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ABSTRACT

Use of a Paramagnetic Spin Label for Determination ofong-RangeDistance
Constraints in Solid-State NMR

Matthew OO6Hall oran Advisor: Professor V. Ladizhansky
University of Guelph, 2014 Professor L. Brown

Solid-State Nuclear Magnetic Resonance (SSNM®&h paramagnetic relaxation
enhancement (PRE} used tanvestigatethe protein Proteorhodopsin (PR). PRE allows for the
acquisition oflong-rangedistance constraints not accessible through standard NMR expetiments
Four mutant versions of RBreated to have only one cysteine resitueachwere investigated
The S215C mutant didot purify well and appeared to retain a large amount of detergieetS55C
variantwas found to differ significaht from the wildtype structure The C107 mutant experienced
dedocalized PRE effectsriginally thought to be due to proton spin diffusiarnen this interaction
was renoved to the firsorder usindg-ee-Goldhurg crosspolarization (CP), the delocalized effect
was still observed. The C175 mutant producedrrangedistance restraints that can be used to
restrain three of the helices in the bundle on the cytoplasmic side. Future atadieguired to

better understand the structure of this membrane protein
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Chapter 1
Introduction

1.1 Membrane Proteins

Membrane proteins account for between 20% and 30% of all open reading frames in the
genoms of bacterig archaeaandeukaryoticorganismg1,2], and are the target of over half of all
drugs. This class of proteins is essential for the survival of all cells. Asoesdpty are
responsible for péorming almost all the interactions a cell has with the exterior environment
through direct interactions and signal transduction pathways. They also act as ion channels and
transporters to move materials across the lipid bilayer allowing for everything from nutrient
uptake[3] to generation of the action potential in neural impulégs Like soluble globular
proteins, membrane proteins also have enzymatic action and are capable of acting as catalysts in
cellular proceses[5].

Membrane proteins can be divided into two main groups, integral membrane paotgins
peripheral membrane proteins. Peripheral membrane proteins do not contain a section that
completely spans the membrane and instead have regions that penetrate into the membrane, or are
covalently anchored to the membrane. Integral membrane proteiten at least one membrane
spanning section of hydrophobic amino acid residues. The two most common forms of membrane
spanni ng pheltied aals ehanets]Béekcal hundies dre found in all types of
biological membranes whereas betaéla are only found in the outer membranes of Gragative
bacterig6], and the outer nrmbrane of mitochondrigf] and chloroplastg8]. Theb-barrel
membrane proteins function mainly as channels for specific meketwlpassively diffuse through

the membrane and will not be discussed further. In comparison, helical bundle integral membrane



proteins function as receptors, channels, passive and active transporters, and enzymes. One such

class of helical bundle integ membrane proteins is the rhodopsin class.

1.2 Rhodopsins

Rhodopsins make up a largeupof integral membrane proteins found throughout all three
domai ns. Rhodopsi ns c¢ o ntelica membréane apopsotein @psin)tthata n s me
is madefunctional by the covalent attachment of a retinal molecule to a Schiff base forming Lys
which acts as a chromophoedlowing for the absorption of photons with certain enerffigs When
the protein absorbs a photdhe retinal molecule undergoes a phstmmerization. This change in
conformation of retinal is the mechanism through which informatimm the exterior environment
is transmitted to the interior of the cell by these proteins.

Rhodopsins play a wide range of roles in organismsrchmeaatype | rhodopsins) they act
as light dependent ion pumps, channels and sensors. In animals (typdolpsins) they have been
finely tuned for vision, light sensation for nonvisual reasons such as circadian rhythms, pupillary
constriction, body color changes, determining the horizon, seasonal reproduction, and direct
utilization for the isomerizationfaetinal[10i 14]. Only relatively recently were rhodopsins falin
eubacteria as well. Some of these rhodopsins are very similar to archaeal homologs, but some are
unique. Anabaenaensory rhodopsin (ASR) is a unique rhodopsin found in eubaateweall as in
archaeand is the first sensory rhodopsin to be idestt in eubacteria. It activates a soluble
transducer that is thought to affect gene expregdijn Proteorhodopsin (PR) is another eubacterial
rhodopsin that acts as a proton pump, much like bacteriorhodopsin (BR) in haloarchaea. BR is one
of the best studied membrane proteins atat is known about both its atiture and its functionin

contrast, PR has very little known about it. Only recently have structural studies been completed on



PR type proteins, and high resolution structures are still not avaitalgesen light absorbing PR,

the protein studietiere[16,17]

1.3 Proteorhodopsin

Proteorhodopsins were first discovered through genomic analysis of marine bacterioplankton
in 2000. The gene encoding the protein was successfully expredsscherichiacoli andthe
expressed protewas able to bind retinal and act as a light driven proton pump. It was later
demonstrated that this function is also observable in native marine bacterial merfit8grtys
Since the original discovery of the filBR genes they have been found in many microorganisms
from all over the world20i 25]. In fact, PRs have been found not just in marine environments but
also in fresh watd26i 29], sea icd30], Siberan permafrost sampl¢31], and even on top of high
mountaingd32]. PR host organisms are as varied as the environments they are found in. PRs have
been found in giant virus¢33], bacteria, archag&4,35], and certain marine protigi36,37]

Members of this protein family share up to 80% sequence homology ademgenstrate a
wide range of absorption maxinf@8]. It is possible that this has to do with aihgof the protein to
absorb the most abundant wavelength of light available to the organism expressing the protein. The
first discoverednembers of the family had maximum absorbance at around 525 nm; this led them to
be classified as greabsorbing PRGPR). These proteins were found in organisms in surface
waters of oceans and seas all around the world and this wavelength of light is abundant at the depths
these samples were discove[&8]]. More recently, PR has been found in the Antarctic and in deep
ocean plankton from the Hawaiian Ocean Time Station. When these PR variants are expEessed in
coli they demonstrate a blue shifted absorption maximum at arountid B8] andhavebeen
classified as bluabsorbing PR (BPR). This again makes sense with the preteig tuned to

absorb the most readily available wavelength of light as blue light has a higher penetrating power and



would be more abundant at deeper ocean levelsryy 75 he focus of this study is on GPR
(henceforth referred tsimply as PR).

Although PRs have been found in such a wide variety of environments and host organisms,
the exact function of the protein still remains somewhat of a mystery. It is known that the protein
acts as a light driven proton purf§9,40], bu what the actual effect the protein has on the host cell
is still unclear. Even the directionality of the proton pumping is a topic of discy88iofil]. The
PR-induced proton motive force in host cells has led to increased generation 4 Té&nd direct
increase in flagellar motilit}43], but whether or not these are significant to the survival of the host
cell is unknown. A number of studies have suggettatithe PR proton pumping action may be of
importance whethe host is under conditions$ stres444i 48], but other studies have shown no

effectof light on the growth of host cells with or without P49].
1.3.1 Proteorhodopsinproton pumping

There are many similarities between the photocycle of PR and that of BR but key differences
do exist (Figure 41). Like BR, the first step in the photocycle is the photoisomerization of retinal
from all-transto 13-cis with rotation about the double bond between C13 and C14. The
isomerization of retinal leads to a proton transfer from the Schiff base (Lys 231) to the primary
proton acceptor (Asp 97) on the extracellular side and a second proton frprimtagy proton donor
(Glu 108) is transferred to the Schiff base from the intracellular side. The primary proton acceptor is
eventually deprotonated, releasing the proton to the extracellular media, and Glu 108 takes up a third
proton from the cytoplasf®0]. During these last steps retinal undergoes a conformational change
back to the altransstate. This is all very homologous to the proton transfer pathway in BR;
however there are large differences in the progéteaise mechanism between PR and BR. ltis

known that BRO6S primary proton acceptor passes



formed by Glu 194 and Glu 2Gter it releases a protormhere is no homologous pair of residues in

PR and therefee the proton release mechanism is not fully understood in PR.

[B] PR

Figure 1-1: Structural model of bacteriorhodopsin [A] and proteorhodopsin [B] showing the proton transfer chain and

the chromophore, retinal [C]. The extracellular side of both proteins is at the top. The PR structure is a homology model
created from the blue PR xray structure (PDB ID: 4KNF). Homology modelling done using SWISSAODEL workspace
[51,52]

A second noteworthy difference between the amino @sidiues involved in the proton
transport pathways of BR and PR is the large difference in thefgke primary proton acceptor. In
BR the pk, of the primary proton acceptor has been found to be between 2%8d 3n PR, the
primary proton acceptor is thought to have a much highg($K. It is thought that a highly
conserved histidine residneay beresponsible fothis shift in pK,. His 75 is found in the vicinity of
the Schiff base and is thought to form a hydrogen bond with Asp 97, increasing, thieAsg 97

[54]. This histidine residue is not found in BR, but is found in a distantly related homolog of PR,
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xanthorhodopsin (XR). XR also has a primary proton acceptor with artigdm normalpK,. The

pKa of XR is still lower than that of PR (~§5] and while mutant versions of PR with this histidine
removeddo show a decrease in ptalues, they are still much larger than that of BR. XR dises

not have the secondary proton acceptor pair that is found [{p&RInstead, the crystallographic
structure suggests that there is a deep cavity on treceltrar side of the protein that may reach
halfway to the Schiff base. The cavity is formed by the displacement ot@hari®l FG inter

helical loop regios of XR compared to BR. It gossible that the proton is simply released from the
primary protm acceptor to the extracellular media. A similar cavity may be present in PR that
facilitates proton releag&6,56] Through the use of H/D exchange experiments in PR it has been
found that large portions of the extracellular section of helix G exchange readily, this supports the
idea of a deep cavity on the extracellular side of the pr@&in While all this knowledge hints at
theway PR functions, it is nigpossible to fully understand how this protein works without a much

better understanding of its structure.
1.3.2 Proteorhodopsin Structural Studies

Due to the wide dispersion ofganisms in whiclPR proteinsare found many studies have
attempted to elucidatbe 3D structureof these proteinsThe two most common techniques
protein structure determination argay crystallography and solution NMR. These two techniques,
if they are going to be applied to membrane proteins, require that the protein be prepared in a very
unnatural statevhich may result in changes to theusture of the protein

X-ray crystallography requires the formation of a very pure crystal with high regularity to
allow for accurate structure calculations and to date has not been successfully applied to green
absorbing PR58]. This technigue has been more successfully applied to BPR, with structures
determined for three different BPR mutafit6]. The application of xay crystallography to

membrane protaes faces a number of challenghge amphipathic nature of membrane proteins



makes it very difficult to identify conditions in which wediffracting crystals are formed, crystals
are usually very fragile and suffer from radiation damage during diffraction experiments, and the
crystalline state is very far removed from the native lipgmbrane environment proteins are
normally found in59].

Solution NMR is the second most common technique used for uncovering protein structures.
Much like xray crystallography, solution NMR has been applied to membrane proteins and has
resulted in a number of protein structuf€s,60 71]. In fact, there is a solution NMR structure of

PR (Figure 12) [17].

Figure 1-2: Solution NMR structure of PR (PDB ID:2L6X). [A,B] A 20 conformer bundle of structures placed in the
protein data bank. [A] Overall view of the bundle of structures with the gtoplasmic side on top. [B] View from
cytoplasmic side of protein. It appears as though in the majority of conformations E108, the primary proton donor, faces
away from the retinal and towards the hydrophobic @vironment of the membrane. [C] Solution NMRstructure of PR
(red) compared to BR crystal structure (Green) and blue proteorhodopsin crystal structure (blue), alignment done using
Pymol.



There are a number of interesting features present in the solution NMR structure of PR that
deserve consideratiomhen using this structure. Firstly, the primary proton donor, E108, in all but
three of the 20 conformers faces what should be the hydrophobic core of the membrane. This is
unexpected, as in all other rhodopsins, the primary proton donor faqa®stte interior, not the
bilayer. Also, the polarity of Glu 108 means it is energetically unfavorable for this residue to face
the hydrophobic interior of the lipid bilayer. When the overall structure is compared to the known
structures of BR and blue protbodopsin some obvious differences are present. The blue
proteorhodopsin structure has a RMS difference of 1.150 A when compared to the BR structure. The
solution NMR structure of PR has a RMS difference of 4.219 A. There are obviously large
differencedetween the solution structure and the other two. It is unclear if these differences are
actual features of PR, or if they are due to the difference between the protein structure in crystals vs.
the structuren shorttailedlipid micelles. Determininghe structure of PR in a native lipid bilayer
would be very helpful in identifying which characteristics of PR displayed in the solution structure
are true structural features.

Solid-State NMR (SSNMR) is a method capable of investigating the structurerobrae
proteins in much more natidie lipid bilayer environments. This technique may be used to answer
the questions raised by the solution NMR structure of PR. SSNMR has already been applied to PR
and residue assignments have been obtained forapatelytwo thirdsof the 238 residues in the
protein. Secondary structure has also been uncovered using S8MMBRiNgt r ans membr ane U
helices as well as secondary st rhelicalstructaretat e ment s
beenfoundinheEF | oop, as -wminthe BCdoo72,83h Wheh cofmpared to the
same regions in BR, theEloop has a shorter helical structure and tHe Bop contains a much
| onger [@helkoaformaiionof.the retinal chromophore has also been confirmed with
SSNMR showing an atransconfiguration in the ground steffé4]. SSNMR has also been used to

identify the cause of a 20nm redshift of GPR when a mutation is made iFR®oR, a region far

8



removed from the chromophog5]. Through the investigation of changes in the chemical shift
values associated with specific residues, the effect this single mutation has on the structure of the
protein as well on #ninteractions present in the protein were observed.

SSNMR not only allows for the probing of the structure of a protein, but also its dynamics.
Previous work has elucidated informati o, pertai
C-D and FG loops[72]. This loop mobility might be coupled to ion transport. As mewitb
previously, H/D exchange experiments have also been performed to determine chemical exchange
rates and solvent accessibilis7]. SSNR has also been used to determine the influence
temperature, hydration and membrane elasticity have d@a&RHydration has a larger effect on
the dynamics of residues in the loop regions of tléepm while membrane elasticity affects the
transmembrane helices and th& Bbop. The helices whose dynamics are altered the most by
changes in membrane elasticity are C, F and G. These regions are all relevant to the photocycle of

PR.

1.4 Principles of NMR Spectroscopy

The purpose of this section is to introduce the basic concepts needed to understand SSNMR
theory. There are a number of excellent references that the reader can consult for a mueh more in
depth consideration of these concd@i 80].

All particles have an intrinsic property &wn as spin, which is a type of angular momentum
in quantum mechanics. The nuclei that are of most interest in biological NMR sampids*ge
and™N, all of which have a spin of ¥%. Spin ¥ energy levels are normally doubly degehetalte
degeneacy is broken when the sample is placed in a static external magnetic field. It is possible to

drive transitions between these energy levels when adependent magnetic field with frequency



equal to the energy difference between the levels (the Ldretprency) is applied to the sample

(Figure 13).

[ +>

Energy

| =>

By =0 Applied magnetic field

Figure 1-3: Energy level of spin % particle when placed in an external magnetic field.

When an ensemble of spins is placed in a magnetic field there are a number of internal
interactions that they experience due to the static magnetic field, as well as anytapplied
dependentnagnetic fields. It istherefore helpful to split the Hamitinian into two parts: an internal
Hamiltonian that consists of all the internal interactions that are governed by the static external
magnetic field and the local chemical environment of the spins, and the external Hamiltonian which
consists of the appligime-dependentnagnetic fields.

0 0 O (1.2)

The Internal Hamiltonian can be further divided into four interactions for spin ¥z particles:

Zeeman interaction, chemical shift, dipolar coupliragsj J couplings.

§O) © 0 0 © (1.2
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In systems that contain particles with spins greater than Y% there is also a quadrupolar
coupling term. This interaction will not be addressed further astudy is only concerned with

spin % particles.
1.4.1 Zeeman Interaction

As was mentioned previously, nuclear spin is a form of angular momentum, and associated
with this angular momentum is a magnetic moment.

10 (1.3
whereQs the spin angular momentum operator [ansli referred to as the gyromagnetic ratio which
is a property that is unique to each type of nucleus.

The interaction of the nuclear magnetic moment with the applied madeét is known as
the Zeeman interaction. The Hamiltonian describing this is simply the Hamiltonian describing a
magnetic moment interacting with a magnetic field.

O e )] ®))) (1.4)
It is standard @nvention to take the external magnetic field to be along-theszof the lab frame,
6  mhd, . Using this convention it is possible to simplify the expression for the Zeeman
interaction.
© 160 (1.5)

A spin | particle has only two possighle eige
state and ag dsatg iThesedarespoad twtme projection of the spin angular
momentum in the direction of the external magnetic field being parallel or antiparallel to the field.
The eigenvalues that correspond to the two eigenfunctions of the Hamiltonian give theseoker

the two states.
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(1.6)
0 gr 6

The energy difference of the two energy levels formed by the Zeeman interaction is then
given by the Larmor frequency. This is the precession frequertbg magnetic moments due to the
torque applied by the magnetic field.

T [ 6 (1.7)

The Larmor frequency is unique to each nucleus due to its dependence on the gyromagnetic
ratio of the nucleus. This tke key feature of all NMR experiments. It is so fundamental that the
Larmor frequency of protons is used to report magnetic field strengths of magnets used in NMR. For
example, an 18.8 T magnetic is referred to as an 800 MHz magnet since that isrtbeftequency
of *H nuclei when placed in an 18.8 T magnetic field.

When an ensemble of spins is placed in a magnetic field the population difference between
$ Gandg GOstates is given by a Boltzmann distribution.

0 g J]
v oy 18

whereQi s Bol t zgwatnTrisdhe tempenature irekinandoi s t he reduced Pl ar
constant. The magnetic moments of nuclear spins are very weak; this leads to a very small difference

between energy levels which is easily met by thermal energy in the sample. Nevertheless, the slight

population difference leads a net magnetization aligned with the applied magnetic field.

~ o~

0 mimD (1.9)
Lo 6 1.10
c (110

which at high temperature is approximated as:
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QY

(1.12)

This means the net magnetization is dependent on total number of atoms N, the gyromagnetic ratio of
the nuclei, the strength of the applied field, and the temperature of the sample. The population
difference between states is extremely small (on the order of £ for® nuclei at physiological
temperatures and high magnetic fied8]). This means that theet magnetization is also very small

and has led to research in creating very stable strong magnets to increase the sensitivity of NMR
experiments.

The Zeeman interaction is orders of magnitude larger than any other interaction present in the
system. Thisneans that all interactions that do not commute with the Zeeman interaction can
generally be neglected,; this is known as the secular approximation. Secular, or commuting terms,
must be considered and because they commute with the Zeeman Hamiltonkzawvtheymultaneous
eigenstates. This means the only interactions that need be considered are only capable of changing
the eigenvalues of the Zeeman Hamiltonian, not its eigenstates. Or, more simply, the interactions

will add corrections to the Zeeman Hédtmmian energy levels, without perturbing the energy

eigenstates.
1.4.2 Chemical Shift Interaction

When the NMR sample is placed inside the large static external magnetic field motions are
induced in the electrons in the sample. These moving electrons gehenatevn local weak
magnetic fields which must be added to the external magnetic field to determine the local field
experienced by individual nuclear spins. The total magnetic field experienced by the nuclear spin is
what determines the Larmor frequerafithe nuclear spin. Since each nuclear spin experiences a

unique local magnetic field dependent on the chemical environment the spin is located in, spins of

the same type wild/ have slightly different Larm

13



Larmor frequency differs from the expected value for the spin is referred to as the chemical shift and
is what allows for otherwise identical nuclei to be identified in a NMR spectrum.

The extent to which electron motions affect the magnetic field expeddmnca nucleus
depends partially on the shape of the electron density surrounding the nucleus. This means that the
chemical shift interaction is anisotropic, or has orientation dependence. It can be shown that in the

most general case the chemical sHeimiltonian has the following form:
O Q0 (2.12
whereGndo are the spin angular momentum and external magnetic field vectors respectivgely and

is the chemical shielding tensor.

A (1.13)

The chemicakhieldingtensor acting on the external magnetic field gives the effective field

experienced by the nucleus. When the magnetic field is takBnatong the -axis this gives:

6 F] ” ” ” T[ ” 6
(0] F] ” ” ” ':l'[ ” (0] (114)
0 p " " " o] , 0
This means the chemical shift Hamiltonian becomes:
0 rQ 6 10, 6 1Q 6 (1.15)

When the secular approximation is applied to the chemical shift Hamiltonian only the last
term survives, as it is the only term that commutes with the Zeentexagtion. All that remains is
to determine what is. To do this one considers thencipalaxis system (PAS) of the chemical

shift interaction. In the PAS the tensor describing the interaction is diagonal.

. mo, ° (1.16)
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The three noizero components of the tensor in the PAS are referred to partbgal
components and correspond to three axes of symmetry in the interaction. It is possible to determine

in terms of theserincipalcomponents by rotating the PAS interaction tensor into the lab frame.

This is accomplished by rotations around three Euler angles,| i fi  (Figure 14).

Figure 1-4: Definiti on of Euler angles » hnhs used for pefforming rotations. The first rotation is by angle » around
the z axis, followed by rotation by angles around the newly formed « axis, and finally the third rotation by angle 5

around the » axis transforming xyz to XYZ.

The transformation is done mathematically through the use of rotation matrices. A rotation

about the zaxis is given by:
AllO OEIT m
Y | OET AT|O m (117
1 11 p

and a rotatiombout the yaxis is given by:

I
Y T L1 P (1.18)
s



To rotate the chemical shift interaction tensor from the PAS to the lab frame one must
compute:
» Y rY vy ., YIYT YT (1.19
This gives the expression for the chemical shift Hamiltomaerms of the threprincipal
components of the chemical shift interaction as:
0 1, AT OOEN , OEOEN , Al D (1.20)
It is possible to express this interaction as an orientation independent isotropic component

and an orientation dependent anisotropic component.

O ro % cAT 1O p -OEMNAT

(1.21)

wherg s referred to as the anisotropy parameter-aisthe asymmetry parameter.

The isotropic component of the chemical shift interaction is what is normally referred to
simply as the chemical shift and is what allowsdite-specificresolution in NMR. Due to the
magnetic field strength dependence of this Hamiltonian, isotropioicheshifts are usually reported
compared to a standard to allow for direct comparison of experiments performed at different field

strengths as well as in different labs. Values are reported in parts per million (ppm):

D
Poana — pTt (1.22)

The anisotropic component of the interaction contains information on the local electronic

environment of the nucleus but leads to line broadening in the spectra. This component is usually
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averagedutof NMR experiments$o improve resolutionThis is accomplished through the use of

magic angle spinning which will be discussed shortly.
1.4.3 Dipolar Coupling

Dipolar couplings are the direct through space interaction of the magnetic moments of spins
in closeproximity to each other. The interaction can be between two spins of the same type
(homonuclear dipolar couplings) or between two spins of different species (heteronuclear dipolar

couplings). The general form of the Hamiltonian describing this interaigtigiven by:

T gy g 0 Y3
QY o ‘ (1.23)

When the secular approximation is employed this interaction simplifies to the truncated

dipolar coupling Hamiltonia:

0§ "L GRi & OY
i T 1
(1.24)
. “rop x v S ¢
oF ___~p oAl & ¢OO =00 ‘00
T Q C

for the heteronuclear and homonuclear cases respectively. In these expressdhe internuclear
vector between the nuclei’@&ndQ and— is the angle between this vector and the external

magnetic field. In the homonuclear express@mre the standard ladder operators.

Due to the dependence on the distance between the two interacting spins, the dipolar
coupling interaction contains very important information for determining the structure of the NMR
sample. Unfortunately, because this is purely an anisotropic interatteads to broadening of
spectral lines. This completely removes site-specificresolution of SSNMR; unless it is averaged

out by magicangle spinning.
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1.4.4 J-Couplings

J-couplings, or scalar couplings, are weaker than all the other interactions dissnisae
This interaction is the indirect dipetipole coupling between nuclei that is mediated by the bonding

electrons. The Hamiltonian for thecdupling interaction is given by:

0 ¢" ©OY (1.25)
When the secular approximation is applied tweupling simplifies to:

0 ¢ ®O

(1.26)

0 ¢ ©OY
for homonuclear and heteronuclear interactions respectfully. This interactiondespdstral line
splitting. In the case of solids, each of the singlets can be broad leading to line broadening in the

spectrum. The-doupling can be neglected from further discussion presented here as its average

interaction strength is on the orddrmertz to tens of hertz.
1.4.5 Applied Radio Frequency (RF) Fields and the Rotating Reference Frame

To manipulate the static spin states generated by placing the sample in a magnéticefield
dependentnagnetic fields are applied. Due to the weak energsxeded with nuclear spins,
magnetic fields with frequencies in the radio range are needed to effect change in the sample. These
fields are applied by runningteme-dependenturrent through a solenoid that is wrapped around the
sample in the static extnal magnetic field. This alternating current generatesexdependent
magnetic field in the sample along the axis of the solenoid. The strength of the applied field is
determined by the size of the current, and its time dependence is causedryg tthepiendence of
the current. The RF Hamiltonian is written in terms of the strength of the appliedfiets,

frequency]  and the axis along which it is applied.

O g6 AT10 60 (1.27)
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Any linear polarized field can be viewed as the sum of two rotations of equal magnitude in
opposite directions about an axis perpendicular to the oscillation. Itis convenient to consider the RF
Hamiltonian in this way.

O 10600 Q (1.28)

The component of the Hamiltonian that rotates in the same direction as the nuclear magnetic
moment has a much stronger interaction with the magnetic moment than the component that rotates
in the opposite direction as the nuclear magnetic moment. Thetbtigthe component rotating in
the opposite direction has is called the Blk&ibgert Shift and is proportional té j g6 . In
normal SSNMR experimentthe external magnetic field is three or more orders of magnitude larger
than the RF field. The cgmonent of the RF Hamiltonian that corresponds to a rotation in the
opposite direction is therefore neglected in what is known as the rotating wave approximation.

The form of the RF Hamiltonian can be further simplified by considering the interaction in a
rotating reference frame. The frame of interest rotates at the RF field frequency in the direction of
the nuclear magnetic moment precession, so the RF field appears to be time independent in the
rotating frame:

O ré © 1 O (1.29

The transformation to the rotating reference frame is useful in that it changes the precession
frequencies of the nuclei from the Larmor frequency. In the rotating reference frame it is clear that
the precessiorréquency will be given by j 1 1 . Ifthe radio frequency pulse is applied
exactly on resonance then the Larmor frequency in the rotating frame will be zero. In other words, in
the rotating reference frame, it appears as if there is nmektmagnetic field. This means that, for
the duration of the RF pulse, the Hamiltonian for the system simplifies to only the RF component.

Anisotropic interactions are still present, but can be neglected on the time scale of the RF pulse.

01 0 (1.30)
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This situationis analogous to thenein which a single magnetic moment is pldoe an
external magnetic field. The spin will experience a torque due to the applied field and will rotate
about the axis othe field (the yaxis in this case) at a frequency equal to By correctly choosing
the length of the applied RF pulse it is possible to control the angle through which the magnetic

moment will rotate. If the time is chosen suchthab then the magnetic moment will

C’
rotate by 90° (Figure-b).

. wq

a
t1+t2+t3+t4:tpul:Tl

X

Figure 1-5: Effect of RF pulse on net magnetization. Pulse applied alongaxis for time of <, @nd strength® , results in

a rotation of the magnetization abouttheya x i s by an amount equal to U.

If the RF field is applied off resonance then the Hamiltonian in the rotating frame contains
contributions from the external magnetic fields effect on the system. Two cases are important for

consideration. If the difference between the Larmor frequemdyttee RF field frequency is small
1 1 L 17 then the total Hamiltonian is dominated by the RF term and all others are
neglected. This is known as the strong pulse approximation. If, on the other hand, the difference
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between the Larmor frequency ath@ RF frequency is very large 1 |1 thenthe RF
field contribution is considered negligible and ignored. This is known as the weak pulse

approximation (Figure-B).

Figure 1-6: Strong (A) and Weak (B) pulse approximation.

1.5 Magic Angle Spinning

In solution NMR the fast random tumbling of samples leads to the averaging of anisotropic
interactions that would otherwise broaden spétitras and cause a decrease in spectral resolution.
This means that solution NMR is capable of generating very high resolution spectra. In the solid
phase this fast molecular tumbling is not present and the anisotropic components of the chemical
shift ard dipolar couplings persist. This leads to much broader lines in SSNMR spectra and very
poor spectral resolution with very complicated line shapes. Fortunately, a technique has been
developed to allow for the averaging of these interactions in themwge. By physically spinning

the sample about an axis tilted 54.74° (the magic angle) with respect to the external magnetic field,
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