 15N-13C
gl 0.9871 -0.3970 0.9160 -0.7405
g2 0.9871 -0.3970 -0.9160 0.7405

Combination 1 Torsion Angle Solutions
gll gl2 gl3 gld gl5 gl6 gl7 gl8§
o° 91 91 91 91 8 & 82 -82
v° 73 41 -73 41 73 41 -73 41

Combination 2 Torsion Angle Solutions

g2l g22 g23 g24 g25 g26 g27 28
o 180 130 130 -130 121 121 121 121

ye| -163  -121 153 21 153 -121 153 121

3.2.3 Reduction of the Possible Torsion Angle Solutions

In order to determine the initial structure of gA, the number of
possible (¢, y) torsion angles about each alpha carbon must be reduced. To
do this a vector outside of the peptide plane is needed. Co-2H quadrupolar
splittings have been measured (Lee and Cross, 1994; Lee et al., 1995) and
are well suited for this purpose. The Alag Cy-2H quadrupolar splitting has
been measured at 195 kHz (Lee et al., 1995). From the sixteen possible (¢, y)
torsion angles, shown in Figure 3.3, for a single alpha carbon, only four,

the g23, g24, g27 and g28 solutions, have calculated Cy-2H quadrupolar
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