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ABSTRACT

Use of a Paramagnetic Spin Label for Determination of Long-Range Distance
Constraints in Solid-State NMR
Matthew O’Halloran
University of Guelph, 2014

Advisor: Professor V. Ladizhansky
Professor L. Brown

Solid-State Nuclear Magnetic Resonance (SSNMR), with paramagnetic relaxation
enhancement (PRE), is used to investigate the protein Proteorhodopsin (PR). PRE allows for the
acquisition of long-range distance constraints not accessible through standard NMR experiments.
Four mutant versions of PR, created to have only one cysteine residue in each, were investigated.
The S215C mutant did not purify well and appeared to retain a large amount of detergent. The S55C
variant was found to differ significantly from the wild-type structure. The C107 mutant experienced
delocalized PRE effects originally thought to be due to proton spin diffusion, when this interaction
was removed to the first order using Lee-Goldburg cross-polarization (CP), the delocalized effect
was still observed. The C175 mutant produced long-range distance restraints that can be used to
restrain three of the helices in the bundle on the cytoplasmic side. Future studies are required 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
genomes of bacteria, archaea and eukaryotic organisms [1,2], and are the target of over half of all
drugs. This class of proteins is essential for the survival of all cells. As receptors, they are
responsible for performing 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 impulses [4]. Like soluble globular
proteins, membrane proteins also have enzymatic action and are capable of acting as catalysts in
cellular processes [5].
Membrane proteins can be divided into two main groups, integral membrane proteins and
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 proteins contain at least one membrane
spanning section of hydrophobic amino acid residues. The two most common forms of membrane
spanning proteins are α-helical bundles and β-barrels. Helical bundles are found in all types of
biological membranes whereas beta barrels are only found in the outer membranes of Gram-negative
bacteria [6], and the outer membrane of mitochondria [7] and chloroplasts [8]. The β-barrel
membrane proteins function mainly as channels for specific molecules to passively diffuse through
the membrane and will not be discussed further. In comparison, helical bundle integral membrane
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proteins function as receptors, channels, passive and active transporters, and enzymes. One such
class of helical bundle integral membrane proteins is the rhodopsin class.

1.2 Rhodopsins
Rhodopsins make up a large group of integral membrane proteins found throughout all three
domains. Rhodopsins consist of a seven transmembrane α-helical membrane apoprotein (opsin) that
is made functional by the covalent attachment of a retinal molecule to a Schiff base forming Lys
which acts as a chromophore, allowing for the absorption of photons with certain energies [9]. When
the protein absorbs a photon, the retinal molecule undergoes a photo-isomerization. This change in
conformation of retinal is the mechanism through which information from the exterior environment
is transmitted to the interior of the cell by these proteins.
Rhodopsins play a wide range of roles in organisms. In archaea (type I rhodopsins) they act
as light dependent ion pumps, channels and sensors. In animals (type II rhodopsins) 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 isomerization of retinal [10–14]. Only relatively recently were rhodopsins found in
eubacteria as well. Some of these rhodopsins are very similar to archaeal homologs, but some are
unique. Anabaena sensory rhodopsin (ASR) is a unique rhodopsin found in eubacteria as well as in
archaea and is the first sensory rhodopsin to be identified in eubacteria. It activates a soluble
transducer that is thought to affect gene expression [15]. 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 and a lot is known about both its structure and its function. In
contrast, PR has very little known about it. Only recently have structural studies been completed on
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PR type proteins, and high resolution structures are still not available for green light absorbing PR,
the protein studied here [16,17].

1.3 Proteorhodopsin
Proteorhodopsins were first discovered through genomic analysis of marine bacterioplankton
in 2000. The gene encoding the protein was successfully expressed in Escherichia coli and the
expressed protein was 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 membranes [18,19].
Since the original discovery of the first PR genes they have been found in many microorganisms
from all over the world [20–25]. In fact, PRs have been found not just in marine environments but
also in fresh water [26–29], sea ice [30], Siberian permafrost samples [31], and even on top of high
mountains [32]. PR host organisms are as varied as the environments they are found in. PRs have
been found in giant viruses [33], bacteria, archaea [34,35], and certain marine protists [36,37].
Members of this protein family share up to 80% sequence homology and yet demonstrate a
wide range of absorption maxima [38]. It is possible that this has to do with a tuning of the protein to
absorb the most abundant wavelength of light available to the organism expressing the protein. The
first discovered members of the family had maximum absorbance at around 525 nm; this led them to
be classified as green-absorbing PR (GPR). 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 discovered [18]. 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 expressed in E.
coli they demonstrate a blue shifted absorption maximum at around 490 nm [38] and have been
classified as blue-absorbing PR (BPR). This again makes sense with the protein being tuned to
absorb the most readily available wavelength of light as blue light has a higher penetrating power and
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would be more abundant at deeper ocean levels (~75 m). The focus of this study is on GPR
(henceforth referred to simply 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 pump [39,40], but 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 discussion [39–41]. The
PR-induced proton motive force in host cells has led to increased generation of ATP [42], and direct
increase in flagellar motility [43], but whether or not these are significant to the survival of the host
cell is unknown. A number of studies have suggested that the PR proton pumping action may be of
importance when the host is under conditions of stress [44–48], but other studies have shown no
effect of light on the growth of host cells with or without PR [49].

1.3.1 Proteorhodopsin proton pumping
There are many similarities between the photocycle of PR and that of BR but key differences
do exist (Figure 1-1). Like BR, the first step in the photocycle is the photoisomerization of retinal
from all-trans to 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 from the primary 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 cytoplasm [50]. During these last steps retinal undergoes a conformational change
back to the all-trans state. This is all very homologous to the proton transfer pathway in BR;
however there are large differences in the proton release mechanism between PR and BR. It is
known that BR’s primary proton acceptor passes its proton onto a secondary proton acceptor pair
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formed by Glu 194 and Glu 204 after it releases a proton. There is no homologous pair of residues in
PR, and therefore the proton release mechanism is not fully understood in 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 x-ray structure (PDB ID: 4KNF). Homology modelling done using SWISS-MODEL workspace
[51,52].

A second noteworthy difference between the amino acid residues involved in the proton
transport pathways of BR and PR is the large difference in the pKa of the primary proton acceptor. In
BR the pKa of the primary proton acceptor has been found to be between 2 and 3 [53]. In PR, the
primary proton acceptor is thought to have a much higher pKa (~7). It is thought that a highly
conserved histidine residue may be responsible for this shift in pKa. His 75 is found in the vicinity of
the Schiff base and is thought to form a hydrogen bond with Asp 97, increasing the pKa of Asp 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 a higher than normal pKa. The
pKa of XR is still lower than that of PR (~6) [55] and while mutant versions of PR with this histidine
removed do show a decrease in pKa values, they are still much larger than that of BR. XR also does
not have the secondary proton acceptor pair that is found in BR [56]. Instead, the crystallographic
structure suggests that there is a deep cavity on the extracellular side of the protein that may reach
halfway to the Schiff base. The cavity is formed by the displacement of the B-C and F-G interhelical loop regions of XR compared to BR. It is possible that the proton is simply released from the
primary proton acceptor to the extracellular media. A similar cavity may be present in PR that
facilitates proton release [16,56]. 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 protein [57]. While all this knowledge hints at
the way PR functions, it is not possible 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 of organisms in which PR proteins are found, many studies have
attempted to elucidate the 3D structure of these proteins. The two most common techniques for
protein structure determination are x-ray 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 state which may result in changes to the structure 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 greenabsorbing PR [58]. This technique has been more successfully applied to BPR, with structures
determined for three different BPR mutants [16]. The application of x-ray crystallography to
membrane proteins faces a number of challenges: the amphipathic nature of membrane proteins
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makes it very difficult to identify conditions in which well-diffracting 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 lipid membrane environment proteins are
normally found in [59].
Solution NMR is the second most common technique used for uncovering protein structures.
Much like x-ray crystallography, solution NMR has been applied to membrane proteins and has
resulted in a number of protein structures [17,60–71]. In fact, there is a solution NMR structure of
PR (Figure 1-2) [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 cytoplasmic 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 environment of the membrane. [C] Solution NMR structure of PR
(red) compared to BR crystal structure (Green) and blue proteorhodopsin crystal structure (blue), alignment done using
Pymol.
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There are a number of interesting features present in the solution NMR structure of PR that
deserve consideration when 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 faces the protein 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 proteorhodopsin some obvious differences are present. The blue
proteorhodopsin structure has a RMS difference of 1.150 Å when compared to the BR structure. The
solution NMR structure of PR has a RMS difference of 4.219 Å. There are obviously large
differences between 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 structure in short-tailed lipid micelles. Determining the 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 structure of membrane
proteins in much more native-like 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 for approximately two thirds of the 238 residues in the
protein. Secondary structure has also been uncovered using SSNMR, including transmembrane αhelices as well as secondary structure elements in the loop regions. A small α-helical structure has
been found in the E-F loop, as well as a short β-turn in the B-C loop [72,73]. When compared to the
same regions in BR, the E-F loop has a shorter helical structure and the B-C loop contains a much
longer β hairpin. The conformation of the retinal chromophore has also been confirmed with
SSNMR showing an all-trans configuration in the ground state [74]. SSNMR has also been used to
identify the cause of a 20nm redshift of GPR when a mutation is made in the E-F loop, a region far

8

removed from the chromophore [75]. 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 the interactions 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 information pertaining to the mobility of PR’s termini and of the A-B,
C-D and F-G loops [72]. This loop mobility might be coupled to ion transport. As mentioned
previously, H/D exchange experiments have also been performed to determine chemical exchange
rates and solvent accessibility [57]. SSNR has also been used to determine the influence
temperature, hydration and membrane elasticity have on PR [76]. Hydration has a larger effect on
the dynamics of residues in the loop regions of the protein while membrane elasticity affects the
transmembrane helices and the E-F loop. 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 much more indepth consideration of these concepts [77–80].
All particles have an intrinsic property known as spin, which is a type of angular momentum
in quantum mechanics. The nuclei that are of most interest in biological NMR samples are 1H, 13C,
and 15N, all of which have a spin of ½. Spin ½ energy levels are normally doubly degenerate, but the
degeneracy is broken when the sample is placed in a static external magnetic field. It is possible to
drive transitions between these energy levels when a time-dependent magnetic field with frequency
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equal to the energy difference between the levels (the Larmor frequency) is applied to the sample
(Figure 1-3).

Figure 1-3: Energy level of spin ½ 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 any applied timedependent magnetic fields. It is, therefore, helpful to split the Hamiltonian 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 applied time-dependent magnetic fields.
(1.1)
The Internal Hamiltonian can be further divided into four interactions for spin ½ particles:
Zeeman interaction, chemical shift, dipolar couplings, and J couplings.
(1.2)
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In systems that contain particles with spins greater than ½ there is also a quadrupolar
coupling term. This interaction will not be addressed further as this study is only concerned with
spin ½ 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.
⃑

⃑
where ⃑ is the spin angular momentum operator and

(1.3)

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

⃑ ⃑⃑

(1.4)

It is standard convention to take the external magnetic field to be along the z-axis of the lab frame,

⃑⃑

(

). Using this convention it is possible to simplify the expression for the Zeeman

interaction.
(1.5)
A spin ½ particle has only two possible eigenstates for this Hamiltonian, a “spin up” or
state and a “spin down” or

⟩

⟩ sate. These correspond to the 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 the energies of
the two states.
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(1.6)

The energy difference of the two energy levels formed by the Zeeman interaction is then
given by the Larmor frequency. This is the precession frequency of the magnetic moments due to the
torque applied by the magnetic field.
(1.7)
The Larmor frequency is unique to each nucleus due to its dependence on the gyromagnetic
ratio of the nucleus. This is the 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 is the Larmor frequency
of 1H 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
⟩ and

⟩ states is given by a Boltzmann distribution.
(1.8)

where

is Boltzmann’s constant, T is the temperature in Kelvin and

is the reduced Planck’s

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 to a net magnetization aligned with the applied magnetic field.
⃑⃑⃑

(
(

which at high temperature is approximated as:
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)

(1.9)
)

(1.10)

(1.11)
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 1 in 105 for 1H nuclei at physiological
temperatures and high magnetic fields [79]). This means that the net 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. This means 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 Hamiltonian they have simultaneous
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 Hamiltonian 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 generate their own 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 frequency of the 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 will have slightly different Larmor frequencies. The amount an individual spin’s
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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 experienced by a 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 shift Hamiltonian has the following form:
⃑ ⃑⃑

(1.12)

where ⃑ and ⃑⃑ are the spin angular momentum and external magnetic field vectors respectively and
is the chemical shielding tensor.
(

)

(1.13)

The chemical shielding tensor acting on the external magnetic field gives the effective field
experienced by the nucleus. When the magnetic field is taken to be along the z-axis this gives:

(

)

(

)(

)

(

)

(1.14)

This means the chemical shift Hamiltonian becomes:
(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 Zeeman interaction. All that remains is
to determine what

is. To do this one considers the principal axis system (PAS) of the chemical

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

)
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(1.16)

The three non-zero components of the tensor in the PAS are referred to as the principal
components and correspond to three axes of symmetry in the interaction. It is possible to determine
in terms of these principal components by rotating the PAS interaction tensor into the lab frame.
This is accomplished by rotations around three Euler angles,

(

) (Figure 1-4).

(
) used for performing rotations. The first rotation is by angle around
Figure 1-4: Definition of Euler angles
the z axis, followed by rotation by angle around the newly formed axis, and finally the third rotation by angle
around the
axis transforming xyz to XYZ.

The transformation is done mathematically through the use of rotation matrices. A rotation
about the z-axis is given by:
( )

(

)

(1.17)

and a rotation about the y-axis is given by:
( )

(

)
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(1.18)

To rotate the chemical shift interaction tensor from the PAS to the lab frame one must
compute:
( )

( )

( )

( )

( )

( )

(1.19)

This gives the expression for the chemical shift Hamiltonian in terms of the three principal
components of the chemical shift interaction as:
(

)

(1.20)

It is possible to express this interaction as an orientation independent isotropic component
and an orientation dependent anisotropic component.
(

[

)]

(

)
(1.21)

where

is referred to as the anisotropy parameter and

is the asymmetry parameter.

The isotropic component of the chemical shift interaction is what is normally referred to
simply as the chemical shift and is what allows for site-specific resolution in NMR. Due to the
magnetic field strength dependence of this Hamiltonian, isotropic chemical shifts 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):
[

]

(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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averaged out of NMR experiments to improve resolution. This 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 close proximity 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 interaction is given by:
(⃑⃑ ⃑ )(⃑⃑⃑⃑⃑ ⃑ )
)

(⃑⃑ ⃑⃑⃑⃑⃑

∑

(1.23)

When the secular approximation is employed this interaction simplifies to the truncated
dipolar coupling Hamiltonian:
(

∑

)(

)
(1.24)

∑

(

)(

(

))

for the heteronuclear and homonuclear cases respectively. In these expressions ⃑ is the internuclear
vector between the nuclei at and , and

is the angle between this vector and the external

magnetic field. In the homonuclear expression

are 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 interaction, it leads to broadening of
spectral lines. This completely removes the site-specific resolution of SSNMR; unless it is averaged
out by magic angle spinning.
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1.4.4 J-Couplings
J-couplings, or scalar couplings, are weaker than all the other interactions discussed so far.
This interaction is the indirect dipole-dipole coupling between nuclei that is mediated by the bonding
electrons. The Hamiltonian for the J-coupling interaction is given by:
⃑

⃑

(1.25)

When the secular approximation is applied the J-coupling simplifies to:

(1.26)

for homonuclear and heteronuclear interactions respectfully. This interaction leads to spectral line
splitting. In the case of solids, each of the singlets can be broad leading to line broadening in the
spectrum. The J-coupling can be neglected from further discussion presented here as its average
interaction strength is on the order of hertz 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 magnetic field timedependent magnetic fields are applied. Due to the weak energies associated with nuclear spins,
magnetic fields with frequencies in the radio range are needed to effect change in the sample. These
fields are applied by running a time-dependent current through a solenoid that is wrapped around the
sample in the static external magnetic field. This alternating current generates a time-dependent
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 caused by the time dependence of
the current. The RF Hamiltonian is written in terms of the strength of the applied field,
frequency,

its

and the axis along which it is applied.
(
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)

(1.27)

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. It is convenient to consider the RF
Hamiltonian in this way.
(

)

(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. The effect that the component rotating in
the opposite direction has is called the Bloch-Siegert Shift and is proportional to (

⁄

) . In

normal SSNMR experiments, the external magnetic field is three or more orders of magnitude larger
than the RF field. The component 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:
(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 precession frequency will be given by

. If the 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 no external magnetic 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.
(1.30)
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This situation is analogous to the one in which a single magnetic moment is placed in an
external magnetic field. The spin will experience a torque due to the applied field and will rotate
about the axis of the field (the y-axis 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 such that

⁄

⁄ , then the magnetic moment will

rotate by 90° (Figure 1-5).

Figure 1-5: Effect of RF pulse on net magnetization. Pulse applied along y-axis for time of
a rotation of the magnetization about the y-axis by an amount equal to α.

and strength

, results in

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 frequency and the RF field frequency is small
(

) 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 and the RF frequency is very large (

) then the RF

field contribution is considered negligible and ignored. This is known as the weak pulse
approximation (Figure 1-6).

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 spectral lines 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 and 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 the solid phase. 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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large components of the anisotropic interactions present in spectra can be averaged out. This
technique is referred to as “magic angle spinning (MAS) SSNMR” (Figure 1-7) [81].

Figure 1-7: Orientation of sample with respect to the external magnetic field for MAS SSNMR. The rotor is aligned at
and the sample is spun with a frequency
. Spinning the sample adds time dependence to the
Hamiltonian which leads to the averaging of anisotropic interactions.

The effect that MAS has on the dipolar interaction will be investigated here; a very similar
analysis can be done for the chemical shift interaction. Like the chemical shift discussed previously,
the dipolar Hamiltonian can be written with respect to an interaction tensor.
⃑ ⃑

(1.31)

Where ⃑ and ⃑ are the spin angular momentum operators for the two interacting nuclei and D is the
axially symmetric dipolar coupling tensor. When represented in Cartesian coordinates in the PAS,
the tensor takes the form:
(

)(

)

(1.32)

where d is the dipolar coupling constant between the spins. In general, it is possible to express
Cartesian tensors as a product of irreducible spherical tensors of rank two:
∑ ∑(
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)

(1.33)

where

is the spatially dependent part of the interaction and

is the spin-operator dependent

part of the interaction.
It is convenient to express the dipolar coupling tensor in the laboratory frame, as in this frame
the secular approximation can be used to simplify the Hamiltonian. This simplified version of the
dipolar interaction was reported earlier (Equ. 1.24). The spin components of this Hamiltonian are
made up of only the spherical tensor operators:
( ⃑ ⃑)
(1.34)
√

(

⃑ ⃑)

All of the conversions between spherical tensors and Cartesian spin operators can be found in
Appendix C of Multidimensional Solid-State NMR and polymers by Schmidt-Rohr [80]. The dipolar
coupling Hamiltonian in the LAB frame can now be written as:
(1.35)
All other terms in the dipolar coupling Hamiltonian are neglected in the secular
approximation as they do not commute with the Zeeman interaction. The spatial spherical tensor is
built from the principal components of the dipolar interaction tensor. The two components of interest
have the form:
(

)
(1.36)

√ (

)

The dipolar coupling tensor in the PAS is traceless and

. This means the

Hamiltonian simplifies to:
(1.37)
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All that remains is to determine what

is in the LAB frame. What follows is the

transformation of the dipolar coupling tensor from the PAS to the laboratory frame (LAB). The
transformation goes through an intermediate frame known as the rotor frame which rotates at the
speed the sample is spun around the magic angle (Figure 1-5).

Figure 1-8: Reference frames used in analysis of effect of MAS on dipolar interaction. Interaction is first considered in
the PAS which is then rotated into the ROTOR frame by applying the Euler rotation
. From the ROTOR frame the
( ).
interaction is transformed into the LAB frame by applying the time-dependent Euler rotation

The transformation from the PAS to the ROTOR frame is characterized by the Euler angles
(

) which are random variables in a powder sample. The second transformation,
( )

from the ROTOR frame to the LAB frame, uses the time-dependent Euler angles
(

). The first angle,

, incorporates the time dependence because the ROTOR frame

rotates in comparison to the LAB frame. This angle is given by
zero by convention. The second angle,

,

is taken to be

, is the angle the rotor makes with the external magnetic

field. The LAB frame is defined only by the external magnetic field along the z-axis. This means
that there is no restriction on the definition of the x and y axis in this frame. This means that the third
Euler angle,

, can be set to zero.

The advantage of using the spherical tensor representation of the Hamiltonian is that
spherical tensors are very easy to rotate. The transformation requires only tensors of the same rank:
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(

∑

where

is the

)

(1.38)
(

tensor in the new reference frame and

) is known as the Wigner

rotation matrix which is a function of the Euler angles.
(

)

( )

(1.39)

( ) is the reduced Wigner rotation matrix whose elements can be found in Appendix B

where

of [80]. This gives:
( )

∑

(

)

∑

( )

∑

(

( )

)

(

)
(1.40)

( )

∑

(

)

( )

(

where the only non-zero component of

)

( )

∑

is the

( )

( )

(

)

term. This can be rewritten as a Fourier

series:
( )

∑
( )

( )

( )

(1.41)
( )

(

)

(1.42)

Combining the spin and spatial components of the tensor gives the final form of the dipolar
coupling Hamiltonian under magic angle spinning.
⃑ ⃑)

(

√

(1.43)
( )

√
The

(

⃑ ⃑)

√

∑

( )

(

⃑ ⃑)

terms in this expression contribute to spinning side bands (Figure 1-9).
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Figure 1-9: Simulated spectra of backbone amide 15N (σiso=119.6 ppm) resulting from the N-H dipolar coupling under
the static condition and at MAS spinning frequencies of 1 kHz, 4 kHz and 12.5 kHz. Simulation was done with the
SPINEVOLUTION [82] software using the dipolar coupling constant bIS=11.5 kHz corresponding to the backbone N-H
internuclear distance of 1.01 A (Simulation produced by D. Good [83]).

The zeroth order Fourier component will be the focus of the remainder of the discussion.
There is no time dependence to this term and therefore it cannot be averaged out through spinning.
The goal of magic angle spinning is to remove the anisotropic interactions. Expanding this term
using the definition of the reduced Wigner rotation matrix gives:
( )

(

)(
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)

(1.44)

where, once again,

is a random variable in a powder sample and

axis of the rotor and the external magnetic field. If we choose

is the angle between the z-

such that (

) is

zero, then the zeroth order term will vanish. This is accomplished when the rotor is oriented at
54.74° (the “magic angle”) from the external magnetic field. By physically orienting the sample at
this angle with respect to the field, and spinning the sample about this axis, the dipolar coupling is
effectively removed from the system [84].

1.6 Multidimensional NMR Spectroscopy
In the simplest NMR experiment the nuclear spins start in an equilibrium aligned with the
external magnetic field. The slight population difference leads to polarization in the sample. RF
pulses are then applied to rotate this polarization into the transverse plane. Each individual spin will
then undergo Larmor precession at their unique Larmor frequencies determined by their chemical
shifts. The NMR spectrometer then detects these Larmor frequencies as the free induction decay
(FID), the Fourier transform of which results in the NMR spectrum. In this spectrum each peak
corresponds to the Larmor frequency of a single spin.
For samples consisting of small molecules with each nucleus in a very unique environment it
is possible to assign all peaks in the 1D spectrum. In general, this is not the case for samples of large
molecules or samples that have spins located in similar chemical environments. This is especially
true in membrane protein SSNMR. Large portions of the protein have the same secondary structure
and there is a large amount of repeated residue sequences leading to large amounts of spectral
overlap in the 1D spectrum. With this large amount of overlap it is not possible to assign a peak in
the spectrum to an individual amino acid residue in the protein. This spectral overlap can be
overcome by performing higher dimensional experiments which allows for the site-specific
investigation of the protein.
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1.6.1 Cross-Polarization and Multidimensional Spectroscopy
As mentioned previously, there are a large number of degenerate peaks in the 1D spectrum of
large molecules in spite of unique chemical shifts and sharper lines due to MAS. Multidimensional
spectroscopy involves looking not just at the Larmor frequency of a single spin, but at the correlation
of the chemical shifts of two or more spins (Figure 1-10).

Figure 1-10: Multidimensional NMR spectroscopy allows for 1D NCA experiment to be spread into a second dimension
allowing for easier assignment of cross peaks.

Cross-polarization (CP) is a common method to excite and transfer polarization between two
nuclear species. CP was first introduced by Hartmann and Hahn in 1962 [85] and has since been
used to transfer polarization from abundant nuclei to rare nuclei to enhance the signal of rare species
[86]. CP has two main uses: to enhance the signal of nuclei with low gyromagnetic ratios, and to
introduce a mixing period in multidimensional experiments [87]. The polarization transfer is
accomplished under MAS by applying RF pulses to the nuclei, I and S, simultaneously leading to the
matching of the Hartmann-Hahn condition (

) [88]. This allows for frequency

specific transfer of polarization, letting polarization transfer from nitrogen nuclei to only alpha
carbons (CA) or carbonyl carbons (CO) [89].
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Two-dimensional spectroscopy can be illustrated using chemical shift correlation
experiments (Figure 1-11). The first step is the rotation of proton polarization into the transverse
plane with a 90° pulse. This is followed by a CP step between the high gyromagnetic ratio protons
and the low gyromagnetic ratio nitrogen nuclei. Following the generation of transverse polarization
on nitrogen by CP the nitrogen spins are allowed to evolve under only the chemical shift interaction
for a time period

. During this time period, the chemical shifts of the nitrogen spins are recorded in

the phase of the magnetization. After this period of free evolution, polarization is transferred from
nitrogen to alpha carbons through a second CP step. The alpha carbon spins are then allowed to
undergo free precession, referred to as
directly observed. The

evolution, during which the FID for the alpha carbons is

evolution time is then incremented which corresponds to a phase shift in

the nitrogen magnetization before transfer to alpha carbons and the experiment is repeated.

Figure 1-11: Typical 2D NCA experiment. Polarization is transferred from protons to nitrogen through CP, chemical
shifts are recorded and polarization is transferred to alpha carbons where it is directly detected.

Once data has been obtained for a large number of

values, a 2D Fourier transform is

performed generating a 2D frequency domain spectrum with cross peaks corresponding to
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correlations between nitrogen and carbon chemical shifts. The cross peaks mainly reflect nuclei that
are directly bonded to each other since they are spatially close together and the dipolar coupling
strength between them is strong.
The benefit of 2D experiments is that the peaks that were present in the 1D spectrum are
spread over a second dimension. This removes a great deal of spectral overlap making it easier to
assign peaks. It is possible to do higher dimensional experiments; each added dimension leads to a
decrease in spectral overlap but at the cost of much longer experiment run times.

1.7 NMR Signal Relaxation
The NMR signal is generated by the polarization in the transverse plane but this is not an
equilibrium state and will not last indefinitely. The signal will decay and polarization will relax back
to the equilibrium condition. This relaxation can be characterized by two different time constants:
the recovery of equilibrium polarization along the z-axis ( ), and the decay of the polarization in the
transverse plane ( ).

1.7.1

– Longitudinal Relaxation
The longitudinal relaxation rate is the rate at which magnetization along the z-axis is regained

after perturbing the system from equilibrium. This involves redistributing the populations of nuclear
spin states and is by definition not energy conserving. For this type of relaxation to occur,
interactions with the surroundings must be present to donate the energy required to redistribute the
spin populations. Interactions with the surroundings alone are not enough to cause relaxation; there
must be random motions or fluctuations that modulate the interactions. When these modulations have
components at the Larmor frequency they drive transitions and eventually lead to equilibrium. This
type of relaxation has been termed spin-lattice relaxation because of the dependence on interactions
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with the surroundings. In the solid state, and in membrane proteins specifically, this relaxation
mechanism occurs on the order of seconds and contributes to the length of SSNMR experiments. As
was discussed in the previous section, a number of scans are performed in a 2D experiment, each
with a slightly different

time. Between each of these scans we must wait for the equilibrium state

to be re-established.

1.7.2

and

– Transverse Relaxation

Due to homogenous line broadening effects, such as molecular motions and microscopic
fluctuations in the magnetic field, the net transverse magnetization decays over time. The time
constant for this relaxation is denoted

. In the solid phase, anisotropic interactions also add to this

homogenous broadening. There may also be inhomogeneous line broadening due to inhomogeneity
in the external magnetic field or local structural inhomogeneity in the sample. This inhomogeneity
leads to slight differences in the Larmor frequency of each spin, causing the transverse magnetization
to dephase, thereby resulting in an apparent increase in the relaxation rate. The observed transverse
relaxation with both homogenous and inhomogeneous components is referred to as

. It is

possible to remove the inhomogeneous contributions to the transverse relaxation by performing a
simple spin echo experiment to refocus only inhomogeneous components [90].

1.7.3

– Transverse Relaxation in the Rotating Frame
There is one more important time constant to consider when it comes to relaxation rates in

NMR. It is often the case in experiments that the magnetization will be locked along a certain axis in
the transverse plane for a period of time such as during CP processes. This stops the evolution of the
spins in the transverse plane and is referred to as a spin lock and is achieved through an applied RF
pulse. When the system is viewed from a frame rotating at the frequency of the applied RF pulse the
magnetization vector appears stationary along the axis of the pulse and will then relax by the same
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mechanisms discussed above. This relaxation rate is important because if

is very short then the

magnetization may decay before it can be utilized for either detection or transfer to other nuclei.

1.8 Solid-State NMR of Membrane Proteins
MAS SSNMR is becoming a powerful tool that can be used to investigate the structure and
function of membrane proteins in a native-like lipid bilayer environment. Unlike x-ray
crystallography and solution NMR, SSNMR does not require crystal samples or have size limitations.
SSNMR has been used to obtain resonance assignments for a number of membrane proteins, and
partial assignments have been uncovered for many more [72,73,91–103]. Once assignments are
known, SSNMR can be used to obtain structural information in the form of distance and torsion
angle constraints [104–108], solvent accessible regions [57,103,109], ligand binding [105,110–115],
and for determining orientation of transmembrane helices [103,116,117]. More recently SSNMR has
been used to determine the monomeric and oligomeric structure of a membrane protein [118].
To perform structural studies using SSNMR, one must first assign amino acid residues to
peaks observed in NMR spectra. The first step in this process is to identify intra-residue interactions
that allow for the determination of the type of amino acid. This is followed by identification of interresidue interactions which allows residues to be linked together forming the primary structure of the
protein. To obtain these assignments, a number of NMR experiments must be carried out on the
same sample. In general, to assign large membrane proteins, at least three 3D NMR experiments
must be done.
A major source of structural information in SSNMR experiments are distance restraints
obtained from probing dipolar coupling strengths between nuclei in the protein. Once these restraints
are obtained a structure calculation is performed that starts with the protein in a fully unfolded state
at a high temperature. As the calculation proceeds, the temperature is decreased and the dipolar
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coupling distance restraints are used to constrain the structure of the protein. There are limitations to
what can be obtained from dipolar couplings though. Due to the weak nature of the interaction, it
can only probe short distances. (Figure 1-12).

Figure 1-12: Dipolar coupling strength (

) for common pairs of nuclei. Dot-dashed line proton homonuclear

coupling, dotted line H-C dipolar coupling, dashed line C-C dipolar coupling, solid line C-N dipolar coupling. The most
important pairs for SSNMR are C-C and C-N. Image created using MapleTM.

It is difficult to assign these short range interactions to only one pair of interacting nuclei
without previous knowledge about which parts of the protein must be close. A way to remove this
limitation is to use a template structure that allows for the removal of ambiguity in assigning dipolar
couplings to pairs of nuclei. This template is difficult to obtain using only dipolar interactions that
can be assigned because the interaction is too weak to probe interhelical interactions in α-helical
membrane proteins. Without this source of information it is very difficult to obtain high resolution
3D structures of these proteins. This study investigates a method to generate such a template that
could be used to improve structure calculations of membrane proteins. The method used here takes
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advantage of the effect that a paramagnetic center has on NMR spectra and the fact that the electronnuclear dipolar interaction is much stronger than the standard NMR interactions.
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Chapter 2
NMR of Paramagnetic Molecules
A molecule that has unpaired electrons in atomic or molecular orbitals is known as
paramagnetic. These unpaired electrons, much like nuclei, have spin angular momenta and an
associated magnetic moment. The magnetic moment of the electron is much greater than that of
nuclear magnetic moments, however, due to the fact that the electron gyromagnetic ratio is ~2 – 3
orders of magnitude larger than the gyromagnetic moment of nuclear spins (for protons
⁄

). This strong magnetic moment of unpaired electrons in paramagnetic species leads

to a strong coupling between the spin of the unpaired electrons and the nuclear spins around the
paramagnetic moiety. The increase in strength of the coupling due to the increase in the
gyromagnetic ratio of the electron provides a method of obtaining structural information on length
scales usually unreachable by traditional dipolar coupling based NMR techniques (~20 – 25Å).
Interactions between the introduced paramagnetic center and nuclear spins manifest themselves as
pseudocontact shifts (PCSs) of NMR frequencies and enhanced nuclear spin relaxation rates
(paramagnetic relaxation enhancement or PREs). One or both of these effects may be present
depending on the type of paramagnetic center introduced.
The use of paramagnetic tags has become common practice in solution NMR [17,119–123],
but analogous SSNMR experiments have classically focused on small molecules [124–133] and only
recently have been applied to the study of proteins [134–139]. In recent years, a number of
successful MAS SSNMR studies of 13C,15N-labelled protein molecules containing paramagnetic
centers have been reported. These studies include the rapid acquisition of SSNMR experiments with
high sensitivity [140–147], solvent accessibility surfaces of peptides and proteins [145,148], the
determination of sequential 13C and 15N resonance assignments [149], peptide insertion into lipid
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bilayers [150], and site-specific PCSs [151,152] and nuclear PREs [141,153–155], as well as initial
applications of PCS [156] and PRE [118,157,158] restraints to protein structure determination.

2.1 Electron-Nucleus Interactions
When an unpaired electron spin ½ and nuclear spin ½ interact in an external magnetic
field, ⃑⃑ , the Hamiltonian describing the interaction is given by:
⃑ ⃑ ⃑⃑

⃑ ⃑⃑

⃑ ⃑ ⃑

Where ⃑ and ⃑ are the nuclear and electron spin angular momentum operators,
magneton,

(2.1)
is the Bohr

is the nuclear gyromagnetic ratio, ⃑ is the electron g-tensor which includes the

anisotropy in the electron magnetic moment due to the orbital contribution, and ⃑ is the hyperfine
coupling tensor between the electron and nuclear spins that contains the through-space magnetic
dipole-dipole interaction as well as the through-bond Fermi contact part.

2.1.1 Paramagnetic Shifts
The addition of a paramagnetic center to a NMR sample can lead to large shifts in nuclear
resonance frequencies for spins found both close to (Fermi contacts) and far away (PCSs) from the
introduced paramagnetic center.
Fermi contacts arise from the presence of unpaired electron density at the location of a
nucleus that is not present when the paramagnetic center is absent. This type of contact can lead to
very large changes in resonance frequencies (hundreds or even thousands of ppm shifts), but are only
present in nuclei very close to the paramagnetic center. The effect decreases rapidly as the number
of bonds between the nuclear spin and the paramagnetic center increases [159]. This interaction is
neglected in most NMR studies as these studies aim at obtaining long-range distance constraints.
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PCSs are present at much longer distances and stems from the through-space dipolar
coupling between nuclear and electron spins. This interaction depends very heavily on the
anisotropy of the electron g-tensor. Paramagnetic centers with nearly isotropic g-tensors (nitroxide
spin labels as well as Cu2+, Mn2+, and Gd3+) produce almost no PCSs, whereas paramagnetic centers
such as Co2+ and lanthanide ions except Gd3+, which have large anisotropic g-tensors, produce large
PCSs. Due to the through-space, long-range nature of this interaction it is useful in obtaining
distance constraints but its use is limited when considering large membrane proteins. The shift of
peak locations in the NMR spectra may require the protein to be reassigned with the paramagnetic
center present before useful information can be obtained. This is no easy task.

2.1.2 Paramagnetic Relaxation Enhancement
In the same way that the dipolar coupling between nuclear spins leads to an increase in the
relaxation rate of coupled spins in the NOEs used in solution NMR, the dipolar coupling between the
electron spin and the neighbouring nuclear spins leads to increased relaxation rate of the nuclear
spins. Rapid electron spin relaxation (present in both the solid and the solution phase) and/or
molecular tumbling (only present in solution phase) results in a magnetic field that fluctuates in
direction and/or magnitude at the site of nuclear spins. This means the introduction of a paramagnetic
center has an effect on the relaxation rate of the nuclei coupled to it by the dipolar interaction. This
effect is expressed by the Solomon-Bloembergen equations as follows [160–162]:
(

(

)

(

)

)

(

(
(

)
)

(
(

Where

is the permeability of free space,

electron g-value (assumed to be 2.0023),

(

)

)

)

(2.2)

(2.3)
(

)

)

is the nuclear gyromagnetic ratio,

is the

is the Bohr magneton, S is the electron spin quantum
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number, r is the electron – nucleus distance and

and

and electron, respectively. The correlation time

contains contributions from the electron spin

are the Larmor frequencies of the nucleus

relaxation (characterized by the longitudinal relaxation time constant
(rotational correlation time,

), molecular tumbling

) and chemical exchange (exchange correlation time,

). The

correlation time is given by:
(2.4)
Due to the fact that the electron gyromagnetic ratio is so much larger than that of the nuclear
spins

(

the difference between these terms can be taken to be simply

).

This leads to the simplification of equations (2.1) and (2.2):
(

(

(

)

)

)

(

)

(

(

)

(2.5)

)

(2.6)

In the solid phase, the correlation time is assumed to be purely the electron relaxation time.
This is because there is limited molecular rotation and the chemical exchange processes are also
expected to be minimal; therefore, in solids

. These are general simplifying assumptions that

may not apply to all systems.
With the further assumption that the correlation time is simply the electron relaxation time it
becomes obvious that the equations describing the PRE effect in solids depend on the distance
between the paramagnetic center and the nuclei (as r-6). The magnitudes are also a function of the
electron spin quantum number S as well as the electron relaxation time Te of the paramagnetic center.
Different paramagnetic centers have different relaxation times and different spin quantum numbers
(Table 2-1); this allows for the choice of a paramagnetic center that best suits the situation.

38

Table 2-1: Spin quantum number and electron longitudinal relaxation time constant for different paramagnetic species

Species

S

Te (ns)

0

NA

Cu2+

1/2

~2

Mn2+

5/2

~10

Nitroxide

1/2

~100

2+

Zn

From investigating equations (2.5) and (2.6) it becomes obvious that it is possible to choose a
paramagnetic center that will have a large effect on the longitudinal relaxation rate but a modest
effect on the transverse relaxation rate or vice-versa (Figure 2-1).

Figure 2-1: Dipolar contributions to (A) longitudinal and (B) transverse nuclear spin relaxation rates due to the presence
of nitroxide (redlines) and Cu2+ (blue lines) paramagnetic centers (S = ½ for both species), calculated as a function of the
electron–nucleus distance using the Solomon–Bloembergen equations (Equation (2.5) and (2.6)). Calculations were
carried out for B0 = 18T, ge = 2.0023, Te(NO) = 100 ns, and Te(Cu2=) = 2 ns, and assume that electron spin relaxation is the
only contributing factor to the overall electron correlation time for NMR experiments performed in the solid phase.
Calculations carried out using MapleTM.

Nitroxide and Cu2+ spin labels are both spin ½ paramagnetic centers and therefore only differ
in their electron relaxation times. Nitroxide labels have much longer

values and this leads to a

modest effect on the longitudinal relaxation rate of nuclei even very close to the center (Figure 21A). The

term in equation (2.6) causes nitroxide labels to have larger transverse effects than
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Cu2+ because of the two order of magnitude larger

(Figure 2-1B) It is also possible to choose a

paramagnetic center that will affect nuclear spins in a larger or smaller radius around the center.
As can be seen in equations (2.5) and (2.6), the magnitude of the relaxation enhancement is
dependent on the gyromagnetic ratio of the nuclei interacting with the electron. Since protons have
the largest gyromagnetic ratio the PRE effect is largest on protons. As described previously, in an
NCA experiment the proton magnetization is rotated into the transverse plane and then cross
polarization is used to transfer the polarization to nitrogen nuclei. When nitroxide spin labels are
used, the transverse magnetization of protons near the paramagnetic center decays rapidly during the
CP step due to the PRE effect. Since there is less magnetization on the protons, less magnetization is
transferred to the coupled nitrogen spins. The decrease in magnetization transfer for these nitrogen
spins close to the paramagnetic center leads to weaker peaks in spectrum of a paramagnetically
labelled sample when compared to the same peaks in samples without the paramagnetic center. By
comparing peak intensities it is possible to determine which nuclei must be close in space to the
paramagnetic center. Residues very close to the center have their peak intensities decrease below the
noise level of the experiment; residues a little further away have peak amplitudes attenuated but still
present in the spectrum and residues far from the center do not appear to be affected.
The focus of this thesis will be on the PRE effect and how it can be used to supplement
standard NMR experiments. In order to take advantage of paramagnetic effects there must be a
paramagnetic center. If the protein does not naturally have a paramagnetic center one must be
introduced through site-specific labelling.

2.2 Site-Specific Spin Labelling
Site-specific spin labelling is a technique that has been used in electron paramagnetic
resonance experiments for a long time [163]. The technique takes advantage of tags that can be
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covalently attached to proteins at cysteine residues through three main techniques: maleimide
reactions, haloacetyl reactions (usually iodoacetyl or bromoacetyl), and pyridyl disulfide reactions.
The native cysteine residues in the protein are replaced and non-native cysteine residues are
introduced through site-specific mutagenesis. If a native cysteine residue is to be labelled then all
other cysteine residues are mutated leaving only the desired labelling site. These cysteine residues
are then reacted with a molecule with a paramagnetic center attached to a maleimide, haloacetyl or
pyridyl disulfide group. The cysteine reacts with these groups resulting in a covalently attached
paramagnetic moiety. This paramagnetic center is then exploited to allow for the use of
paramagnetic effects in the NMR experiments. Common spin labels include nitroxide radicals and
EDTA with bound paramagnetic metallic ions (Figure 2-2).

Figure 2-2: Common spin labels used for experiments with paramagnetic centers. [A] a nitroxide radical (MTSL) [B]
EDTA which is capable of binding paramagnetic metal ions such as Cu2+.

2.3 Summary of Goals
In this thesis, we use PRE experiments to obtain long range distance restraints that will aid in
determining the structure of PR. Optimization of site-specific spin labelling is performed on four
mutant versions of PR (C175, C107, S55C and S215C) to obtain samples containing a single
paramagnetic center for PRE investigation. We attempt to carry out PRE experiments on the mutants
that successfully label. Two-dimensional NMR spectroscopy is used to obtain long range distance
restraints by observing site specific PRE effects in spin labelled samples.
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Chapter 3
Experimental Methods
3.1 Materials
Common chemicals of reagent grade were purchased from either Fisher Scientific
(Unionville, Ontario, Canada) or Sigma-Aldrich (Oakville, Ontario, Canada). The isotopically
labelled compounds 15NH4Cl and 2-13C glycerol, were obtained from Cambridge Isotope
Laboratories (Andover, MA). The Ni2+-NTA (nitrilotriacetic acid) agarose resin was purchased from
Qiagen (Mississauga, Ontario, Canada). Lipids were purchased from Avanti Polar Lipids (Alabaster,
AL). (1-oxyl-2,2,5,5-tetramethyl-Δ3-pyrroline-3-methyl) methanethiosulfonate (MTSL), methyl
methanethiosulfonate (MMTS) and [S-Methanethiosulfonylcysteaminyl]ethylenediamineN,N,N’,N’-Tetraacetic Acid (MTS-EDTA) were obtained from Toronto Research Chemicals
(Toronto, Ontario, Canada). Plasmid DNA for four mutant strains of PR was obtained from So
Young Kim and Kwang-Hwan Jung (Sogang University, Seoul, Korea). The mutants were: C107S +
C156S PR (referred to as C175 PR), C156S + C175S PR (referred to as C107 PR), triple cysteineless (TCM) + S55C PR (referred to as S55C PR) and TCM + S215S PR (referred to as S215C PR).
C175 PR and C107 PR have two native cysteines mutated to serine whereas S55C and S215C have
all three native cysteines mutated to serine and a native serine mutated to cysteine. All mutants only
have one cysteine residue left in the protein.

3.2 Expression and purification of PR
The following protocol for expression of PR was performed for each of the four mutants.
BL21-CodonPlus-RIL E. coli cells were transformed with a plasmid encoding C-terminally 6 His-
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tagged PR (pKJ900 plasmid). Cells were cultured in M9 minimal medium in the presence of two
antibiotics (Ampicillin and Chloramphenicol) at 30°C. The sole nitrogen source was ammonium
chloride (1 g/L culture) and glycerol was used as the sole carbon source (4 g/L culture). Isotopically
labelled samples for NMR studies were made using 15N-ammonium chloride and 2-13C glycerol as
the only nitrogen and carbon sources, respectively.
IPTG (1 mM) was used to induce expression of PR in the cells when the cell density of the
culture reached

. Retinal was added to a final concentration of 7.5 µM with the IPTG

to regenerate expressed opsin. Cells were incubated for 21 hours after induction and then harvested
and pre-treated with lysozyme (12 mg/L culture) and DNAse I (600 units/L culture) before being
frozen. Cell lysis was accomplished through sonication and membranes were collected by
ultracentrifugation at 150,000 g.
All mutants were originally purified using the same method. Membranes were solubilized in
1% Triton X-100 overnight at 4°C after which ultracentrifugation (150,000 g.) was used to remove
insoluble debris. The supernatant was mixed with Ni2+-NTA resin for 18 hours allowing PR to bind
to the resin. Purification was carried out using the batch procedure described in the manual from
Qiagen with a vacuum filter flask used to remove washing buffer. Washing buffer had Triton X-100
as the solubilizing detergent for the first five washes; the final three washes were done with DDM as
the detergent. Washes were followed with spectrofluorimetry to determine when all impurities had
been removed from the resin. This method of purification is the same as the method that has been
reported previously [73] and the resultant purified protein was tested for spin labelling ability.

3.3 Spin labelling
In all instances, spin-labelling was done at 20 molar excess of MTSL or MMTS. Excess
label was removed through repeated buffer exchange using Amicon Ultra-15 Centrifugal Filter Units.
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After removal of excess label, samples were sent for liquid chromatography-electrospray ionizationquadrupole-time of flight-mass spectrometry (LC-ESI-Q-TOF-MS) to test the extent of labelling and
screen labelling conditions.

3.3.1 C175 Spin-labelling
Purified PR was mixed with MTSL for 1 hour at room temperature. No other spin-labelling
trials were required for this mutant, the standard purification protocol produced samples that labelled
readily.

3.3.2 C107 Spin-labelling
The above labelling conditions were tested on C107 PR and resulted in very poor labelling,
less than 20% of the sample was spin labelled. The same procedure as above was repeated with the
labelling done at a higher pH (pH 9) to determine if a more optimal pH could be found. When this
did not produce improvement in labelling, we screened solubilization and labelling conditions as
discussed in the following. Additionally, we also tested another spin label (MTS-EDTA) to see if the
size or chemical properties of the label could be changed to improve labelling efficiencies for this
mutant.
As there is evidence suggesting that the oligomeric state of PR depends on detergents
[164,165] and oligomeric state may contribute to accessibility of the labelling site, two solubilization
protocols were tested. In the first protocol membranes were solubilized using 1% Triton X-100 as
described above while in the second protocol membranes were solubilized using 1% DDM for 18
hours. Samples purified in Triton were then washed in Triton exclusively; the detergent was not
changed to DDM. Samples solubilized in DDM were washed in DDM exclusively.
Labelling with both MTSL and MTS-EDTA was tested at room temperature (~21°C) for 1
and 2 hours, at 50°C for 1 hour, and at 4°C for 48 hours.
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3.3.3 S55C Spin-labelling
The standard preparation did not result in a strongly labelled sample leading to screening of
solubilization, purification, and labelling conditions. Solubilization was screened the same as for the
C107 mutant above.
Purification was also altered in the subsequent labelling trials. The washing step was altered
to minimize the exposure of the sample to air. To accomplish this, the vacuum filter flask was
replaced with centrifugation and manual removal of supernatant.
Labelling conditions screened were at four different temperatures, room temperature
(~21°C), 30°C, 40°C, and 50°C. At room temperature two different labelling times were tested, one
and two hours. At all higher temperatures, labelling was done for only one hour to ensure minimal
degradation of the sample.

3.3.4 S215C Spin-labelling
As was the case with the C107 and S55C mutants, the standard purification methods did not
result in high efficiency labelling, and mass spectrometry results where much noisier for this mutant.
The two different solubilization methods described above were screened and labelling was tried for
one hour at room temperature after the purification method described for S55C was employed.

3.4 Reconstitution of PR for NMR Studies
Liposomes for reconstitution were prepared by hydrating dried DMPC and DMPA mixed in
9:1 ratio (w/w). Liposomes were mixed with purified solubilized PR at a lipid to protein ratio of 1:2
(w/w). The mixture was incubated at 4°C for 18 hours before the addition of Bio-beads to remove
detergent. Bio-beads were mixed with the sample for 24 hours and proteoliposomes were collected
by ultracentrifugation for one hour at 150,000 g.
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Three different samples were prepared for the C175, C107 and S55C mutants. The three
samples were: the control sample, the diluted sample and the undiluted sample. For the control and
diluted samples 4 mg of 13C, 15N- labelled PR with either a diamagnetic tag (control sample) or
paramagnetic tag (diluted sample) at the lone cysteine was mixed with 8 mg of natural abundance
(NA) PR with a diamagnetic tag at the lone cysteine before reconstitution. The undiluted sample
contained 4mg of 13C, 15N- labelled PR with a paramagnetic tag on the lone cysteine mixed with 8mg
of diamagnetic tagged NA PR after reconstitution to ensure a full rotor was used. A summary of the
samples used in this study is given below (Table 3-1).
Table 3-1: Summary of the characteristics of samples used in this study. Information given on the types of mutants as
well as the makeup of the NMR samples prepared.

Mutant

C175

C107

Mutant Description
Two native cysteines
(C107 and C156)
mutated to serine
leaving C175 as the only
cysteine present
Two native cysteines
(C156 and C175)
mutated to serine
leaving C107 as the only
cysteine present

S55C

Three native cysteines
(C107, C156 and C175)
mutated to serine and
serine 55 mutated to
lone cysteine present

S215C

Three native cysteines
(C107, C156 and C175)
mutated to serine and
serine 215 mutated to
lone cysteine present

Control

NMR Samples
Diluted

Undiluted

4mg isotopically
4mg isotopically
4mg isotopically
labelled protein
labelled protein
labelled protein
with diamagnetic
with paramagnetic with paramagnetic
label covalently
label covalently
label covalently
attached at lone
attached at lone
attached at lone
cysteine mixed with cysteine mixed with cysteine mixed with
8mg natural
8mg natural
8mg natural
abundance protein abundance protein abundance protein
with diamagnetic
with diamagnetic
with diamagnetic
label covalently
label covalently
label covalently
attached at lone
attached at lone
attached at lone
cysteine before
cysteine before
cysteine after
reconstitution
reconstitution
reconstitution

NA

NA
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NA

3.5 MAS SSNMR Spectroscopy
All NMR experiments were performed on a Bruker Biospin Avance III spectrometer
operating at 800 MHz using a 3.2-mm triple channel 1H-13C-15N E-FREE probe. The MAS rate was
controlled using a Bruker MAS control unit and a spinning rate of 14.3 kHz was used for all
experiments. Approximately 12 mg of PR (4 mg NMR active protein plus 8 mg of NA protein) was
center packed into a 3.2-mm thin-walled rotor. The effective temperature (calibrated externally using
neat methanol[166]) was kept at 278 K for all experiments.

3.3.5 N/CA Chemical Shift Correlation Spectroscopy
Two dimensional N/CA chemical shift correlation experiments were performed on all
samples (Figure 3-1). Typical ⁄ pulses were 2.5 µs for 1H, 4 µs for 13C, and 7 µs for 15N. The
1

H/15N CP contact time was 300 µs, two constant RF power levels were tested for 15N, 45 kHz and 50

kHz while the proton lock field was ramped linearly (10% ramp) around the

Hartmann-Hahn

⁄

, spinning frequency

condition. For the 15N/13CA CP, a constant lock field of

(

in Hz) strength was applied on 15N while the 15C field was ramped linearly (5% ramp) around
. Optimized continuous wave (CW) decoupling at 100 kHz was applied to protons during
15

N/13CA CP steps, while SPINAL-64 [167] decoupling of ~83 kHz was applied during indirect and

direct chemical shift evolution.

47

Figure 3-1: Pulse Sequence for 2D N/CA experiments. Narrow and wide solid rectangles represent and pulses,
respectively. Indirect acquisition during and direct detection during . The phase cycling was performed as follows:
;
;
;
;
;
;
.

3.3.6 Lee-Goldburg (LG) CP N/CA Spectroscopy
In a select number of experiments the carrier frequency of the proton pulse was altered from
the resonance value of 800 MHz to create an off resonance pulse during the initial 1H/15N CP step. It
was shown by Lee and Goldburg that the proton-proton dipolar interactions Hamiltonian can be
averaged out to the first order through the application of an off resonance RF field such tha the
effective field is oriented at the magic angle with respect to the z-axis (Figure 3-2) [168]. This is
achieved when the offset of the applied RF pulse (Δ) is chosen so that:
√

(3.1)
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Figure 3-2: Orientation of the Lee-Goldburg irradiation applied off resonance.
denotes the RF frequency of the pulse
and represents the RF pulse offset value. The effective magnetic field created due to the offset pulse is oriented at the
magic angle (
) and is the axis that the proton spin polarization rotates about (See section 1.4.5).

The application of the LG condition leads to averaging of the first order terms in the
homonuclear dipolar coupling interaction, and significantly slows through-space proton-proton spin
diffusion. This was desirable for samples where the spin label is located in the middle of the protein
where a large proton bath surrounds the paramagnetic center. The proton bath could lead to a
uniform decrease in signal intensity in the sample through proton-proton spin diffusion. Protons near
the paramagnetic center relax very quickly, but are repolarized through spin diffusion with other
protons further from the center at the cost of polarization from these removed protons. Weakening
this effect should lead to a more localized PRE effect.
The pulse program shown in Figure 3-1 was altered to include the LG CP step. A
preparatory pulse was added to the start of the pulse program on the 1H channel; rotating the proton
magnetization from the z-axis to 35.7° from the z-axis so the first 90° pulse in Figure 3-1 causes the
proton magnetization to end up at the magic angle (54.7°). During CP, to maintain the LG condition,
the pulse on 1H must be constant and was set to 48.40 kHz, so the ramp was moved to 15N which was
optimized around the first Hartman-Hahn condition (45 kHz). The length of the pulse was also
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optimized and changed from 300 µs to 500 µs (Figure 3-3). The pulse sequence is identical to the
normal N/CA experiment after the 1H/15N CP step.

Figure 3-3: LG CP N/CA pulse sequence. Narrow and wide solid rectangles are and pulses, respectively. The narrow
hollow rectangle is a 35.7° pulse on 1H. The phase cycling was performed as follows:
;
;
;
;
;
;
;
. The frequency of the
proton CP lock was changed to 34.27 kHz off resonance before the CP step and changed back to on resonance after the
CP pulse.

3.6 Data Processing and Analysis
Chemical shifts were referenced using two methods. Firstly, a secondary external standard
was used (adamantane 13C downfield peak at 40.48 ppm [169]). The second referencing method
used the already present chemical shift assignments to ensure that isolated peaks in the spectra
aligned with the correct chemical shift assignment value (a form of internal referencing). Data
processing was performed using the NMRPipe software suite [170]. Noise analysis, determination of
peak intensities and signal to noise values were obtained using the CARA environment [171].
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Chapter 4
Results and Discussion
4.1 Spin-Labelling and Mass Spectrometry
The first step in the use of PREs is the successful labelling of the protein with a paramagnetic
center. The addition of the covalently bound label changes the molecular mass of the protein by an
amount detectable using high resolution mass spectrometry. The expected molecular mass of all
mutant versions of PR is 26259 Da. The MTSL spin label adds an expected 185 Da making the
labelled protein’s molecular weight 26444 Da. The MTS-EDTA spin label is loaded with Cu2+
before labelling and adds 414 Da to the weight, giving a labelled protein mass of 26673 Da. By
comparing the amount of sample present at the labelled mass to the amount at the unlabelled mass
the extent of labelling was determined.

4.1.1 C175 Spin-labelling
Two samples were tested with mass spectrometry for this mutant: the mutant by itself in
detergent solution, and the mutant after the labelling process (Figure 4-1). As can be seen, the
labelling procedure used generates a sample with 100% labelling efficiency. There is no sample left
at the unlabelled mass when MTSL is added to the protein. This result indicates that the C175
residue is easily accessible to the label and is not oxidized readily in the protein. The known
structure of PR has C175 in an α-helical conformation in the E-F loop, but whether this residue faces
towards the protein, membrane or solvent is uncertain. The fact it is readily labelled may give
information into the orientation of the residue. It is unlikely that a residue in a stable secondary
structure facing the protein would label so easily, but it also does not oxidize, meaning it may be
somewhat protected from the external environment.
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Figure 4-1: C175 PR mutant spin-labelling efficiency tested using LC-ESI-Q-ToF mass spectrometry. Protein was solubilized using TX 100 and switched to DDM
during washing steps with exposure to air during washing. Sample was labelled at pH 8 for one hour at 20x molar excess MTSL and at 21 °C.

In all mass spectrometry results there appears to be added peaks following the major peak
present for the expected weight of the protein. These peaks are likely different oxidation states of
either cysteine or methionine residues. The peaks appear approximately 16 Da apart which would be
explained by the addition of an oxygen atom. It is possible that the cysteine residue oxidizes in
normal conditions but methionine is expected to oxidize during the mass spectrometry experiment
only and is an artifact of the protocol used to obtain highly accurate results for membrane proteins.

4.1.2 C107 Spin-labelling
When the normal purification protocol was followed and labelling was attempted on the
C107 mutant there was minimal labelling observed (Figure 4-2). By comparing peak heights in the
spectrum it is possible to get a rough idea as to the amount of protein labelled. In this case the bulk
of the sample, after labelling procedures have been employed, still appears to have the molecular
weight associated with the unlabelled protein. Only approximately 15% of the sample seems to have
labelled.
The lack of labelling in this mutant suggests that the C107 residue is not accessible when
samples are prepared as is usually done. This residue sits much closer to the middle of the protein
and may not be accessible. It is possible that, at the tested pH, the charge on the label or protein
hinders the labelling through electrostatic interactions. At a different pH, electrostatic interactions
may have been minimized (Figure 4-3).
When a higher pH was tested (pH 9 vs. standard pH 8) the labelling did improve, but not by
enough to successfully perform PRE experiments. The labelling seems to proceed to a critical value
(~1/3rd labelled) and then stalls even when labelling is carried out for a longer time (6 hours). It is
possible the normal preparation leads to micelles in which the labelling site is obstructed either by
detergent or the oligomeric state of the protein. When the protein was purified in two different
detergents a marked change in labelling was observed (Figure 4-4 and Figure 4-5).
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Figure 4-2: C107 PR mutant spin-labelling efficiency tested using LC-ESI-Q-ToF mass spectrometry. . Protein was solubilized using TX 100 and switched to DDM
during washing steps with exposure to air during washing Sample was labelled at pH 8 for one hour at 20x molar excess MTSL and at 21 °C. The sample seems to label
very poorly when the normal protein purification method is applied (~15% labelling efficiency).
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Figure 4-3: C107 PR mutant spin-labelling efficiency tested using LC-ESI-Q-ToF mass spectrometry. Protein isolated using standard procedure. Labelling was carried
out at pH 9 for 1 hour (blue) and 6 hours (red) at 21 °C with 20x molar excess MTSL. The sample still does not label well (~30% labelling efficiency with little
improvement at longer labelling times).
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Figure 4-4: C107 PR mutant prepared in DDM detergent only at three different temperature points (21°C, 50°C and 4°C). The 21°C and 50°C labelling was carried out
for one hour whereas 4°C labelling was performed for 48 hours. 20 molar excess of MTSL was used for all labelling trials. All trials were carried out at pH 8. Best
labelling was at 50°C with ~50% labelling.
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Figure 4-5: C107 PR mutant prepared in TX 100 detergent only at two different temperature points (21°C, 4°C the 50°C sample denatured). The 21°C labelling was
carried out for two different labelling times, 1 hour and 2 hours, whereas 4°C labelling was performed for 48 hours. 20x molar excess MTSL was used in all labelling
trials. All trials were carried out at pH 8. Best labelling conditions were 21°C for 1 hour (~90% efficiency).

The protein that was solubilized and purified in DDM showed better labelling than the one
prepared by the standard purification method, but only at a much higher temperature (50°C) which is
most likely due to a more open and accessible protein. The labelling was still only ~50% efficient
however, and for high quality PREs a highly labelled sample is required. The presence of
diamagnetic sample adds significant complications to the extraction of useful PRE information.
Protein solubilized and purified in only TX 100 detergent labelled to a much greater extent.
The denaturation of the protein in TX 100 when labelling was attempted at 50°C implies that the
protein is less stable in TX 100 than in DDM which may account for the higher labelling efficiency
in this detergent. The protein is more labile and the labelling site is therefore more accessible.
Labelling at 21°C was tested for longer time periods but it does not appear as if longer labelling leads
to better results.
To ensure that the highest possible labelling was obtained, the two different detergent
purified proteins were also labelled with MTS-EDTA, a second spin label. The label is slightly
larger than MTSL and showed less efficient labelling in all labelling conditions that were tested. The
highest labelling efficiency obtained was ~66% when labelling was carried out for 48 hours at 4°C
with the protein prepared in TX 100 only and at pH 8.
The best labelling condition for the C107 mutant was MTSL labelling for 1 hour at 21°C in
protein solubilized and purified in TX 100 detergent only at pH 8. This method was used to prepare
the PRE samples for NMR experiments.

4.1.3 S55C Spin-labelling
S55C was purified using the normal method and when mass spectrometry was conducted on
the pure protein the spectrum looked considerably different from all other mutants tested. The major
peak was not at the expected 26259 Da molecular weight; instead it was shifted to 26307 Da, an
increase of 48 Da. There were also peaks present at 26275 Da, 26291 Da and 26323 Da (Figure 4-6).

58

59
Figure 4-6: S55C PR LC-ESI-Q-ToF mass spectrometry results for unlabelled protein. Protein was purified using standard protocols (red) or in a single detergent only
with minimal exposure to air during washing steps. The standard protocol generates a sample with the cysteine residue present in a number of oxidation states; removal
of air exposure drastically reduced the number of oxidation states present. The type of detergent used, either DDM (blue) or TX 100 (red) does not appear to have a
large effect of the oxidation of the protein. All trials were carried out at pH 8.

The peaks are all separated by 16 Da. This is the mass of an oxygen atom and the peaks can
be explained as the different oxidation states of the sulfur present in the cysteine residue. The
oxidation of this site leaves it impossible to label with the spin label and so different purification
methods were implemented in an attempt to decrease this oxidation. Two different methods were
used in an attempt to reduce this oxidation. First, the purification procedure was changed to remove
any exposure of dried or partially dried protein to direct air, and second, solubilization was done in a
second detergent to ensure the presence of peroxides in TX 100 were not facilitating the oxidation of
this residue.
As can be seen (Figure 4-6), the amount of oxidation was drastically reduced in both
detergents when the purification was altered to reduce the amount of air exposure the protein had.
There does not appear to be a large dependence on the detergent used for protection from oxidation,
but as was found in the C107 mutant it is possible the detergent the protein is in can affect the
labelling efficiency. Labelling was attempted in both detergents to determine which detergent
produced the best labelling condition for this residue (Figure 4-7).
Labelling of the protein when prepared in DDM only resulted in the best results. Different
labelling times and temperatures where tested on the protein prepared in DDM to ensure that the
labelling could not be improved (Figure 4-8). In all trials the pH was kept at 8.
There was little difference between all labelling conditions tested in DDM prepared samples,
and so the 1 hour labelling at 21°C sample preparation was chosen as the best method of labelling
this mutant and for the NMR PRE experiments.
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Figure 4-7: S55C PR spin-labelled with MTSL when protein was prepared in DDM only (red) and TX 100 only (blue). Protein was purified with minimal exposure to
air and labelling was carried out at 21 °C for 1 hour at pH 8 with 20x molar excess MTSL. The protein prepared in DDM only labels at almost 100% efficiency whereas
the protein prepared in TX 100 labels only slightly better than 50%. All trials were carried out at pH 8.
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Figure 4-8: S55C PR prepared in DDM only. Labelling was attempted at 21°C, 30°C, 40°C and 50°C. At 21°C labelling was done for 1 and 2 hours whereas all higher
temperature labelling trials were done for 1 hour. Labelling was done at pH 8 with 20x molar excess MTSL. The results show very little difference in labelling
efficiency between conditions tested. All trials were carried out at pH 8.

4.1.4 S215C Spin-labelling
The mass spectrometry results for all samples of S215C tested showed a large number of
randomly placed peaks in the spectra leading to difficulty in determining the extent of labelling
present. The yields associated with this mutant were also much less than all other mutants. It is
suspected that this mutant holds onto more detergent or lipids when purified and prepared for mass
spectrometry. This leads to a large number of peaks that vary in weight in the mass spectrometry
spectra.
The difficulty in identifying the labelling efficiency, along with the poor yields from
expression and purification lead to the exclusion of this mutant from further PRE and NMR
experiments.

4.1.5 Summary
The C175 mutant labeled with MTSL with 100% efficiency when prepared using the
standard protein purification and spin-labelling protocols. C107 PR labelled with the highest
efficiency when purified in only TX 100 detergent and labelled using the normal labelling protocol
with MTSL as the spin label. S55C labelled most effectively when the protein was purified in DDM
only with minimal exposure to air and with labelling done with MTSL under the standard labelling
protocol. No successful labelling was accomplished for the S215C mutant and it was removed from
further study.

4.2 SSNMR PRE Experiments
The first sample for every mutant prepared for SSNMR investigation was the control. Before
the other PRE samples were prepared the N/CA spectrum for the control sample was compared to the
assignment table for wild-type PR. This was done to ensure that the introduction of the mutation, or
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labelling of the cysteine residue, did not alter the structure of the protein. There is a small
discrepancy between the chemical shift values for each residue when experiments are repeated. This
could be due to slight differences in temperature or magnetic field between experiments. To
understand what type of chemical shift change would still be considered acceptable an N/CA
spectrum of wild-type PR was acquired. The chemical shifts obtained from this spectrum were
compared to the published assignment table for PR [103] and from this a tolerance range was created
(Figure 4-9). If in the mutant spectrum a peak appears within this tolerance range it is assumed to be
the same peak and no structural difference is expected.

Figure 4-9: Chemical shift difference between acquired wild-type PR N/CA spectrum and reported chemical shift values
for PR. Maximum nitrogen shift less than 0.6 ppm and maximum carbon shift less than 0.2 ppm, both of which are less
than the respected linewidths (~0.7 ppm in nitrogen dimension and ~0.25 ppm in carbon dimension).

As can be seen, even in samples that should be identical there is a slight difference in peak
locations. The maximum difference observed in both dimensions was taken as the tolerance range.
This means that when a mutant is compared to the wild-type, if peaks are within 0.6 ppm in the
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nitrogen dimension and within 0.2 ppm in the carbon dimension then the peak is considered
unchanged. Once the mutant was confirmed to have the same structure as the wild-type the PRE
active samples were created.

4.2.1 C175 SSNMR
When compared to the wild-type chemical shift values, all residues fall within the acceptable
limits except for two. The nitrogen chemical shift of G155 and the carbon chemical shift of I106
exceed the acceptable limit. (Figure 4-10). These residues are right next to the mutations that
distinguish this mutant from the wild-type (C107S and C156S).

Figure 4-10: Chemical shift difference between C175 PR and the reported chemical shift values for PR. Only two
residues fall outside the acceptable limits of 0.6 ppm in the nitrogen dimension and 0.2 ppm in the carbon dimension (I106
and G155).

The shifts observed are expected so near the mutation site and are not uncommon when
amino acid substitutions are made. It is also worth noting that only G155 has a shift that exceeds the
average linewidth of the mutant spectra (~0.32 ppm in the carbon dimension and ~0.73 ppm in the
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nitrogen dimension). Since these are the only two residues that show significant chemical shift
changes it is assumed that this mutant is very similar to the wild-type protein and PRE studies were
carried out.
Diluted and undiluted samples were prepared to determine if there are any inter-monomer
interactions for this mutant. Based on homology modelling with blue PR it is not expected that any
inter-monomer PRE effects would be present. The spin label is expected to be at least 25 Å away
from its nearest neighbour in the oligomer.
When comparing the diluted sample to the control sample, the area right around the spin label
(residue 169 to 180) in the primary structure (close in the amino acid sequence) shows significant
signal attenuation (Figure 4-11).

Figure 4-11: Control (blue) and Diluted (red) C175 PR N/CA spectra. Each spectrum was acquired at 14.3 kHz spinning
frequency on 800 MHz spectrometer at 278 K for 552 scans. The first contour is cut at 7σ, with each additional level
multiplied by 1.1. A number of peaks are attenuated in the diluted sample when compared to the control. Significantly
attenuated peaks (less than 30% peak intensity) include: G169, A174, T177, A178, and S179. Moderately attenuated
peaks (between 30% and 60% peak intensity) include: F109, Y110, I112, A114, E170, F195, G196, G235 and I238.
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This is as would be expected. Residues close to the site of the spin label in the protein
sequence must be close to the label in space. Since these residues are so close to the label their signal
intensity is, in many cases, reduced below the noise level and they appear to have vanished from the
spectrum.
While this is another proof of labelling on top of the mass spectrometry results, it does not
give long range distance information. Instead, we require a noticeable PRE effect in regions far
removed from the spin label in the amino acid sequence. There are a number of residues that fit this
criterion (Figure 4-12). The ratios shown are normalized to account for any differences present in the
two samples.

Figure 4-12: Normalized ratio of signal to noise (SINO) values of diluted sample compared to control sample for C175 PR
⁄
⁄
mutant. The intensities were normalized according to
(
)⁄(
)
where
and
⁄
are the SINO values from the control and diluted spectra, respectively, and (
)
⁄
⁄
(
) value for the spectra. (
)
for this pair of spectra.

is the maximum

In solution NMR experiments using PREs a reducing agent is added to the sample in the
NMR rotor to remove the paramagnetic center. This guarantees that there is the exact same amount
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of protein in both samples. In SSNMR, the samples must be prepared separately leading to
differences in the amount of protein present. This normalization attempts to correct these
inconsistencies.
There are three distinct regions that appear to be affected by the spin label being placed at
this location. First, as described before, is the region right around C175 in the primary structure.
There is also slight attenuation at the cytoplasmic side of helix C (residues 109-114) and at the
cytoplasmic side of helix G (residues 234-242). These regions are far removed from the labelling
site in the primary structure but must be close to the label in the final 3D structure (within ~15 Å).
Thus, PRE restraints on the cytoplasmic side provide long-range restraints on the PR structure and
allow a portion of the cytoplasmic side of the protein to be restrained.
The undiluted sample gave very similar results (Figure 4-13 and Figure 4-14).

Figure 4-13: Control (blue) and Undiluted (red) C175 PR N/CA spectra. Each spectrum was acquired at 14.3 kHz
spinning speed on 800 MHz spectrometer at 278 K for 552 scans. . The first contour is cut at 7σ, with each additional
level multiplied by 1.1. The same residues attenuated in the diluted sample appear attenuated in the undiluted sample.
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Figure 4-14: Normalized ratio of SINO values of undiluted vs. control samples for C175 PR mutant. The intensities were
⁄
⁄
normalized according to
(
)⁄(
)
where
and
are the SINO values from the
⁄
⁄
control and diluted spectra, respectively, and (
)
is the maximum (
) value for the spectra.
(

⁄

)

for this pair of spectra.

The fact that the undiluted sample and diluted sample give such similar results implies that
there are no inter-monomer PRE interactions present when the spin label is located on C175. This is
true if it is assumed that the oligomer can be diluted. If the oligomer cannot be diluted then the
spectra would be expected to look the same as they are the same sample. It has been shown for ASR
that the oligomer is present in micelles and remains intact and does not change after it has formed.
This means that it is not possible to dilute the spin label with unlabelled protein as the oligomer will
not break [158]. If something similar were to happen with PR it could also explain the results
presented. It is unlikely that this is the case. PR forms a number of different oligomers in the same
detergent and the oligomeric state is influenced by the detergent that the protein is in [165]. This
implies that the oligomer is not as stable as the ASR oligomer which is present in only one
oligomeric state and does not change through the purification process.
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When these affected residues are mapped onto a homology model of PR we get an idea of
where the PRE effect is most noticeable (Figure 4-15).

Figure 4-15: Ratio of SINO values of (un)diluted vs. control samples of C175 PR mapped onto homology model of C175
PR based on blue PR pentamer structure (PDB 4KNF). Cytoplasmic side of the protein is at the top. The residues that
are affected appear in areas that would be expected, on the same side of the membrane and on regions near the label in
the structure. This is only a homology model and may not accurately represent the location of the affected areas in the
strcuture.

Without knowing the exact location of the paramagnetic center it is difficult to interpret these
results. It does appear as if the label may point down along helix F. The area of the protein where
the spin label is attached is not defined in the blue PR structure from which the homology model is
derived. This means that the actual structure of the protein in this area may be very different from
what is shown. The model allows for an estimation of the location of affected areas with respect to
the spin label but this could be incorrect if the homology model is inaccurate.
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4.2.2 C107 SSNMR
Very much like the C175 mutant there are few differences in chemical shift values in the
C107 mutant when compared to the reported wild-type chemical shift values (Figure 4-16). There
are a few residues that exceed the tolerated shift differences but all of these are located around
mutations in the protein (C156S and C175S).

Figure 4-16: Chemical shift difference between C107 PR and the reported chemical shift values for wild-type PR. All
residues fall within the linewidth associated with this spectrum (~0.65 ppm in the nitrogen dimension and ~0.38 ppm in
the carbon dimension) except for G155.

Similar to C175 PR, only the G155 residue is shifted outside of the linewidth of the spectrum
(~0.65 ppm in the nitrogen dimension and ~0.38 ppm in the carbon dimension). This mutant was
considered to have the same structure as the wild-type protein and PRE studies were carried out to
obtain structural restraints that could be used in conjunction with the information obtained from the
C175 mutant.
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When the diluted and undiluted samples are compared to the control sample it is obvious that
this mutant is much more complicated than the C175 mutant. A number of the residues appear to be
attenuated in both spectra (Figure 4-17 and Figure 4-18).

Figure 4-17: C107 PR Diluted (red) and Control (blue) N/CA spectra. Each spectrum was acquired at 14.3 kHz spinning
speed on 800 MHz spectrometer at 278 K for 552 scans. . The first contour is cut at 7σ, with each additional level
multiplied by 1.1. Five residues appear to be severely attenuated (T101, F109, I112, A114 and A115) and the majority of
the protein appears somewhat attenuated. Shown are a select few of the peaks that are somewhat affected (T69, K172
and G235).

Only five residues in both the diluted and undiluted samples appear significantly attenuated.
They all are relatively close to the spin label in the primary sequence (T101, F109, I112, A114, and
A115). These residues all have less than 30% of the signal present in the control sample after
normalization.
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Figure 4-18: C107 PR Undiluted (red) and Control (blue) N/CA spectra. Each spectrum was acquired at 14.3 kHz
spinning speed on 800 MHz spectrometer at 278 K for 552 scans. . The first contour is cut at 7σ, with each additional
level multiplied by 1.1. The same residues affected in the diluted sample are present in the undiluted sample.

When the residues that are moderately affected by the paramagnetic center are investigated
an interesting feature is observed. It appears as if the majority of the protein in both the diluted and
undiluted samples experiences a moderate level of attenuation (Figure 4-19 and Figure 4-20). The
PRE effect seems to have been distributed across the majority of the protein instead of remaining
localized around the paramagnetic center as was observed in the C175 mutant. This makes
interpreting the results for this mutant impossible as no information can be obtained from a sample
where everything appears to be affected. No new information can be obtained if the PRE effect is
not selective in where it appears. There are a number of reasons why it may appear like the entire
spectrum has been attenuated. The first reason investigated was the distribution of the PRE effect
through proton spin diffusion.

73

Figure 4-19: Normalized ratio of C107 PR Diluted vs Control signal to noise values. The largest attenuation is seen
⁄
around the labelling site but the entire protein appears to have been attenuated. (
)
.

Figure 4-20: Normalized ratio of C107 PR Undiluted vs Control signal to noise values. This shows a very similar trend as
⁄
seen in the diluted sample comparison. (
)
, which is considerably lower than the diluted value.
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The C107 residue is much closer to the center of the protein than the other labelling locations
investigated in this study. The paramagnetic center is most likely surrounded by more protein bound
protons. Since the MTSL spin label acts predominately on the proton

relaxation rate, protons

near the paramagnetic center relax very quickly. The very strong homonuclear dipolar coupling
between protons in the sample causes the protons that have lost magnetization due to relaxation to
gain some of it back through transfers from protons far removed from the labelling site through a
series of magnetization transfers made possible by the dipolar coupling interaction. This leads to an
overall decrease in the proton polarization in the sample. In an N/CA experiment, all of the signal
originates on protons and is transferred from there to nitrogen nuclei and then to carbon nuclei.
Decreasing the polarization of protons then leads to an overall decrease in signal in the sample.
In an attempt to determine if proton spin diffusion was the cause of the decrease in overall
signal intensity Lee-Goldburg CP experiments were carried out on the control and diluted samples.
Lee-Goldburg CP removes the homonuclear dipolar coupling interaction to first order which should
remove a large amount of proton spin diffusion. When these experiments were carried out there was
no noticeable difference in the distribution pattern of the PRE effect. The majority of the protein still
seemed to be affected (Figure 4-21). It is possible that proton spin diffusion is still efficient enough
to distribute the interaction over the entire protein; the CP step in these experiments was longer than
the CP step in the normal N/CA experiments which allows for more time for proton spin diffusion.
However, the length of time is less than twice as much as the standard CP time and is still relatively
short (500 µs) whereas the Lee-Goldburg CP should decrease the dipolar coupling by approximately
an order of magnitude. It is also possible that the PRE effect is not being distributed over the entire
protein but instead, the spin label takes more than one conformation in the protein. If this is the case
the only residues that look significantly attenuated would be the ones that are relatively close to the
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label in all its conformations. Residues either close to only one conformation, or moderately
removed from the paramagnetic center, would appear moderately attenuated.

Figure 4-21: Normalized ratio of C107 Diluted vs. Control samples. Experiments were performed using Lee-Goldburg
CP for 1H/15N CP step. No noticeable decrease in signal attenuation across the total protein is observed. The PRE effect
⁄
appears as diverse as in the normal CP experiments. (
)
.

There is no noticeable peak splitting in either the diluted or undiluted samples. This does not
eliminate the possibility of different label conformations if the label does not significantly alter the
environment of nuclei that can be assigned in the 2D N/CA spectrum.
The complication of the PRE analysis due to attenuation throughout the entire protein means
that no useful structural information can be obtained from these studies. To attempt to further clarify
the cause of this total protein attenuation the use of a different spin label that has a direct effect on
the nitrogen

is recommended. This should remove any doubts about the proton spin diffusion and

may lead to more information about the conformation the spin label assumes. At the time of this
writing such a sample is being prepared.
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4.2.3 S55C SSNMR
This mutant version of PR has been used in other studies of the structure of the protein. It
was used, along with an MTSL tag, in the investigation of the oligomeric state of PR in micelles
using electron paramagnetic relaxation (EPR) [164]. No previous experiments were carried out on
the reconstituted protein in a lipid bilayer. The NMR experiments shown here are the first studies of
this mutant in a lipid environment. They may imply that conclusions drawn about the oligomeric
state of a protein from samples in micelles are not as predictive of the oligomeric state in the lipid
bilayer as may be hoped.
When the control sample spectrum of this mutant is compared to wild-type PR a noticeable
difference is detected (Figure 4-22).

Figure 4-22: Chemical shift difference between S55C PR and the reported chemical shift values for wild-type PR. A
number of peaks spread throughout most of the protein appear to be significantly shifted from the wild-type values.
These shifts exceed the linewidth in the nitrogen dimension (0.71 ppm) for A42, G70, W98, E142, G155 and G203,
whereas the linewidth in the carbon dimension (0.36 ppm) was exceeded at residues W98, V106 and I237.
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The standard large shift is observed around the C156S mutation, but mutations exceeding the
linewidth of the spectrum are present in other locations as well. There are also some locations where
peaks completely disappear in the S55C sample (Figure 4-23). There are a number of peaks expected
to vanish due to mutations (S55, C107, C156 and C175 peaks), ones not expected are highlighted.

Figure 4-23: S55C PR N/CA spectrum comparing the control S55C sample (blue) to wild-type PR (green). There are a
number of residues noticeably shifted from the wild-type locations (G30, G70, G87, V102, G155, A174, A178). There is
also a shift in a peak that has not been assigned; this is denoted with the question mark. A number of peaks are also
simply missing from the S55C spectrum that would be expected to still be present (T69, T86 and G87).

It is important to understand the cause of these differences before PRE studies are performed.
If there has been a structural change, either in the monomer or the oligomeric state, the information
obtained from this mutant cannot be combined with information gained from other mutants. In an
attempt to understand the cause of these discrepancies a small amount of MTSL labelled protein was
prepared and sent for testing with EPR by Alex Smirnov’s group at North Carolina State University.
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Preliminary double electron-electron resonance (DEER) results did not detect any electronelectron distances, but an increase in the relaxation rate compared to the control sample possibly
indicated the presence of interactions. To further investigate this, simple continuous wave (CW)
EPR experiments were carried out. The results of the CW EPR suggest that there is still no
interaction between electrons of adjacent paramagnetic centers. One possible explanation for this is
that the protein is not in an oligomer when it is reconstituted into lipid membranes. If this is a result
of the protein preparation technique (solubilization in DDM) or the result of the mutations is difficult
to tell. The solubilization method used here is very similar to the one used in the original EPR study
to determine oligomeric state in detergent [164], but there it was found that the protein formed
hexamers. It is also possible that the protein does exist in an oligomer, but in a different type of
oligomer in which S55C residues are far removed from each other on neighbouring monomers.
The current results may indicate that while the protein is present in oligomers in detergent,
these oligomers break down during reconstitution and the protein exists purely as a monomer when
placed in a lipid bilayer. To further investigate this, the sample that was tested using EPR is
currently being resolubilized to see if the already published results on PR oligomeric state can be
reproduced with a sample prepared in the same way as ones used for SSNMR experiments.

4.2.4 Summary
The C175 and C107 mutants appear to retain the same structure and oligomeric state as the
wild-type protein as indicated by the lack of significant changes in the chemical shift assignments of
the N/CA spectra. This is not the case for the S55C mutant though, which demonstrates a noticeable
deviation from the wild-type PR spectrum.
Useful information for structure calculations has been obtained from the C175 mutant that
will help constrain three helices on the cytoplasmic side of the protein. The C107 mutant
demonstrates an overall attenuation of the protein signal in the N/CA experiments. This attenuation
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is not removed when Lee-Goldburg CP is employed to remove proton homonuclear dipolar couplings
to the first order. Before meaningful structural information can be obtained from this mutant, a way
of increasing the specificity of the PRE interaction must be found. The use of a spin label that acts
directly on the nitrogen

relaxation rate is being investigated to accomplish this.

The amount of information obtained in these experiments is not enough to generate a good
template from which a structure calculation may be performed but valuable information on the
protein has been obtained none the less. A number of obstacles to the widespread application of
PREs to membrane protein structure determination have also been identified.
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Chapter 5
Final Summary and Future Studies
We have investigated the acquisition of long range distance restraints in a solid-sate NMR
study of the membrane protein PR by utilizing the PRE effect. One subsequent goal was the
determination of ideal site specific spin labelling conditions for mutant versions of PR. An
unexpected objective was the explanation of a delocalized PRE effect observed when the spin label is
placed deep within the protein. Finally, with the acquisition of long range distance restraints, the
three-dimensional structure of PR was hoped to be obtained.
In this thesis a number of obstacles facing the application of PRE experiments to membrane
proteins have been identified. Challenges in uncovering ideal labelling conditions were identified
and only three of the four mutants investigated could be labelled (C175, C107 and S55C). A
delocalization of the PRE effect was also observed in the C107 mutant. Initial attempts at
uncovering the cause of this dispersed PRE effect through the use of Lee-Goldburg CP were
unsuccessful and future studies are being carried out to aid in understanding this phenomenon. The
requirement of mutant versions of proteins for the application of PREs also may present challenges to
the widespread application of PREs in solid-state NMR. The investigation of the S55C mutant in this
study demonstrate that single mutations, or the purification methods required to generate high
efficiency labelling conditions, can lead to proteins that differ in structure from the wild-type protein.
The benefits of the use of PRE in SSNMR have also been demonstrated in this study through
the acquisition of constraints for a portion of the protein from the C175 mutant. Cytoplasmic
portions of helices C, E, F and G can be restrained with the PRE results obtained in this study. There
is still much work that must be done before a structure of PR can be obtained from SSNMR
experiments alone.
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The work completed in this thesis could be extended to more PR mutants to obtain more
distance restraints. The end goal of the use of PREs for structure calculations is to take advantage of
the long-range interaction to generate a template structure with the correct overall fold that can be
refined into a high resolution structure. To obtain this template all that must be done is to start with
the assumption that helices are rigid and then confine the helical bundle with restraints at either end
of the helices which impose limits on how far away helices must be from each other. Once this
bundle is created, the use of normal interhelical NMR contacts allows for the removal of the rigid
requirement of the helices.
To obtain restraints that will confine the ends of helices mutants should be generated that
contain a spin-labelling site in each of the loop regions of the protein. By creating these mutants it is
hoped that information obtained from the C175 mutant in this study may be acquired for all loop
regions in the protein. This would allow for a very good template structure to be determined as the
overall helical bundle would be very well constrained.
The current work has also demonstrated that the use of a single spin label may not be ideal in
all cases. The C107 mutant’s delocalized PRE effect lends credence to this statement. The use of
metal ion spin labels opens many possibilities for choosing a spin label with properties that best
match the requirements of the study. Currently Cu2+ loaded MTS-EDTA is being used along with
the C107 mutant to see if a direct PRE effect on the nitrogen magnetization leads to a more localized
PRE effect. Beyond this is the application of new spin labels such as Gd3+, which has been shown to
be very efficient at shortening the

relaxation time of protons [147], may allow for even longer

PRE measurements.
Future work must also be done to determine the exact cause of the chemical shift differences
present in the S55C mutant. The preparation of mutants with no known structural deviations from
the wild-type protein using DDM as the solubilizing detergent should allow for the determination is
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the structural differences are consequence of the preparation technique. If the other mutants show
structural differences in the DDM prepared sample then it is the purification protocol and not the
S55C mutation that lead to structural differences.
The inclusion of a paramagnetic center for the use of PRE analysis also allows the prepared
samples to be investigated with EPR. This technique is capable of probing much longer distances
than are accessible through NMR experiments. By the preparation of a sample that can be used by
both techniques we are able to probe distances from a few angstroms (normal NMR measurements)
to tens of angstroms (PRE measurements) all the way to nanometer distances (with EPR). This
allows a protein to be studied not only as a monomer, but also as an oligomer and possible as a
crystalline lattice of oligomers. This wide range of information will allow for a better understanding
of how these proteins function.
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