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Abstract

Residual Dipolar Couplings (RDCs) are an increasingly important structural re-

straint that can be used to help generate high quality structural models of proteins

by Nuclear Magnetic Resonance (NMR) methods. They are captured with the

aid of an alignment medium that imposes some anisotropy to the protein’s tum-

bling. Current methods for the capture of multiple sets of these couplings are

tedious, expensive, and do not always result in unique sets being captured. This

thesis set out to investigate whether multiple RDC sets could be captured from a

single sample by controllably shearing the liquid crystal alignment medium used.

Initial experiments focused on the ability to controllably realign a number of

different nematic phase liquid crystals. These experiments found that controlling

the director angle of the liquid crystal is possible, and that a number of stable

alignments can be achieved through the application of different shear stresses.

The application of RDCs to small molecules is a very young field that is still

developing and finding potential uses. In this thesis a small molecule system

of (+)-isopinocampheol ((+)-IPC) was investigated with RDCs being collected

from this molecule within a liquid crystal phase with the director at a number of

different orientations relative to the external magnetic field. The fitting of these

captured RDCs to a structural model of the (+)-IPC was not able to generate a

high quality fit for any of the RDC sets collected, leading to some puzzling results.

It is hypothesized that inhomogeneity of the alignment phase was responsible for

these difficulties.
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As the application of RDCs is so heavily dominated by protein structure studies,

a small protein was investigated. The protein of choice, ubiquitin, has been

heavily investigated in the past, and is often used as a demonstrator protein

for new NMR techniques. This work presents several RDC data sets measured

from ubiquitin which were successfully captured at a variety of different director

orientations of the alignment media. These RDC sets were all successfully fitted

to a previously known X-Ray crystallographic structure of ubiquitin, and unique

alignment tensors for each RDC data set were extracted.

Finally, structure calculations were carried out incorporating these captured

ubiquitin RDC data sets with the goal of investigating how the variation in the

ensembles of structures generated was modified. The results from these calcula-

tions showed that the addition of RDC data (over and above NOE constraints) to

the simulated annealing process results in ensembles of higher quality structures

being obtained. However, the addition of multiple sets of RDC data (collected

with different director alignments) did not appear to cause any further improve-

ment.
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1. Introduction

Proteins are an undeniably important class of large biomolecules which play vital

roles throughout living systems, from the structural roles of keratin, collagen,

and elastin, to the more intricate enzymes which help to drive the many pro-

cesses of life. While many of the functional structural properties of proteinaceous

material can be observed on the macroscale, understanding the structures of the

individual protein molecules can allow dissection of the chemical and physical

processes that contribute to the protein’s function. The increased understanding

that molecular level structural information can provide opens the door to allow

targeted interactions with molecules for specific processes (e.g. a targeted drug).

A protein’s structure itself can be divided into four different levels; primary,

secondary, tertiary, and quaternary, each of which describes a different aspect of

the 3D structure (Figure 1.1).

The primary structure is the most basic level and only describes the amino acid

sequence. It does not provide any direct information about the 3D structure of

the protein [1]. The secondary structure begins to describe how the molecule folds

into highly regular 3D structures, with the commonly seen local structural motifs

such as alpha helices, and beta sheets being formed. The secondary structure

involves hydrogen bond formation between the amino groups and carbonyl units

of each amino acid [2, 3]. Tertiary structure explains the overall shape of the

single protein molecule and demonstrates how the secondary structures relate to

each other and are driven by the hydrophobic interactions between the amino

1
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acids. The final level of structure is quaternary which involves how multiple

polypeptide chains come together to form the larger full protein complex.

There are a variety of methods available to determine the structure of a pro-

tein, each with their own advantages and drawbacks. The most commonly utilized

method is X-ray crystallography, a technique which can give an accurate struc-

tural model developed by measuring the electron density in 3D space, allowing

the coordinates of the atoms to be inferred [4, 5]. One draw-back of X-ray crys-

tallography is the need for the protein to be in a crystalline state, a requirement

that can be difficult to overcome with the inherent lability of such large molecules

or multi-domain structures [6]. Consideration also needs to be given to the dif-

ferences between the solution and solid state structures, which often results in

some differences between the structures obtained using the solution or crystalline

forms.

Circular dichroism (CD) is another analytical technique that can give informa-

tion about the secondary structures that are present in the sample [7]. While this

is useful, the applications of CD is largely qualitative about the structures that

are present and does not provide information about the location or order of the

secondary structures present in the protein.

The second most commonly used technique to gain a full structural model is

Nuclear Magnetic Resonance (NMR) spectroscopy. As will be discussed in detail

in Chapter 2, NMR relies on the small magnetic fields that nuclei can possess

interacting with a strong external magnetic field. Monitoring this interaction

and the phenomena related to this interaction, can allow information about the

magnetic environment that each nucleus is experiencing to be extracted, allowing

the 3D structure of the molecule to begin to be pieced together. In addition to

the generation of structural models, NMR can also be used to gather information

about the dynamic motions of the polypeptide chain that occur due to thermal

energy. As NMR is only concerned with the nuclei of a molecule, a sample can be
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(a) (b)

(c) (d)

Figure 1.1.: Cartoon representation of the different levels of a protein’s
structure: General representations of the levels present in a protein.
a) The primary structure of a protein. The primary structure only
describes the sequence in which the amino acids are arranged. b) The
secondary structure of a protein. The secondary structure describes
local trends in 3D structure, such as alpha-helices or beta-sheets.
c) Tertiary structure of a protein. The tertiary structure describes
how the secondary structures present in the protein are related to
each other in 3D space. For a protein which consists of only one
polypeptide chain the tertiary structure is the full complete structure.
d) Quaternary structure of a protein. The quaternary structure of
a protein describes how multiple polypeptide chains are arranged
together to for the full 3D structure of some proteins.
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1. Introduction

prepared as a solid or solution. Most modern high-resolution NMR experiments

use solution samples, and can be applied to a variety of nuclei, most commonly
1H, 13C, and 15N . As proteins are large molecules comprised largely of carbon,

hydrogen, and nitrogen, it can be seen how NMR techniques could be applied to

developing an understanding of their structure.

NMR has long been used to study protein structures [8], with the development

of Fourier transform spectroscopy, superconducting magnets and computationally

controlled equipment spurring the development of the field further towards the

generation of the first full 3D model of a protein from NMR data in 1985 [9].

This first structure, as with the vast majority that have come after it, were built

heavily around the use of NOEs (nuclear Overhauser effect) to generate the 3D

structure. NOEs are a through space interaction which can allow the detection

of nuclei which are close through space yet may be separated by many chemical

bonds, and will be explained in further detail in Section 2.2. The use of NOEs is

not always desirable though due to the time consuming nature of their capture

and analysis, as well as problems that can be encountered when there is a lack

of close contact points between areas of a target molecule, which can occur with

largely linear proteins or nucleic acids. Recently there has been a push towards the

development and application of Residual Dipolar Couplings (RDCs) in order to

provide long range 3D structural information. RDCs provide information about

the orientation of a given bond vector relative to the magnetic field, B0.

RDCs are not observed in an isotropic solution due to the rapid tumbling of all

molecules. In order to observe these couplings a small amount of anisotropy needs

to be introduced to the sample. Current methods for generating this anisotropy

revolve around the use of either a liquid crystalline alignment medium, or a

strained gel. These methods only allow for a single RDC data set to be extracted

from each alignment medium (or sample), which leaves a substantial amount of

ambiguity with the possible orientational outcomes of each bond vector, as is
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Figure 1.2.: Possible orientations from a single alignment: The possible
orientations of a bond vector based on the capture of RDCs from a
single alignment media. The two red circles represent the two possible
paths that a given single bond vector can be aligned along. Szz , Sxx,
and Syy are the components of the diagonalized Saupe tensor.

displayed in Figure 1.2. The current solution to this ambiguity is to capture

multiple sets of RDCs in different alignment media, resulting in the situation

displayed in Figure 1.3. Unfortunately the use of multiple alignment media is a

time consuming and expensive task that may not always result in “independent

alignments” being generated. For this investigation an “independent alignment”

has been classed as a set of collected RDCs which are not simply scaled by a

common factor. The purpose of the work described in this thesis is to determine

if the application of rheo-NMR techniques would allow for the capture of multiple

independent alignments to be obtained from a single sample.

Rheo-NMR is an experimental technique which uses NMR tools to monitor the

reaction of matter, usually fluids, to the application of shear forces. One state

of matter that is commonly studied using rheo-NMR is liquid crystals. These

studies have found that it is possible to alter the alignment of a nematic liquid

crystal phase’s director by applying a sufficiently large shear force. The alignment

of the director relative to the magnetic field can be detected through the use of
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Figure 1.3.: Possible orientations obtained from multiple alignment me-
dia: The possible orientations of a bond vector measured in multiple
alignment media. The possible orientations in each of the multiple
alignment media are represented by the different coloured circles.
The final orientation of the single bond vector is the intersection of
the multiple alignment mediums, on both sides of the sphere. Szz,
Sxx, and Syy are the components of the diagonalized Saupe tensor of
the sample.
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2H NMR, where due to the non-spherical charge distribution of a nucleus with

a spin quantum number I > 1
2 (2H: I = 1) the orientation of the liquid crystal

can be monitored through the quadrupolar splitting exhibited by the 2H nuclei

present in the solvent [10, 11, 12].

This thesis sets out to investigate the viability of combining this ability to

reorient a liquid crystalline phase with the capture of RDCs in a uniquely oriented

liquid crystalline phase. It is hoped that the ability to tune the alignment of a host

liquid crystalline material, and have the tuned alignment passed in part along

to the target molecule, will allow multiple unique alignments. These multiple

unique alignments could then allow for multiple RDC data sets to be obtained

from a single sample with minimal experimental effort. If multiple RDC data sets

are able to be captured these will be checked for consistency with prior known

structures of the target molecules. This project will be completed in a number

of steps, firstly a series of investigations into multiple different liquid crystalline

media which may be suitable for RDC measurement of small molecules or proteins

will be carried out. These investigations will determine if each alignment medium

is able to be reoriented through the application of a shear force, as well as what

effect, if any, the use of differing shear profiles has on a liquid crystal’s director

(e.g. steady shear vs. pulsed shear). Once control of the liquid crystalline

materials has been established, the second step of this project will involve the

capture of RDCs from a target small molecule. As the NMR spectra that can be

obtained from a small molecule will be well resolved, this will act as a simplified

proxy for a larger molecule, such as a protein. The third step of this project

will be the final application of the previously investigated techniques on to a

target protein, and will endeavor to determine if multiple independent RDC data

sets can be obtained from a single sample through the application of controlled

shear forces. Fitting these data sets to a known structure of the target protein

will allow the quality of the RDC sets obtained under shear to be determined.

7



1. Introduction

More detailed analysis of the RDC sets obtained for a given molecule may allow

improvements to be made to the structural model, giving a better understanding

of the true structure of the molecule in solution.
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2. Theory

2.1. NMR Spectroscopy

2.1.1. Principles of NMR

2.1.1.1. The Classical Model

The nuclei for which NMR spectra can be measured have an intrinsic angular

momentum called spin [13]. This property, combined with the nuclei’s positive

charge creates a small magnetic field. When this small nuclear magnetic field is

exposed to a strong external magnetic field (B0) each spinning nucleus attempts

to align its magnetic moment with the external field. This results in a torque

being exerted on the nuclear spins causing a circular motion called precession at

a frequency νo, similar to a traditional spinning top rotating due to the earth’s

gravity [14, 15]. The precession frequency is proportional to the strength of

the external magnetic field strength (B0) and the gyromagnetic ratio (γ) of the

nucleus, which is a constant defining the ratio of its spin angular momentum to

its magnetic dipole moment.

vo = γB0/2π (2.1)

Magnetic field strengths of typical commercial NMR spectrometers cause the

rate of precession to be in the radio frequency range (megahertz), and can be

measured by applying a short radio signal pulse before monitoring the oscillating
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2. Theory

current that is induced by the oscillating magnetization in the sample. The

detected current is known as the Free Induction Decay (FID), and contains the

precession frequencies of all nuclei in the sample. This measurement can allow

nuclei in different magnetic environments to be detected and characterized.

2.1.1.2. A Quantum Model

The advantage of the classical model is its simplicity. However, it is unable to

account for many important NMR phenomena, for which the more thorough, but

more complex quantum model is required.

The intrinsic nuclear spin is described by a quantum number value (I) which

can take values of 0, 1
2 , 1. . . . For a nucleus to be NMR active I must be >0.

Such nuclei have an odd number of protons and/or neutrons. The higher the

spin quantum number the more possible orientations (spin states) the nuclear

spin can adopt in the external magnetic field. The most useful nuclei for NMR

have I = 1
2 e.g. 1H, 13C, 15N, 19F, 31P which have two possible spin states (as

determined through the simple formula (2(I)+1)). These spins can point ‘up’ (α)

or ‘down’ (β) in the external magnetic field and are characterized by a magnetic

quantum number, m (which can hold values of m = −I,−I+1, ..., 0, ..., I−1, I

). When these spin 1
2 nuclei are at thermal equilibrium in the absence of an

external magnetic field exactly one half of the nuclei will be in each state at any

given time.

When an external magnetic field is introduced the distribution becomes unequal

with slightly above 50% of the nuclei being in the α state (aligned with B0). This

distribution occurs due to the α state having a lower energy than the β state (for

a spin with a positive γ). The energy of each spin is found to be related to the

specific nuclei and the magnetic field strength and can be found through:

E = −hγB0m

2π (2.2)
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2.1. NMR Spectroscopy

Figure 2.1.: Quantum energy levels of a spin 1
2 nucleus in a magnetic

field: The two quantum energy levels formed when a spin1
2 nucleus

is placed into a strong external magnetic field

As with other types of spectroscopy, only specific transitions are allowed and

can take place. With NMR the allowed transitions are those which change the

magnetic quantum number by a value of ±1.

When energy is applied which matches the energy gap (∆E) between the α and

β levels one of the lower energy α spins can be promoted to the higher energy

state.

∆E = hvo = hγB0/2π (2.3)

This is similar to the equation seen in the classical model situation, with vo

now being the resonant frequency instead of the precession frequency along with

h being Planck’s constant.

2.1.1.3. Experimental NMR spectroscopy

The ratio of populations of each spin state is found via a Boltzmann distribution:

Pβ/Pα = e−∆E/kT (2.4)
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2. Theory

where Pα and Pβ are the proportion of the total population of ‘up’ or ‘down’

spins respectively, ∆E is the energy gap between the ‘up’ and ‘down’ spins, k is

the Boltzmann constant and T is the temperature in Kelvin (K).

As the ‘up’ spin will always have a slight population excess, there will be a

net magnetic field along the direction of the external magnetic field, B0, which

defines the z-axis of the laboratory frame. This net magnetic field is represented

by the net magnetization vector M .

In order to measure the specific resonant frequencies of the nuclei modern NMR

spectrometers emit a high power radio frequency (RF) pulse, which if applied for

an appropriate duration (typically a few µs) will rotate the net magnetization

vector from the z-axis into the x-y plane. Once the magnetization has been

rotated, M will precess in a cone as it returns towards the equilibrium position

parallel with the z-axis. The precession occurs at the resonant frequency of the

given nuclei, generating an oscillating voltage in the receiver coil of the NMR

spectrometer’s probehead. This occurs for all nuclei of a given type (e.g. all 1H

nuclei or all 13C nuclei) simultaneously, subject to the bandwidth of the RF pulse

being sufficiently wide. Since, in a typical sample the (e.g. 1H) nuclei rarely

experience exactly the same external magnetic field (due to phenomena such as

the chemical shift – see below) the resulting signal is therefore usually a sum of

sine waves, known as a free induction decay (FID). The NMR signal captured as

the FID is one of signal intensity vs. time. This can be converted to the standard

NMR spectrum of intensity vs. frequency via a Fourier transform.

2.2. Small molecule NMR

The 1D proton (1H) NMR experiment is the most commonly used NMR exper-

iment by synthetic chemists. The utility of this experiment relies on the differ-

ences between the magnetic environment that each type of 1H nucleus of a given

12



Figure 2.2.: Vector model explanation of NMR spectroscopy: Net mag-
netization vector aligned along the +z-axis of the laboratory frame
parallel to the external magnetic field B0 before being rotated into
the x-y plane by a high powered radio frequency pulse. The FID
that is captured can be plotted as intensity vs. time. This is then
converted into a frequency vs. intensity plot by using a fast Fourier
transform.
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molecule experience. The small changes in the magnetic field observed by each

nucleus are caused by the movement of electrons creating small magnetic fields

that add to or oppose that of the spectrometer. This effect is called shielding

and changes the magnetic field sensed by each nucleus with a concomitant effect

on the energy levels and absorption frequencies compared to those of a “bare”

nucleus. These small variations in frequency are on the order of parts per million

and are commonly referred to as chemical shifts. The differences in chemical shift

of each nuclei in a molecule can allow detailed information about a molecule’s

structure to be determined. The chemical shift is measured in parts per million

(ppm) and is referenced against the fundamental resonant frequency of the spe-

cific nuclear isotope being studied at a given external magnetic field strength e.g.

500 MHz is the resonant frequency of a lone 1H nuclei in a 11.7 tesla magnetic

field. Chemical shift (δ) of a given nucleus within a molecule is found to follow

the following scale:

δ = (ν − νref )
ν(spectrometer) (2.5)

where ν is the resonant frequency of the target nuclei, νref is the frequency of the

reference nuclei, both in Hz (e.g. the 1H signal of tetramethylsilane, TMS), and

ν(spectrometer) is the operating frequency of the spectrometer, in MHz. This

scale removes the difference in signal frequencies that would occur if the same

compound was measured in spectrometers with different operating frequencies.

Through understanding of how different chemical bonding motifs will effect the

chemical shift of each nuclei it is possible to start to piece together a structure,

at least for very simple molecules. To determine the structure of more complex

molecules additional NMR phenomena need to be utilized.

J-coupling concerns the interaction between nuclear spins propagated by the

bonding electrons of a molecule [21]. For the case of two J-coupled protons, Ha

& Hb, in a fragment Ha– Ca– Cb– Hb , the magnetic field that the full population

of Ha observes will be split into two distinct groups based on the population of
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(b)

Figure 2.3.: Origin of Spin-Spin splitting for a two proton system: a)
Energy level diagram for two coupled protons H1, and H2.The four
allowed single quantum transitions are demonstrated in red, where
a single nuclei ‘flips’ between the α and β states. This series of
transitions results in four peaks being present for the two protons in
pairs shifted up and down field from the nominal vH1 frequency. b)
Spin-Spin splitting for two protons attached to two adjacent carbon
nuclei and the spectra generated from each situation. The spectrum
displayed shows only one of the two doublets that is formed. There
will be a second doublet formed at vH2 with the same J value arising
from the H2 nuclei being in a fixed orientation and the H1 nuclei
transitioning between the α and β states [16, 17, 18, 19, 20].
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Hb having ∼50% with an ‘up’ spin and ∼50% having a ‘down’ spin. These two

possible spins for Hb will either increase, or decrease the magnetic field that Ha

observes splitting the signal of Ha into two equal peaks as is demonstrated in

Figure 2.3b. When increasing numbers of neighboring equally coupled protons

are present the number of possible up and down configurations of these “passive”

nuclei increase leading to the signal of the coupled nucleus to be split into n+ 1

peaks, where n is the number of neighboring protons. The intensity of each peak

in the resulting multiplet can be determined via Pascal’s triangle:

singlet 1 (no neighbors)

doublet 1 1 (one neighbor)

triplet 1 2 1 (two neighbors)

quartet 1 3 3 1 (three neighbors)

quintet 1 4 6 4 1 (four neighbors)

sextet 1 5 10 10 5 1 (five neighbors)

The peak separation generated by this spin-spin splitting is known as the J-

coupling. It is sensitive to parameters such as bond lengths, electronegativity

of substituents and perhaps most importantly dihedral angles between protons

attached to adjacent carbon atoms as is demonstrated in Figure 2.4.

The nuclear Overhauser effect (NOE) is another important feature of NMR

for aiding in the determination of molecular structure and stereochemistry [26,

27, 28, 29]. This effect is a through-space interaction between two nuclei which

allows the detection of nuclei that are close in space yet which may be separated

by many chemical bonds.

The magnetic dipolar interaction that occurs when a proton is close through

space to another nucleus (with spin > 0) is normally completely averaged to zero

in solution state NMR systems by the rapid tumbling of the molecules. These
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2.2. Small molecule NMR

Figure 2.4.: The application of the Karplus equation: 3JHH coupling be-
tween two protons bonded to adjacent carbons allows the torsional
angle (θ) to be calculated via the empirical Karplus equation in which
A, B, and C are empirically derived constants. This provides more
information about the 3D structure of a molecule [22, 23, 24, 25].

dipole dipole interactions result in the relaxation processes that are shown in

Figure 2.5 for a two nuclei system of AX. Under normal conditions each of the

demonstrated spin states will have nearly equal populations, however the αα

population will have a slight population excess of ∆, while the ββ population

will have a deficit of −∆.

The application of decoupling pulses at the frequency specific to X transitions

seen in Figure 2.5 will result in the populations of the αα and αβ states becoming

equal, as well as the βα and ββ states. This irradiated state is not stable and will

begin to decay back to the ground equilibrium state through one of the possible

transitions in Figure 2.5. The pathway that the decay takes place through is

important and monitoring of which pathway is used is how NOEs are detected.

In a small molecule system it is common for the ω2 relaxation to be the most

efficient (ω2 : ω1 : ω0 = 12 : 3 : 2). This process results in both the A and X

nuclei that are in the ββ state relaxing back to the αα state. This results in an

increase in the population of the α spin state of nuclei A and as such an increase

in the NMR signal. This is referred to as a positive NOE. It is also possible to
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observe a negative NOE which results from the ω0 relaxation process being the

most dominant in the system, and the promotion of some of the of the α spin of

the A nuclei being promoted to the β state, and therefore a decrease in the NMR

signal observed. This negative NOE results in a decrease in the observed signal of

the A nuclei in the NMR spectrum and is most commonly seen in larger molecule

systems such as proteins and biomolecules. As these relaxation effects are both

driven through dipole dipole effects they are through space effects, the distance

between pairs of nuclei becomes very important. The dipole dipole interaction

decay rapidly with a 1
r6 distance dependence[30, 31].

NOEs are often measured via a NOESY spectrum, which is a two dimensional

experiment with 1H in both dimensions with cross peaks appearing where two 1H

nuclei are typically within 5 Å from each other (with the intensity having the
1
r6 distance dependence)[32].

After hydrogen the most commonly studied element used for NMR is carbon.

Unfortunately the most common natural isotope of carbon, 12C, is not NMR ac-

tive (I = 0). However 13C which has a natural abundance of ≈1.1% is NMR active

(I = 1
2)[33][34]. This low natural abundance combined with a smaller γ decreases

the sensitivity of 13C compared to that of 1H. However it is still an important

nucleus to study for organic molecule structure determination. The standard one

dimensional experiments that are used on 1H nuclei can also be applied to a 13C

nuclei with some modifications. J-coupling between two 13C nuclei is not seen in
13C spectra at natural abundance due to the very low probability of finding two
13C nuclei next to each other. The relatively large couplings (∼ 130 − −270 Hz

for 1JCH) between 13C and 1H nuclei is usually removed by using broadband de-

coupling. Broadband decoupling removes all couplings that would be present by

rapidly flipping each 1H nucleus with a continuous train of low powered radio

frequency pulses. This rapid flipping of each 1H spin causes only the average spin

(zero) to be seen by each 13C nucleus. Another method which will remove the
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Figure 2.5.: Possible energy levels and transitions for a pair of nuclei:
The four energy states available for a pair of nuclei (A & X). There
are three transition probabilities that can occur, ω1, a single quantum
relaxation between α & β, ω2, a double quantum relaxation between
the αα/ββ spin states, finally ω0, a zero quantum relaxation between
the αβ/βαspin states.
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1JCH couplings is the inclusion of a 180◦ 1H refocusing pulse in the middle of the

t1 evolution period, which causes the J coupling to precess back to zero.
1H and 13C NMR can be combined into the Heteronuclear Single Quantum

Coherence (HSQC) experiment. This is a two dimensional experiment that cor-

relates 1H and 13C chemical shifts. The spectrum results in a “spot” for each

chemically bonded 1H and 13C pair at the intersections of the component spec-

tra. The experiment works via the transfer of magnetization from the 1H nucleus

to the 13C nucleus via an Insensitive Nuclei Enhanced by Polarization Transfer

(INEPT) step [35]. The 13C chemical shift is encoded during an incremented time

delay (t1) after which the polarization is then transferred back to 1H via a retro-

INEPT. Evolution of J-coupling is usually removed by a 180◦ pulse applied to

the 1H nuclei in the middle of the t1 delay. Once the 13C encoded magnetization

has been transferred back to 1H the signal is recorded, usually which simulta-

neously decoupling 13C. This experiment is useful for separating out peaks that

may be overlapped in the 1D spectra, and simplifies the assignment of each peak

to the molecule. It can also be applied to other NMR active heteronuclei, most

commonly 15N. The 1H-15N HSQC is very useful in protein NMR spectroscopy

and will be discussed later. When this experiment is used in conjunction with

other two dimensional experiments, such a NOESY and Correlation spectroscopy

(COSY)[36] (a common 2D NMR experiment which correlates two homonuclei via

J-coupling), it can become an exceptionally powerful tool for solving a molecules

structure [37].

2.3. Protein NMR

The same principal experiments used for small molecule NMR can also be ap-

plied to proteins and many protein NMR experiments are based on common small

molecule experiments [38]. A particularly useful experiment is 1H-15N HSQC.
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2.3. Protein NMR

Figure 2.6.: Structure of an Amino Acid: The structure of an amino acid
with each component labeled.

This experiment results in a spectrum with a one peak for every amino acid

residue (excluding of prolines due to their lack of an N-H group), and an addi-

tional peak for any side-chain amino groups such as is present in tryptophan [39].

For the assignment of the peaks in the 1H-15N HSQC to their associated amino

acid residues a third dimension (containing specific 13C or 1H chemical shifts) is

often added to the experiment, allowing the chemical shifts to be assigned se-

quentially along the backbone through the Cα or Hα and on to each successive

amide nitrogen.

Once this has been completed the investigation of the 3D structure can begin.

Initially a 3D model for the protein structure is generated using feasible bond

lengths and angles. This model is then used as a starting position for iterative

energy minimization using computer modeling under the influence of structural

restraints obtained from the NMR spectra. The common structural restraints

which are used are the nuclear Overhauser effect (NOEs) (distance restraints), J-
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couplings (bond angle restraints), and more recently Residual Dipolar Couplings

(RDCs) which provide restraints on bond orientations.

The simplest of these restraints are three-bond J-couplings between HN and Hα

which are related to the dihedral angle between their N-H and C-H bonds by the

Karplus equation (2.6),

J (φ) = Acos2φ+B cos φ+ C (2.6)

in which J is the observed coupling constant, φ is the dihedral angle, and A, B,

and C are all empirical constants. The ranges of possible J-coupling values each

correspond to different secondary structures within the protein (J-coupling <6

Hz: φ= −90◦ – −40◦ or a “helical” conformation, J-coupling >8 Hz: φ = −150◦

– −90◦ or a “beta sheet” conformation. J-coupling between 6 - 8 Hz is likely due

to rapid switching between multiple conformations.)

The utility of the NOE to define points of close contact is perhaps the most

important tool in generating a full three dimensional model using NMR. However

the experimental procedures for capturing this information is often very time

consuming making the action of solving a structure via NMR a long process.

Another limitation of NOEs is the relatively small distance over which they are

able to provide information. The size of the NOE has a 1
r6 distance dependence,

which in practice limits the maximum separation that can be detected to ∼ 5 Å,

a relatively small distance when considering the size of a full protein.

The most recently developed structural restraints are provided by residual dipo-

lar couplings (RDCs). RDCs are an orientational restraint as they contain infor-

mation about the relative angle of a chemical bond vector relative to the magnetic

field vector (B0) and they will be discussed in depth in the following section.

RDCs are often captured for the amide bonds (N-H) of a protein, however alkyl

(C-H), carbonyl (C=O), and even homo nuclear (e.g. H H) RDCs can also be

utilized.
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2.4. Residual Dipolar Couplings

The angular information gathered from RDCs allows sections of a molecule that

may be chemically remote to be aligned relative to each other, improving the

quality of the final structure [40]. RDCs are obtained in a middle ground between

solution state NMR, where all dipolar couplings are averaged to zero due to rapid

isotropic tumbling, and solid state NMR, where due to the spacial restriction of

the bond vectors, dipolar couplings can be of the order of several kHz, often

preventing detailed analysis if it was not for Magic Angle Spinning (MAS)[41].

The observation of RDCs relies on the rapid tumbling of molecules in a solution

state system being slightly anisotropic, resulting in a minute preference for a

particular orientation. This small anisotropy results in a residual amount of the

dipolar coupling being visible in the spectra, typically of the order of 10s of Hz

(i.e. of the order of the J couplings), a much more manageable situation compared

to that encountered in solid state NMR.

The small amount of anisotropy nature needed to observe the RDCs is typically

generated by either using a nematic liquid crystal phase, or via a strained gel

[42, 43, 44]. Liquid crystals show orientational order due to the spontaneous

alignment of the elongated particles. Strained gels on the other hand have pores

which are forced into anisotropic shapes perpendicular to the strained axis. Both

systems produce an anisotropic environment for a hosted molecule sufficient to

cause it to show a slight orientational preference due to steric and/or electrostatic

interactions.

Nuclear dipolar coupling has already been introduced in the discussion of the

NOE in Chapter 2.2. The small magnetic field of a nucleus is able to modify

the external magnetic field B0 in a through space effect, where the effect on the

second nucleus depends on the spin state of the first (‘up’ or ‘down’). The size of

these dipolar couplings (D) is dependent on the angle of the bond vector relative

to the external magnetic field, following this relationship:
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Figure 2.7.: Types of alignment media commonly used in the capture
of RDCs: a) A compressed gel polymer system. A gel is allowed to
swell to its full size in a solution containing the target molecule before
is it compressed into a small diameter NMR tube compressing the
pores anisotropically limiting the solute molecule in its mobility [43].
b) An example of a liquid crystal system which is relying on steric
interaction to limit the rotational freedom of the target molecule.
c) An example of another liquid crystal system which is now using
electronic interactions to limit the mobility of the solute.
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D = Do(1− 3cos2θ) (2.7)

where θ is the angle between the inter-nuclear vector in question and B0. Do

is a maximum possible splitting for the pair of nuclei and is determined by the

inter-nuclear separation and the product of their gyromagnetic ratios. When this

equation is applied to a solution state system where there is equal probability of

the inter-nuclear vector in question being oriented anywhere inside a sphere the

average value of cos2θ is 1
3 , causing the observed dipolar coupling interaction to

equate to zero.

As RDCs have become a more common method for refining a protein’s struc-

ture, new experimental methods for finding the coupling values have been de-

veloped each with their own unique benefits and trade-offs. The simplest NMR

experiment for capturing these couplings is a coupled-HSQC, where the standard

broadband decoupling is simply omitted during the signal acquisition. This re-

sults in both J and, if present, residual dipolar couplings developing in the direct

dimension of the resultant spectrum.

To separate the RDCs from the J couplings the spectrum is also recorded in the

absence of an alignment medium (isotropic solution) in order to obtain a spectrum

with just the J-couplings, which can then be removed. A more sophisticated

experiment for the capture of RDCs is the In-phase-Antiphase HSQC (IPAP)[45].

The full IPAP experiment comprises two spectra being recorded, one containing

the peaks as in-phase doublets (both signals positive), and an anti-phase spectrum

where one component of the doublet is positive and the other negative. The

addition of these two spectra yields a spectrum that contains one peak from

each doublet, while the subtraction of the two spectra leaves the complementary

peak. The IPAP spectra halves the number of peaks seen in each spectra, as

well as allowing for more accurate detection of the precise peak location, which

is important when the RDC values can often be on the order of only a few Hz.
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Figure 2.8.: Coupled HSQC experiment: Example of two coupled-HSQC ex-
periments applied to a NH bond pair. Isotropic solution experi-
ment results in only the J-coupling being present (blue). And an
anisotropic sample used to measure RDCs results in J-coupling and
residual dipolar coupling being present (red).

Figure 2.9.: Components of an IPAP-HSQC experiment: The IPAP exper-
iment results in two spectra, one with the in-phase splitting, and the
other with antiphase doublets. Addition and subtraction of these two
spectra result in two spectra each with one peak from the doublet
allowing more accurate detection of their separation.
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2.4. Residual Dipolar Couplings

Once the RDC values are obtained from the spectra, information about the

angles of the inter-nuclear vectors needs to be extracted. This information is

extracted via the following equations for a pair of nuclei, p and q. The overall

equation for each dipolar coupling, Dpq is:

Dpq = Dmax

r3
pq

(
cos2θ − 1

3

)
(2.8)

Dmax = −3
8π2γpγqµ0~ (2.9)

where rpq is the internuclear distance between nucleus p and nucleus q, θ is

the angle between the internuclear vector joining the two nuclei p and q and the

magnetic field. Dmax is the maximum possible dipolar coupling value for the pair

of nuclei, and is comprised of γp and γq which are the gyromagnetic ratio of each

nucleus, µ0 is the vacuum permeability constant, and ~ is the reduced Planck

constant. For mobile samples we measure a time average of the dipolar coupling,

resulting in the following equation:

〈
Dpq

〉
t

= Dmax

r3
pq

〈
cos2θ − 1

3

〉
t

(2.10)

This unfortunately is not simple to solve in the laboratory reference frame

used up to this point in which the magnetic field direction is constant and the

molecular orientation varies. A molecular frame is now used in which the Carte-

sian coordinates are fixed to a single target molecule, and the magnetic field is

constantly rotating instead. This allows a probability tensor to be determined

which describes the average probability of the magnetic field pointing in a given

direction:

〈
cos2θ

〉
t

= −→r tP̂−→r (2.11)
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2. Theory

in which −→r is a single internuclear unit vector and P̂ is the probability tensor.

As the probability tensor is real, symmetric, and has a trace of 1 it can be moved

into another reference frame in which P̂ has a diagonal representation and the

previous equation is reduced to the following:

−→r tP̂−→r = Pxr
2
x + Pyr

2
y + Pzr

2
z (2.12)

which does allow a solution to be found, however as a probability is of limited

use, it is possible to go another step further and instead of the probability tensor

use an alignment tensor, Â given by:

Â = P̂ − 1
31̂ (2.13)

which when combined with Equation 2.11 gives the following:

〈
cos2θ − 1

3

〉
t

= −→r tÂ−→r (2.14)

Solving this equation via a least squares method is now trivial, the effect of the

gyromagnetic ratios and the internuclear distances can be easily removed from the

observed couplings by dividing by the distance and constant components leaving

a reduced coupling, as displayed in the following equation:

Dreduced = −→r tÂ−→r = (x y z)


Axx Ayx Azx

Axy Ayy Azy

Axz Ayz Azz




x

y

z

 (2.15)

As the alignment tensor is traceless (Axx + Ayy + Azz = 0) and symmetric

(Axy = Ayx, Axz = Azx, Ayz = Azy) algebraic manipulation can reduce the

prior equation down, leaving only five unknown components, as is shown in the

following equation (in this case Axx has been replaced with −(Ayy + Azz)):
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2.4. Residual Dipolar Couplings

Dreduced = (2xy 2xz y2 − x2 2yz z2 − x2)



Axy

Axz

Ayy

Ayz

Azz


(2.16)

Once five or more RDC values have been measured Equation 2.16 can be turned

into a set of simultaneous equations which are easily solved as shown in the

following:



Dreduced
1

Dreduced
2

...

Dreduced
n


=



2x1y1 2x1z1 y2
1 − x2

1 2y1z1 z2
1 − x2

1

2x2y2 2x2z2 y2
2 − x2

2 2y2z2 z2
2 − x2

2

...

2xnyn 2xnzn y2
n − x2

n 2ynzn z2
n − x2

n





Axy

Axz

Ayy

Ayz

Azz


(2.17)

Once Equation 2.17 has been solved and an alignment tensor has been extracted

for the target molecule, theoretical RDCs are back calculated as a way of verify-

ing the alignment tensor. Equation 2.17 is the crux equation that is used in the

analysis of RDC data sets, and can be applied with any one of the three com-

ponents (reduced RDCs, structural information, or alignment tensor) missing, to

determine the missing component. In addition to the alignment tensor represen-

tation, many in the RDC community have taken to using another representation,

the Saupe tensor (Ŝ), which is simply the alignment tensor scaled by a factor of
3
2 .

Ŝ = 3
2Â (2.18)
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2. Theory

In order to make the alignment and Saupe tensors more usable further infor-

mation can be extracted from it such as the eigenvectors and eigenvalues, as well

as an axial and rhombic component. The eigenvectors and eigenvalues are by

solving the following equation:

Aν = λν (2.19)

with A being a square matrix, ν being the non-zero eigenvector, and λ being the

eigenvalue for each eigenvector. As the alignment tensor is a 3x3 symmetric and

traceless tensor there will be three eigenvectors and eigenvalues for this system.

The eigenvalues are also the diagonal components of the diagonalized alignment

tensor (alignment tensor in the principle axis frame). The axial component of

the alignment tensor is found to be equal to 3
2 of the ‘zz’ component of the

diagonalized alignment tensor.

Aa = 3
2Azz

d = Szz
d (2.20)

The rhombic component of the alignment tensor is found to be another com-

bination of the diagonalized alignment tensor components as represented in the

following equation:

Ar = Axx
d − Ayy d = 2

3 (Sxx d − Syy d) (2.21)

The rhombicity of the tensor can now be described by dividing the rhombic

component by the axial component.

R = Ar
Aa

(2.22)
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2.4. Residual Dipolar Couplings

Verification of this tensor involves the calculation of a structure quality factor or

Q-factor which is analogous to the R - factor that is seen in X-ray crystallography.

The Q-factor is calculated according to the following equation:

Q =

√√√√√
 ∑
i−1, ..., N

(Dobs−Dcalc)2

N


Drms

(2.23)

in which Dobs and Dcalc are the observed and back calculated values for each

dipolar coupling, N is the number of residues present in the calculation over

which this summation takes place. Drms is a root mean square value for the set

of dipolar coupling found via the following equation [46, 47]:

Drms =

√√√√
D2
a

[4 + 3
(
Dr

Da

)2
]

5 (2.24)

where Da and Dr are the axial and rhombic components of the diagonalized

Saupe tensor.

Currently several software packages exist that allow the alignment tensor to be

calculated as well as all of the characterization of the Saupe tensor (several further

parameters e.g. Euler angles). One of the most widely used of these packages is

PALES which contains a multitude of functions applicable to the study of RDCs,

the most integral being the ability to generate an alignment tensor when provided

with a set of measured RDCs and a structural model allowing verification of

the model, as well as demonstrating areas of the structure which may be more

labile[48]. This package is heavily used when working with protein structures

due to the simplicity of dealing with the numbering of nuclei that can become

increasingly complex in other small molecule packages.

This process can be applied to a variety of molecules including both small

molecule and bio-molecules such as proteins and nucleic acids, and can prove to

be useful for structural calculations of all molecules.
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2. Theory

When RDCs are used to improve the quality of a molecules structure that is

calculated it is often useful to have multiple unique RDC data sets that have been

obtained with the target molecule in different orientations. The current methods

for obtaining theses multiple orientations involves a trial and error type approach

of placing the target molecule in to solutions with a variety of different orienting

media (strained gels, liquid crystals, bicelles etc.) and hoping that these differing

media allow the molecule to be aligned in unique orientations, yielding multiple

suitable sets of data. Unfortunately this method is very time consuming, and

expensive given that each alignment medium may not give a unique alignment

of the target molecule. This project investigated the application of a shear force

to a single orientation media with the hopes of generating multiple orientations,

allowing several unique RDC data sets to be captured.

2.5. Rheo-NMR

Rheology is the study of the deformation and flow of matter, usually liquids. Un-

derstanding the molecular level changes that give rise to the larger macroscopic

mechanical changes in the fluid especially with bio-polymers such as proteins,

DNA and polysaccharides is becoming hugely important for industries product

development. The traditional methods for studying such changes include light

scattering based methods and rheometry. Unfortunately these methods are not

perfect, light scattering requires the sample to be optically transparent, a require-

ment that may not always be able to be met easily with polymer samples, while

rheometry can only yield an average of the bulk sample, rather than targeted in-

formation about regions of the sample. One of the other methods for completing

rheological methods is NMR, giving rise to Rheo-NMR. Rheo-NMR can give in-

formation about spectroscopic changes in the structure of a molecule, in addition

to the ability to glean information about the molecular dynamics, bulk orienta-
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2.5. Rheo-NMR

Figure 2.10.: Example 2H spectra: The quadrupolar splitting between each
doublet is annotated as either showing ∆v(θ) or ∆v(0) , depending
on the angle at which the liquid crystal’s director is found to be.

tion, and other useful parameters. Rheo-NMR also has an advantage of being

applied to optically opaque samples without any modification to experimental

techniques, allowing an increasingly large range of samples to be studied.

One class of materials that have been extensively studied by Rheo-NMR is liq-

uid crystals [49, 50]. Liquid crystals are a state of matter that has properties

bridging both traditional liquids and crystalline substances [51]. A liquid crys-

talline substance in the absence of any external forces will have a high degree of

orientational order but no translational order over long ranges, and will flow like

a liquid. Some of these liquid crystal substances will align their long axes when

a strong magnetic field is applied, resulting in the sample having an overall di-

rector corresponding to the long axis of the liquid crystal molecules aligned with

the magnetic field (provided the liquid crystal has a magnetic anisotropy aligned

along its long axis). Several studies have looked into what effect the application

of a shear force can have on the director angle of a nematic liquid crystal and have
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2. Theory

found that it will reorient from being parallel to being nearly perpendicular to

the magnetic field of the spectrometer (for a system with a positive diamagnetic

susceptibility anisotropy) [11, 12, 49, 50, 52]. These measurements were carried

out using 2H NMR spectra to monitor the liquid crystal’s director angle via the

observed quadrupolar splitting of the oriented deuterium oxide solvent. These

have the following relationship:

∆v(θ) =
∣∣∣∣12 ∆v(0) (3cos2θ − 1)

∣∣∣∣ (2.25)

in which θ is the angle of the liquid crystal director relative to the magnetic field,

∆v(0) is the quadrupolar splitting value when the liquid crystal director is under

no shear and at equilibrium, and ∆v(θ) is the quadrupolar splitting value while

the sample is under shear [12]. The ability to reorient a liquid crystal using shear

is a cornerstone of this project.

Another prerequisite is that shear forces should not perturb the structure of

the molecule under investigation. The effect that a shear force may have on the

structure of a molecule has been investigated by Ashton et al. [53]. It could be

imagined that if a macromolecule such as a protein, which is held together largely

with weak intermolecular forces, was sheared with sufficient force the structure

may be somewhat perturbed. There are many rheological techniques which could

be used to monitor this perturbation, including high-resolution Rheo-NMR. Since

structural changes are usually accompanied by changes in chemical shifts it is

simple to monitor 1H spectra for any changes when a shear force is applied.

One of the simplest approaches to applying a shear force to a sample inside a

NMR spectrometer involves a Couette cell design. This involves an outer NMR

sample tube with a diameter corresponding to the probe diameter, with a smaller

diameter NMR tube placed concentrically inside it. The inner tube is rotated

while the outer remains stationary, resulting in the application of a shear force
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2.5. Rheo-NMR

to the sample. The design of a couette cell and motor will be described in depth

later.
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3. Experimental Methods and

Preliminary Results

The goal of this thesis is to investigate the effects on the NMR spectrum of a

protein placed in an alignment media that is then sheared by the application

of a shear stress. Understanding what effect this shear stress is having on the

alignment media is an undoubtedly important part of this, and will be discussed

below.

3.1. Shear Cells

There are many unique geometries for shear cells. Typically such devices are used

in rheology experiments in order to mechanically characterize a sample. Some of

the more common geometries used in rheometers include the following:

• A cone and plate set-up, where a sample is placed on a flat plate and a

shallow cone is lowered into contact with the sample. This can be used to

measure the forces that are transferred through the sample by rotating the

plate or cone relative to the surface.

• A capillary set-up where a sample is pushed through a tube of known di-

mensions. This exerts a shear force onto the sample that depends on the

flow rate of the sample through the tube. This allows the mechanical prop-
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3. Experimental Methods

erties of a sample flowing through pipes to be determined, giving insight to

how fluids are moved around in industrial processes.

• A Couette cell or rotational cylinder design involves two concentric cylinders

with a sample being placed between the two tubes. One of the cylinders is

rotated resulting in a shear force being applied across the annulus between

the cylinders. This results in a velocity gradient forming across the gap

between the two cylinders which can be calculated (shown in Equation 3.1,

where γ̇ is the applied shear rate across the annular gap, ω is the angular

velocity, and Ri and Ro are the inner and outer radii of the gap between the

two cylinders [54, 55]). This is the design that has been chosen in the past

for rheo-NMR studies due to the ease of implementing such a device inside

the probe of a NMR spectrometer and has been the focus in this work.

γ̇ = − 2ω

1−
(
Ri

Ro

)2 (3.1)

3.1.1. First Generation

As NMR sample tubes are cylinders the most basic design possible for creating

a Couette cell that would function inside a NMR spectrometer involves an NMR

tube loaded with the sample with a smaller diameter tube being placed inside.

This creates an annular gap containing the sample between the two tubes. The

inner tube can then be rotated which will create a shear gradient across the

sample. This is a functioning design for a rheo-NMR setup, however if there is

nothing constraining the inner tube it is likely that the rotation would not be

concentric, resulting in momentary uncontrollable changes to the shear rate.

To counter this problem, a first generation rheo-NMR cell was designed in

house and included a small semi-spherical cup which sat in the base of the outer

tube which directed the inner NMR tube towards the center. In addition to

this, a small ring was designed to sit at the top of the outer tube designed again
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3.1. Shear Cells

to keep the inner tube centered. As this cell is designed to be placed inside a

high resolution NMR spectrometer it is important that the materials used in its

construction are not magnetic and have small enough T2’s in order to be “NMR

invisible” so as to not to interfere with the spectra of the sample. As such the

material that has been chosen to make each of these fittings is polyether ether

ketone (PEEK), an inert temperature stable plastic. The NMR tubes chosen

for this cell are a 5 mm outer diameter thin walled NMR tube (type 507-PP-7,

Wilmad Glass Co.) (inner diameter of 4.2 mm) and a 3 mm outer diameter NMR

tube (type 307-PP-8, Wilmad Glass Co.) as the inner cylinder. This results in an

annular gap of 0.6 mm which is available to be filled by the sample (Figure 3.1).

This design did prove to be effective at stabilizing the inner tube, however was

often problematic due to the cup becoming stuck in the base of the 5 mm tube.

To remedy this a new tube design was proposed which countered this problem,

based on a previously successful larger scale rheo-NMR setups.

3.1.2. Second Generation

An improved cell design was implemented which involved a 5 mm outer diameter

NMR tube with the sealed end removed. This end was replaced by a PEEK cap

which allowed the inner tube to be held in better alignment without removing

possible sample space. A stabilizing ring was again used around the neck of the

5 mm tube to hold the inner 3 mm tube in the center. In addition to this a

long PEEK plug was placed into the top of the 3 mm inner tube to increase the

strength of the inner tube, which was often prone to breaking in the previous

generation set-up (Figure 3.2). This second generation set-up was designed and

initially built by Tim Brox from the Victoria University Magnetic Resonance

group.
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Figure 3.1.: First generation shear cell: First generation shear cell set up
utilizing a 5 mm NMR tube as the outer shell, and a 3 mm NMR
tube as the inner wall. PEEK fittings are included at the neck of the
5 mm tube and between the bases of the tubes in order to provide
stability.
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Figure 3.2.: Second generation shear cell: Second generation shear cell set up
with an open ended 5mm NMR tube capped with a PEEK fitting.
A standard 3mm NMR tube is held inside by a PEEK ring around
the neck of the 5mm tube. A 3mm diameter PEEK insert is placed
inside the 3mm tube for added strength.

41



3. Experimental Methods

Figure 3.3.: Schematic diagram of the drive shaft connected to each
shear cell

3.1.3. Drive Shaft

In order to be able to shear the sample the inner tube of the rheo-cell needs to be

rotated. To do this a drive shaft which is clamped to the inner tube while holding

the outer tube in place is used. This allows the movement of the inner tube to be

controlled outside of the spectrometer by attaching a motor to drive the system.

The drive shaft design has remained constant throughout the development of

other shear cell designs, and consists of a long aluminum shaft which holds the

5 mm outer NMR tube through a design similar to that of a standard NMR

spinner. The 3 mm inner tube is connected via a clamping screw to the drive

shaft which extends out the top of the spectrometer ending with a coupling joint

which can be attached to an external motor.
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3.2. Shear Drive Motors

3.2. Shear Drive Motors

3.2.1. First Generation

The original motor that has been used to apply a shear force to the sample tube

is a simple stepper motor with a rotation rate range between 0.1 Hz and 14 Hz.

This motor was designed and built by Robin Dykstra & Terry Southern and is

controlled via an external micro-controller which allows the rotation rate to be

increased step wise, or reset to zero. These alterations to the rotation rate are

able to be controlled either manually, or via a serial port communication link

with the spectrometer computer. The ability to control the motor via a serial

port connection is vitally important as not only does it allow the desired speed

of the motor to be set rapidly, but also gives the possibility of changing the

rotational rate of the motor dynamically, and introducing waveforms of rotation

rate.

The control of this motor via the spectrometer was scripted inside TopSpin

2.1 (Bruker BioSpin, Rheinstetten, Germany), a program for data acquisition

and analysis on Bruker NMR spectrometers. The programs written in the spec-

trometer’s scripting language are known as “AU programs”, this language was

developed especially for use within TopSpin. It is built on an underlying C struc-

ture with the addition of several macros specific to the capture and processing of

NMR data. Several AU programs have been written to aid in the control of this

motor including a simple script which increases the rotation rate to a given rate

with a ramp; a script which allows the rotation rate to be switched between two

set values; and several other variations of waveforms.

This first generation motor was an effective tool for generating shear forces

inside the Couette cell, however the range of rotation rates available to this motor

was limited to a range between 0.1 Hz and 14 Hz, with step size of 0.1 Hz. The

minimum rotation rate of 0.1 Hz has been lowered through the use of a gear box
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with a ratio of 1:50, giving a new rotation rate range of 0.002 Hz to 0.28 Hz with

steps of 0.002 Hz.

3.2.2. Second Generation

A second generation motor was developed by Beta Solutions for Magritek which

set out to allow the application of higher shear forces, along with easier feedback

and script development. This motor has an operating rate ranging from 0.1 Hz

to upwards of 60 Hz. The micro-controller for this motor is now mounted directly

on the drive unit itself, greatly reducing the bulk of the system and the system is

communicated with by writing commands to a USB port (Figure 3.4). This allows

a variety of different types of programs to control the motor including scripting

languages which have access to system level processes. Several scripts for control

of the motor were developed using Python 2.7, a common programming language.

These scripts ranged from simple scripts that turned the motor on at a given

speed, to more complex scripts that allowed the rotation rate of the motor to

follow a waveform. In addition to the AU programs which were mentioned briefly

in 3.2.1, it is also possible to develop scripts in TopSpin using Python as the base

language. This allowed this second generation motor to be controlled in a similar

fashion to the previous motor, and will allow for some interesting developments

for full integration of motor control into pulse programs in the future.

3.3. Rheo-NMR of liquid crystal phases

In order to investigate the capability of the shear cell to reorient anisotropic

materials several liquid crystals were prepared and subjected to stresses in the

shear cell.
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Figure 3.4.: Second generation motor: 500 MHz Bruker NMR Spectrometer
with Second Generation shear motor mounted atop the bore.
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Figure 3.5.: Molecular structure of CTAB

3.3.1. CTAB in D2O

3.3.1.1. Introduction

Cetyltrimethylammonium bromide (CTAB) is a cheap commonly available cationic

surfactant which, given appropriate conditions, can self-assemble into worm-like

micelles. This self-assembly is driven through the amphiphilic structure of the

CTAB molecule where the ammonium bromide head is highly polar and well

solvated in water, in contrast to the long aliphatic tail of the molecule which

has a very low solubility in water. When a sufficiently high concentration of the

CTAB molecules are present in an aqueous system the self assembly process will

begin, with the aliphatic hydrocarbon tails aligning leaving only the hydrophilic

ammonium heads exposed to the solution. This results in a worm-like micelle

structure. These micelles can grow in length through either increased concen-

trations of CTAB, or through lowering of the temperature, eventually reaching

a critical length where the micelles will form a nematic liquid crystal phase (ne-

matic liquid crystal phases have orientational order but no translational order).

Deuterium NMR is a very powerful tool that can be used to track the forma-

tion of the micelles and more importantly the orientation of the nematic liquid

crystal director formed by CTAB solutions. A liquid crystal’s director is the av-

erage bulk orientation of the structures within the sample about which Brownian

fluctuations take place, as shown in Figure 3.6.
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3.3. Rheo-NMR of liquid crystal phases

Figure 3.6.: Different phases of a rod like molecule: a) Nematic liquid crys-
tal phase where n is the overall director orientation of the sample,
aligned with the long axis of the structure present in solution. b) An
isotropic solution phase sample where there is no overall orientation
of the structures present.

3.3.1.2. Experimental Method

Samples of CTAB (BDH Chemicals) in D2O (99.9% deuteration, Cambridge Iso-

tope Laboratories) were prepared to 20 wt% and dissolved using a bath of warm

tap water before being mixed thoroughly on a vortex mixer for 5 minutes.

All 2H NMR work reported in this section was carried out on a Bruker 500

MHz NMR spectrometer operating at 76.8 MHz with a spectral width of 500.8

Hz and one scan per FID.

The samples were loaded into a first generation shear cell and placed into the

spectrometer and allowed to equilibrate at 309 ± 1 K for 30 minutes before any

spectra were recorded. A set of control experiments without any shear applied

were carried out. The first 2H spectrum was recorded at 309 ± 1 K before the

temperature was lowered to 303 ± 1 K and allowed to equilibrate for 10 minutes

before a second spectrum is recorded.
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Another experiment was then carried out at 303 ± 1 K in which the sample

experienced an average shear rate of 251.79 s-1 applied through the first genera-

tion motor running at 14 Hz. The deuterium spectrum were measured and the

quadrupolar splitting observed was compared to that of the static system.

The next experiment that was carried out on these samples investigated the rate

of reequilibriation after the application of a shear force. A “2D” NMR experiment

of the 2H spectrum vs. time was carried out with 800 rows in the time dimension

and a delay between scans of 1 s. This experiment had the sample under an

average shear of 215.82 s-1 for the first 10 rows, before the shear was ceased for

the remainder of the experiment.

3.3.1.3. Results and Discussion

The first control experiments carried out on CTAB set out to show that indeed

there is an isotropic to nematic phase transition between 309 ± 1 K and 303 ±

1 K. By monitoring the 2H NMR spectra of the sample as it is cooled between

the two temperatures it was seen that a single isotropic D2O peak (characteristic

of an isotropic phase) is split into a quadrupolar doublet as the sample becomes

aligned into a nematic phase. Figure 3.7 clearly shows the difference between the

two spectra.

As it has been seen that a nematic liquid crystal phase can be established, the

effect that shear had on this anisotropic phase was now investigated. As soon as

a shear force was applied to the couette cell there were major changes in the 2H

spectrum. Once the sample had reached an equilibrium under shear the spectrum

was recorded and can be seen to be notably different from the spectrum without

an applied shear force (Figure 3.8). As described in Equation 2.25, the angle of

the liquid crystal’s director can be calculated from the values of the quadrupolar

splitting. The experiment without any applied shear force was found to have a

quadrupolar splitting value of 18.5 ± 0.1 Hz (∆ν(0)), while the experiment under
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Figure 3.7.: 2H spectra of isotropic and nematic CTAB: Two control spectra
obtained from 20 wt% sample of CTAB in D2O. Blue spectrum is
measured at 309 K and shows a single isotropic peak. Red spectrum
is measured at 303 K and shows a quadrupolar doublet.
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3. Experimental Methods

Figure 3.8.: The effect of an applied shear force on the 2H spectra: Spec-
tra showing the difference in the quadrupolar splitting when the
CTAB nematic phase sample has a shear force applied. Blue spec-
trum is the unsheared experiment. Red spectrum is a sample being
sheared at a rate of 251.79 s-1

shear was found to have a splitting value of 11.3 ± 0.1 Hz (∆ν(θ)). These values

are found to correspond to a director angle of 30.75± 0.5◦ relative to the external

magnetic field, showing that the application of a shear force will indeed reorient

a liquid crystal phases director angle.

The 2D experiment carried out on the relaxation of the liquid crystal’s director

back towards an equilibrium position showed interesting results. As is shown in

Figure 3.9, when the shear force ceases to be applied the quadrupolar splitting

decreases to zero, before expanding out to the maximum (the splitting seen when

the director is aligned with the magnetic field).

3.3.1.4. Conclusion

These results fit those seen in prior works by our group [11, 12], showing that

the application of a shear force to a liquid crystal sample made from micelle

structures reorients the phase and that the angle between the director and the
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3.3. Rheo-NMR of liquid crystal phases

Figure 3.9.: 2D 2H NMR spectrum while the CTAB director is relaxing:
2D NMR showing the changes in the quadrupolar splitting as the
liquid crystal’s director relaxes back towards being parallel with the
magnetic field.

magnetic field can be obtained from the splitting in the deuterium spectra using

a |3cos2 − 1| relationship. This shows that the shear cell setup used is working as

designed and may be suitable for reorientation of other liquid crystal materials.

3.3.2. PBLG in CDCl3

3.3.2.1. Introduction

Poly-γ-Benzyl-L-Glutamate (PBLG) is an amphiphilic chiral polymer comprised

of a derivative of the amino acid Glutamic acid. The polymer is highly soluble

in non-polar organic solvents such as chloroform. The polymer forms long helical

strands in solution, which when exposed to a strong external magnetic field will

align parallel with the external field. When the correct concentration and solvent

conditions are met, this sample can behave as a nematic phase liquid crystal.

This experiment set out to discover if an alternative liquid crystal solution is

able to be reoriented under shear forces, and the time scales involved in such a
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Figure 3.10.: Molecular structure of the monomer γ-Benzyl-L-
Glutamate.

reorientation. Again the orientation of the liquid crystal director (which in this

system is the long axis of the PBLG is the director) is monitored through 2H

NMR with the deuterium probe being a deuterated solvent.

As PBLG is a polymeric structure it is possible to vary the molecular weight

in order to change the physical properties. One of the properties that has been

investigated by other groups prior is the effect that molecular weight has on the

orientational properties of the liquid crystal formed by PBLG [56]. It has been

found that having a higher molecular weight PBLG will yield a higher quality

spectra of an included molecule as well as a lesser degree of alignment on a target

molecule.

3.3.2.2. Experimental Method

A low molecular weight PBLG sample (low MW PBLG) was prepared from 79.1

mg of PBLG (70,000 - 150,000 molecular weight, Sigma Aldrich) which was placed

into a 5 mm NMR tube with 720 mg of deuterochloroform (99.8% deuteration,

SDS) and was left overnight for the PBLG to dissolve. The sample was then

inverted and centrifuged multiple times in a custom built NMR tube centrifuge

to increase the homogeneity, before being set up as a rheo-cell by inserting a 3

mm inner tube as described previously. NMR measurements were carried out
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3.3. Rheo-NMR of liquid crystal phases

Table 3.1.: Shear rates applied to low molecular weight PBLG samples.

Avg. shear rate [s-1] [a] Max shear rate [s-1] [a]

0 0

18 26

36 51

72 103

108 154

0 0

[a] Shear rates are calculated using a program written in house by Prof. Bill

Williams.

on a Bruker 500 MHz NMR spectrometer operating at 76.8 MHz with a spectra

width of 3 kHz at 298 ± 1 K. This sample was exposed to a variety of shear rates

ranging from 17 s-1 to 108 s-1 as described in Table 3.1 chosen to given a range of

values and demonstrate any possible differences in response.

In addition to constant shear profiles, a variety of wave forms were applied using

the second generation motor and looped through for a given time. These profiles

were decided upon as a possible method of generating stable intermediate angles

between those seen with constant shear forces. A simple 1D experiment with 16

scans per FID and a delay between scans of 1 s was carried out to measure the

maximum quadrupolar splitting (obtained without the application of any shear).

In addition to this a “2D” experiment comprised of several 1D scans stacked over

time was also implemented for the monitoring of the effect of shear over time.

These “2D” experiments had one scan per row and a recycle delay of 1 s. The

applied shear profiles which were run are described in Table 3.2 and Figure 3.11.

The effect of molecular weight was also investigated by preparing a high molec-

ular weight sample. 147.3 mg of PBLG (150,000 - 300,000 molecular weight,

Sigma Aldrich) along with 950 mg of deuterochloroform and 55.8 mg of (+)-
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(a) (b)

(c) (d)

Figure 3.11.: Graphical representation of the shear waveforms applied
to low MW PBLG: Each plot is representing two loops through
the waveform. The angle displayed is the angle of the drive shaft
relative to an arbitrary origin point set at the start of each loop. a)
Applied shear profile 1. b) Applied shear profile 2. c) Applied shear
profile 3. d) Applied shear profile 4.



3.3. Rheo-NMR of liquid crystal phases

Table 3.2.: Waveforms of shear applied to low MW PBLG: Description of
the waveforms used with the second generation motor for the appli-
cation of a shear force to a low molecular weight PBLG sample.

Applied Shear profile 1 Applied Shear profile 2 Applied Shear profile 3 Applied Shear profile 4

Time[a][s] Angle[b][◦] Time[a][s] Angle[b][◦] Time[a][s] Angle[b][◦] Time[a][s] Angle[b][◦]

0 0 0 0 0 0 0 0

3 3240 1.5 2160 1.5 1080 2 1440

3.5 3240 2.25 2160 1.75 1080 3 1080

[a]: Time relative to the start of each loop.
[b]: Angle of the drive shaft relative to an origin point set at the start of each
loop.

isopinocampheol (Santa Cruz Biotechnology inc.) were mixed in a 1 ml Eppendorf

tube and left to dissolve overnight before being mixed thoroughly by centrifuge

and inverting the sample multiple times. The sample was then loaded into a 5 mm

first generation rheo-cell. All NMR measurements on this sample were carried out

on a Bruker 500 MHz NMR spectrometer operating at 76.8 MHz with a spectral

width of 3 kHz. Again both 1D experiments and “2D” stacked experiments were

carried out on this sample, with 4 scans per FID for 1D experiments, and one

scan per FID for 2D. A recycle delay of 1 s was used for both. The motor control

used for these experiments involved a square wave profile developed in the AU

scripting language. This script allowed the motor to be set to loop between two

given revolutions per minute for two time periods. The conditions of each run

are outlined in Table 3.3 and Figure 3.12.

3.3.2.3. Results and Discussion

The application of a shear force to sample of low molecular weight had a noticeable

effect on the quadrupolar splitting observed in the deuterium NMR spectra. The

spectra acquired without the application of any shear forces showed a quadrupolar
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(a) (b)

(c)

Figure 3.12.: Graphical representation of three shear profiles applied to
high MW PBLG: a) Applied shear profile 5. b) Applied shear
profile 6. c) Applied shear profile 7.
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Table 3.3.: Shear conditions applied to high MW PBLG: Applied shear
conditions used in high molecular weight PBLG experiments.

Applied shear Average shear rate Average shear rate Time at top Time at base

profile at top of wave [s-1] at base of wave [s-1] of wave [ms] of wave [ms]

5 5.4 0 1000 200

6 5.4 0 800 300

7 3.5 -1.8 800 400

splitting of 399 Hz, much larger than that seen in the CTAB experiments, but

not unexpected for a low molecular weight PBLG sample [56] (Figure 3.13).

The “2D” experiments carried out on this sample provided interesting re-

sults, with the range of different applied shear profiles each generating a unique

quadrupolar splitting value, some with sharper peak shapes than others (the

“2D” spectra is outlined in Figure 3.14, for information about the effect of each

shear profile refer to Table 3.4). Unfortunately the lowest shear rate used, 18

s-1 gave a large spread single peak due to a large number of orientations present

in the sample. Increasing the shear rate to 36 s-1 forced the sample to adopt a

more uniform orientation, as measure by the peak width at half height, with a

director angle of 62 ± 1◦ relative to the magnetic field. Further increasing the

shear rate to 72 s-1 and 108 s-1 both had a similar effect of further decreasing

the peak width at half height, and slightly increasing the quadrupolar splitting

resulting from relative director angles of and 63 ± 1◦ and 65 ± 1◦. The relatively

small changes in the director angle of the PBLG were somewhat surprising at

first, however it can be explained by considering both the high viscosity of the

sample, and the torque which the spectrometers magnetic field will be exerting

trying to align the PBLG with itself. As soon as the shear force was no longer

applied, the quadrupolar splitting increased towards the maximum seen before

the experiment had started. The final quadrupolar splitting measured without
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Figure 3.13.: 2H spectrum of low MW PBLG: 1D spectrum of low molecular
weight PBLG in CDCl3 showing a quadrupolar splitting of 399 Hz.
A small isotropic D2O peak is seen from a residual amount of D2O
in the inner tube.

shear showed that the samples director orientation had not yet completely re-

aligned with the magnetic field, and still had a director angle of 6 ± 1◦. This

is due to the time needed before the sample will become completely aligned with

the external magnetic field being greater than was allowed for in this experiment.

Later experiments on other samples found the time required to be between 30

and 60 minutes.

The use of the applied shear profiles generated a variety of results. The results

generated from the first shear profile is seen in Figure 3.15 where there is a clear

pulsing of the peak intensity of the doublet. Closer inspection shows that there

is a slight bulge in the center of the doublet appearing while the shear is ceased.

The next shear profile applied lowered the shear force applied with the aim of

lowering the gap between the two states, and can be seen in Figure 3.16.

Interestingly instead of decreasing the gap between the two possible states this

eighth applied shear profile appeared to allow a second state in the middle of the

quadrupolar doublet to increase in intensity as the experiment progressed (Figure
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Figure 3.14.: “2D” experiment of a variety of constant shear rates on the
low molecular weight PBLG sample: A: No shear applied. B:
Average shear rate of 18 s-1. C: Average shear rate of 36 s-1. D:
Average shear rate of 72 s-1. E: Average Shear rate of 108 s-1. F:
No shear applied. The small peak that can be seen trailing on the
right hand side is a D2O peak from the residual amount in the inner
tube.
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Table 3.4.: The effect of a number of applied shear profiles on low MW
PBLG: Detailed information for the effect that each shear rate had
on the spectral properties of low molecular weight PBLG.

Avg. shear rate [s-1] Max shear rate [s-1] ∆νQ[a][Hz] ∆ν 1
2

[b][Hz]

0 0 401 20

18 26 Indistinguishable 130

36 51 70 50

72 103 81 30

108 154 90 28

0 0 394 20

[a]The quadrupolar splitting between the CDCl3 doublet.
[b]The peak width at the estimated half height of the left peak of the quadrupolar
doublet.

Figure 3.15.: 2H spectra obtained with the shear profile of applied shear
profile 1.
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3.3. Rheo-NMR of liquid crystal phases

Figure 3.16.: 2H spectra obtained with the shear profile of applied shear
profile 2.

3.16). When the quadrupolar splitting is measured for both doublets it is found

that the initially seen outer doublet had a splitting of 90 Hz, corresponding to a

director angle of 65◦, while the developing inner doublet had a splitting of 54 Hz

which corresponded to a director angle of 60◦. The next shear profile investigated

in the applied shear profile 3 cut down the time that the shear is halted for. The

results of this experiment are displayed in Figure 3.17.

The results generated from shear profile 3 do appear to be the most homoge-

neous generated thus far using alternative wave forms, however there is still a

clear pulsing of the intensity of the doublet peaks, indicating that another align-

ment is being formed during the delay period. Results from the final applied

shear profile tested with the low MW PBLG are displayed in Figure 3.18.

This final shear profile involved a period in which the rotation of the shear

motor was reversed. This shear profile has generated a large single bulge in the

center of the quadrupolar doublet.
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Figure 3.17.: 2H spectra obtained with the shear profile of applied shear
profile 3.

Figure 3.18.: 2H spectra obtained with the shear profile of applied shear
profile 4.
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3.3. Rheo-NMR of liquid crystal phases

Figure 3.19.: The effect of a shear force on the 2H spectra of high molec-
ular weight PBLG: 2H spectra of high molecular weight PBLG.
Blue spectrum is the sample without the application of a shear rate.
Red spectrum is the sample under shear at a rate of 90 s-1. The large
central peak is an isotropic deuterochloroform peak resulting from
the lock solvent in the inner 3 mm tube.

The high molecular weight sample was found to behave in a very similar fashion

to those trialed previously. When a sufficiently high shear rate is applied, the

quadrupolar splitting is observed to reduce indicating that the director of the

liquid crystal is being reoriented from parallel with the magnetic field to another

orientation. This is demonstrated in Figure 3.19 with a constant average shear

rate of 90 s-1 causing the quadrupolar splitting to be reduced from 261 ± 0.2 Hz

to 125 ± 0.2 Hz indicating a liquid crystal director angle of 83◦ ± 0.4◦.

The overall goal of maintaining stable liquid crystal orientations had been hard

to obtain with the lower molecular weight PBLG sample when pulsed shear pro-

files were used. The use of a number of steady shear rates on the high molecular

weight sample was however much more fruitful, with Figure 3.20 showing the

results obtained when a shear rate of 5.4 s-1 was applied for 1 s before the shear

was halted for 0.2 s.

63



Figure 3.20.: The effect of applied shear profile 5 on the 2H spectra of
high molecular weight PBLG: 2H spectrum of high molecular
weight PBLG. A) Sample under applied shear profile 5 . B) No shear
force applied, sample relaxing back to equilibrium state. Note: The
large central peak is due to the deuterochloroform located in the
inner 3 mm tube.
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3.3. Rheo-NMR of liquid crystal phases

This shear rate caused the quadrupolar splitting to reduce to 62 ± 0.2 Hz from

260 ± 0.2 Hz when no shear was applied, which corresponds to a director angle

of 65 ± 1◦.

Decreasing how long the sample is sheared for in each loop and increasing

the delay between the shear cycles resulted in the stability of the quadrupolar

doublet dropping. It can be seen in Figure 3.21 that the doublet intensity appears

to pulse along the time axis. This will likely be the result of multiple alignments

of the liquid crystal director being present in the sample (a secondary set of peaks

cannot be identified, but the decrease in intensity of the main peak would require

the population buildup of another alignment). This shear profile resulted in a

director angle of 65 ± 0.5◦.

Decreasing the shear rate further to 3.5 s-1 and setting shear reversed in place

of the break in shear resulted in a much poorer quality spectra where there are

clearly two alignments present. It can be seen in Figures 3.22 and 3.23 there is one

well resolved quadrupolar doublet with a splitting of 259 ± 0.5 Hz, and another

poorly resolved doublet with a much smaller quadrupolar splitting of 40± 5 Hz.

These splittings correspond to director angles of 29 ± 0.5◦ and 55± 5◦.

3.3.2.4. Conclusion

Monitoring of the 2H NMR spectrum of each of the PBLG samples has clearly

shown that applying a shear force will cause the liquid crystal’s director to reorient

from parallel with the external magnetic field. The angles between the director

of the liquid crystal and the magnetic field can once again be calculated by using

the |3cos2 − 1| described earlier in Chapter 2.5

The use of samples with different molecular weights of PBLG showed that

there is a large difference in the maximum quadrupolar splitting observed, as was

encountered in prior work by Marx and Theile [56].
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Figure 3.21.: The effect of applied shear profile 6 on the 2H spectra of
high molecular weight PBLG: 2H spectrum of high molecular
weight PBLG. A) Sample under applied shear profile 6. B) No shear
force applied, sample relaxing back to equilibrium state. Note: The
large central peak is due to the deuterochloroform located in the
inner 3 mm tube.
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Figure 3.22.: The effect of applied shear profile 7 on the 2H spectra of
high molecular weight PBLG: 2H spectrum of high molecular
weight PBLG. Sample under applied shear profile 7. Note: The
large central peak is due to the deuterochloroform located in the
inner tube.
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Figure 3.23.: 1D slice showing 2H spectrum of high molecular weight
PBLG under shear profile 7: 1D slice of the 2D 2H experiment
shown in Figure 3.22. High molecular weight PBLG whilst under
applied shear profile 7.

The application of pulse shear profiles to both high and low molecular weight

sample provided some interesting results. The noticeable pulsing of the peak in-

tensity and multiple peaks which appeared in the spectra from the low molecular

weight sample indicated that there was not single alignments being generated,

but rather a mixture. This evolution is clearly an interesting soft matter problem

ripe for further investigation. The application of applied shear profile 5 to the

high molecular weight sample proved to be the most effective in generating a

single alignment, similar to what has been seen with constant shear rate experi-

ments. The use of pulsed shear profiles has shown that an additional number of

orientations that are otherwise unobtainable with constant shear can be obtained.

3.3.3. Pf1 in D2O

3.3.3.1. Introduction

Bacteriophage pf1 is a long rod-like virus roughly 850 nm in length and 4-6 nm

wide. When samples containing pf1 are placed into a strong external magnetic
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3.3. Rheo-NMR of liquid crystal phases

Figure 3.24.: Electron microscopy image of pf1 bacteriophage sample.
Image reproduced from [64]

field the field will cause the long axis of the phage to align parallel with the

field. If a suitably high concentration of pf1 is reached, the sample will take on a

nematic liquid crystal phase where the director is aligned with the long axis of the

phage. Pf1 bacteriophage is commonly used for the partial alignment of protein

molecules for the capture of RDCs [48, 57, 58, 59, 60, 61, 62, 63]. As pf1 is heavily

used in the capture of RDCs for protein NMR experiments, the ability to alter

the alignment that the liquid crystal forms could prove to be beneficial for fine

tuning results as well as possibly gaining more unique data sets. This system has

been investigated under methods similar to that of the prior two liquid crystal

systems, the angle of the liquid crystal’s director is again monitored through 2H

NMR, with a deuterium probe being present as the D2O solvent.

3.3.3.2. Experimental Method

Samples of pf1 without another solute were prepared to assess the viability of

applying a shear force to pf1. 100 mL of potassium phosphate buffer was prepared

for pf1 samples containing 90 mL of Milli Q water, 0.1285 g of KH2PO4(9 mM),

0.1005g of KCl (13.5 mM) and 0.02 g of NaN3(3 mM) along with 10 mL of D2O

with a pH of 6.2. 0.33 mL of this buffer was then used along with a 0.17 mL of
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3. Experimental Methods

Table 3.5.: Constant shear rates applied to a pf1 sample.

Avg. shear rate [s-1] Max shear rate [s-1] ∆νQ[a][Hz] ∆ν 1
2

[b][Hz]

0 0 6.96 1.76

1.8 2.6 3.13 1.65

90 128 2.63 1.65

54 77 2.41 1.8

1.8[c] 2.6 0.75 3.4

[a] Splitting between the quadrupolar doublet in the 2H spectra.
[b] Peak width at halt height of the left hand peak of the quadrupolar doublet.
[c] This shear rate was run at a lowered temperature of 279.4 K

a 50 mg/mL stock solution of pf1 to create a 0.5 mL sample with 17 mg/mL of

pf1.

The sample of pf1 had a variety of constant shear rates applied to it as outlined

in Table 3.5, while the 2H NMR spectra were monitored. All experiments were

carried out on a Bruker 500 MHz NMR spectrometer operating at 76.8 MHz with

a spectral width of 3 kHz and, unless otherwise stated, at a temperature of 298

± 1 K.

3.3.3.3. Results and Discussion

Measurement of the quadrupolar splitting seen when no shear is applied found

that the maximum splitting was 6.96 Hz, as is seen in Figure 3.25 indicating that

a nematic phase had indeed formed.

The application of low shear forces, have great impact on the alignment of the

liquid crystal director. The stable quadrupolar splitting seen when an average

shear rate of 1.8 s-1 can be found to relate to a director angle of 79◦. The resultant

1D spectra for this shear profile can be seen in Figure 3.26.
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Figure 3.25.: Spectrum obtained from pf1 sample while no shear forces
are applied

Figure 3.26.: Spectrum obtained from pf1 sample while under an average
shear rate of 1.8 s-1
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Figure 3.27.: Spectrum obtained from pf1 sample while under an average
shear rate of 90 s-1

The application of an average shear rate of 90 s-1 had a much larger shear rate

applied in the hopes of orienting the director closer to 90◦, however this shear

rate appeared to generate a slightly smaller quadrupolar splitting than that of

the prior experiment. This smaller splitting corresponded to a director angle of

73◦. The resultant 1D spectra for this shear profile can be seen in Figure 3.27.

Decreasing the average shear rate to 54 s-1 resulted in a smaller quadrupolar

splitting that all previous shear rates, and was found to correspond to a director

angle of 71◦. The resultant 1D spectra for this shear profile can be seen in Figure

3.28.

Finally, the temperature was lowered to 279 ±1 K and a shear rate of 1.8 s-1 was

applied in an attempt to decrease the rate that the quadrupolar splitting returns

to the maximum post shear value. This proved to be the most interesting of the

shear profiles attempted with a small quadrupolar splitting of only 0.75 Hz being

seen. This splitting can be found to correspond to a director angle of either 50◦

or 59◦(calculating which is challenging due to the proximity to the magic angle).

The resultant 1D spectra for this shear profile can be seen in Figure 3.29.
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Figure 3.28.: Spectrum obtained from pf1 sample while under an average
shear rate to 54 s-1

Figure 3.29.: Spectrum obtained from pf1 sample while under an average
shear rate of 1.8 s-1 at 279 K
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3.3.3.4. Conclusion

It is clear that pf1 exhibits changes in the quadrupolar splitting when a shear

force is applied to a sample. Along with this, the changes seen appeared to follow

what has been seen with the previously studied liquid crystal systems, indicating

that the behavior is likely due to the same phenomena. The spectrum obtained

while both changing temperature and shear rate demonstrated that it is possible

to generate a vastly different alignment of the liquid crystal’s director.

3.3.4. Conclusion

The three unique liquid crystal systems that have been investigated thus far

have all clearly demonstrated changes in the 2H spectra whilst a shear force is

applied. Importantly the changes that have been seen all allow the director angle

to be calculated by applying the |3cosθ2 − 1| relationship that was described

earlier in section 2.5. The ability to orient the director of the liquid crystals

to unique orientations has also been demonstrated using both pulsed and static

shear profiles. With this in hand the effects of reorientation on the spectra of

molecules solvated in these anisotropic mediums can now be investigated.

3.4. Shear Stability of a Protein

3.4.1. Introduction

Proteins are macromolecules that have their secondary structure held together

by relatively weak intermolecular forces. Given this, it could be easy to see how

the application of a sufficiently high shear force could be able to break apart

some of these bonds and cause the protein to denature. The denaturation of the

target protein would ruin any further experiments as the native structure would

no longer be accessible. Prior work by Jaspe and Hagen found that the shear rate
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required to cause any significant changes in the structure of a small protein would

be on the order of 107 s-1 [65]. While this is likely significantly more than any

shear rate which is going to be applied in order to reorient a liquid crystal system,

it is still important to investigate what effect the shear forces will have on the

protein’s structure. It is also important to note that a much larger non-globular

protein is likely to have an increased susceptibility for denaturation under shear.

The target protein for this set of experiments is β-lactoglobulin (β-LG), which is

the major protein component of bovine and ovine milk. β-LG is a largely globular

protein with a significant proportion of its structure being constructed of beta

sheet structure. At physiological conditions β-LG exists largely as a dimer and

each monomer has a molecular weight of 18.4 kDa. It has also been reported that

shear can cause aggregation into fibrils [66]. The formation of these larger scale

structures would not allow the structure of each protein molecule to be studied

in detail by NMR.

While determination of the full 3D structure of a protein is an involved process

which relies on multiple NMR experiments being carried out and processed, it

is possible to qualitatively monitor any changes in the structure through the 1H

NMR spectrum of the protein. Unfortunately it would be exceptionally difficult

to make any exact claims about which regions of the protein had undergone any

changes using only a 1H NMR spectrum, however it will be simple to detect if

changes have occurred.

3.4.2. Experimental Method

A β-LG 0.5 mL sample was prepared to a concentration of 2.2 mM in a 10mM

phosphate buffer with 10% D2O and pH adjusted to 2.4 using 20 µL of 1M HCl.

The sample was mixed using a bench top vortex mixer before being loaded into

a 5 mm first generation rheo-NMR cell. NMR experiments on this sample were

carried out on a Bruker 500 MHz NMR spectrometer operating at 500.132 MHz
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with a spectral width of 8012 Hz. A control 1H spectrum was captured without

the application of any shear forces with 64 scans. The sample now exposed to an

average shear rate of 108 s-1 while a 1H spectrum was again captured using 64

scans. This experiment was repeated for a final time using an average shear rate

of 250 s-1.

3.4.3. Results and Discussion

The spectra from each of the 3 experiments carried out on β-LG are displayed in

Figure 3.30. There are no areas in any of the two sheared spectra that appear to

have any major deviation from what is seen in the control experiment.

3.4.4. Conclusion

As can be clearly seen in the 1H spectra displayed in Figure 3.30, there is no

noticeable changes to the pattern of the spectra. While this is not a completely

definitive study on the structural changes of a protein under shear, it is a strong

indicator that there is likely very little, if any, change to the overall structure of

β-LG whilst under shear rates on the order of 250 s-1. It should be noted that

a shear rate of 250 s-1 is much higher than any which will be used to reorient a

liquid crystal system.

While the protein that will be introduced later is not tested using this same

method it can be assumed that there will be little change in result due to the

similar globular nature of the structures, and the results that were mentioned

earlier by Jaspe and Hagen [65], as well as previous work by our group [67].
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Figure 3.30.: The effect of applied shear force on the structure of β-LG:
1H spectra of β-LG. Blue spectrum is under no shear force. Green
spectrum is sheared at a rate of 108 s-1. Red spectrum is sheared
at a rate of 250 s-1.
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4. Isopinocampheol - A proxy for

larger molecules

4.1. Introduction

High resolution NMR is one of the most commonly used techniques for studying

the structures of organic molecules. The tool box of NMR techniques that have

been largely available in the past such as J-couplings, the nuclear Overhauser

effect, and chemical shifts are all exceptionally valuable in providing viable struc-

tural models. One potential downfall of these techniques however is their local

nature, which can lead to problems where a break in the local connectivities may

cause the structural model to be incomplete.

RDCs provide information which can be used to calculate an angle between a

bond vector and the spectrometer’s magnetic field. Unlike J couplings and NOEs

they are not limited by internuclear distance. Therefore they can be of use for

problems such as determining the relative conformation of remote stereocentres,

improving on a structural model obtained from prior techniques.

RDCs have been applied for the refinement of small organic molecules by a

variety of groups [68, 69, 70, 71, 72, 73, 74], but do not appear to have found

widespread application yet.

(1S, 2S, 3S, 5R)−(+)−Isopinocampheol ((+)−IPC) is a chiral rigid small molecule

which has been extensively studied by the Thiele group [56]. This molecule was
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4. Isopinocampheol

picked for investigation due to the rigid nature of the bridged ring structure, as

well as the number of possible bonds from which RDCs could be captured from.

The (−)−isopinocampheol enantiomer has also been investigated by this group

and has been used to demonstrate that RDCs can be effectively used to differenti-

ate between enantiomers [75]. The structure of both enantiomers of this molecule

are shown in Figure 4.1 and Figure 4.2

For this investigation (+)−IPC was chosen to be investigated as a proxy for a

larger more complicated molecule such as a protein. It was hoped that due to

the less complicated spectrum, any effect that reorienting the liquid crystal may

have on the RDC values would be easily discerned.

A coupled-HSQC experiment has been used here to probe the J and RDC

values for each C-H bond vector present in this molecule. This is very similar

to a standard decoupled HSQC experiment which generates a single peak for

each unique (in terms of chemical shift) C-H pair. In contrast, the coupled

HSQC allows the evolution of a doublet of peaks for each C-H pair, with the

splitting between the peaks being equal to the RDC + J-coupling value. There

are two basic alterations to the standard HSQC pulse sequence that can lead

to this result, the first is the removal of the 180◦ proton refocusing pulse from

between the INEPT and retro-INEPT steps which results in the doublet being

spread along the 13C (indirect) dimension. The second method, which was used

in these experiments, is to simply remove the broadband decoupling pulse for the

duration of the acquisition. This now results in the doublet developing in the 1H

dimension (direct). The pulse sequences that lead to each of these three outcomes

are displayed in Figures 4.3, 4.4, and 4.5.
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Figure 4.1.: Molecular Structure of (+)- Isopinocampheol: Molecular
Structure of (+)−Isopinocampheol with numbering used for assign-
ment of the spectra

CH3

HO

CH3

CH3

Figure 4.2.: Molecular Structure of (−)−Isopinocampheol
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Figure 4.3.: A HSQC Pulse Sequence: The standard decoupled HSQC pulse
sequence. Narrow bars and wide bars represent 90◦ and 180◦ pulses
respectively along the x axis unless specified otherwise. Pulses A
are the transfer steps where the magnetization is moved between the
1H and 13C nuclei. Pulse B removes the J coupling by refocusing
the magnetization. C is the acquisition period on the 1H channel.
Pulse D is a long low powered pulse that decouples the 13C nuclei by
rapidly scrambling the magnetization on each 13C nucleus while the
1H signal is collected. [76].

82



Figure 4.4.: A coupled HSQC pulse sequence: Narrow bars and wide bars
represent 90◦ and 180◦ pulses respectively along the x axis unless
specified otherwise. The removal of the 180◦ pulse between the IN-
EPT and retro-INEPT periods allows the magnetization to continue
to progress without refocusing and removing any J-coupling. This
pulse sequence will result in any J-coupling or RDCs to be apparent
along the indirect dimension [76].

Figure 4.5.: A coupled HSQC pulse sequence: Narrow bars and wide bars
represent 90◦ and 180◦ pulses respectively along the x axis unless
specified otherwise. In this sequence the 180◦ pulse between the
INEPT periods is returned and the broadband decoupling pulse on
the F2 nuclei is removed during the acquisition. This allows both the
J-coupling and RDC to develop in the direct dimension [76].
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4. Isopinocampheol

4.2. Experimental Method

An initial isotropic sample of (+)−IPC was prepared in order to determine the

J-coupling values for each bond as well as allowing the assignment of the NMR

peaks to each bond. A series of experiments were carried out in order to determine

the peak assignments of (+)−IPC, including 1D 1H and 13C spectra, a decoupled

HSQC spectrum, a coupled HSQC spectrum, a COSY spectrum, and a NOESY

spectrum, each of which are provided in Appendix A. For these experiments a

sample was created from 57.3 mg of (+)−IPC (Santa Cruz Biotechnology Inc.)

and 0.633 mL of deuterochloroform (99.8% deuteration, SDS) were mixed in a

standard 5 mm NMR tube before the experiments were carried out on a Bruker

Avance spectrometer operating at a frequency of 500.13 MHz on the proton chan-

nel and 125.77 MHz on the carbon channel. The 1H spectrum is displayed with

assignments in Figure 4.6. The J-coupling values for each C-H bond of interest

are displayed in Table 4.1.

A sample of (+)−IPC was now prepared with PBLG as the liquid crystal

alignment medium using 55.8 mg of (+)−IPC, 147.3 mg of high molecular weight

PBLG (150,000-300,000 daltons, Sigma Aldrich) and 0.633 mL of deuterochloro-

form. These were mixed together in a 1 mL Eppendorf tube on a vortex mixer

before being placed into a first generation rheo-NMR tube. A sufficient volume

of deuterochloroform was also added inside the inner 3 mm tube in order to

allow a stable lock signal to be acquired (this gives a single 2H peak which is

unaffected by the presence of the PBLG liquid crystal). The homogeneity of

the sample was now monitored by observing the peak width and relative height

of the 2H quadrupolar doublet from the deuterochloroform in the liquid crystal

solution, with the same method of centrifugation that was outlined in Chapter

3.3.2.2 adopted when necessary. Before beginning each experiment on the sample

a 2H spectrum was captured without the application of any shear forces in order

to determine the maximum possible splitting between the quadrupolar doublet.
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Figure 4.6.: 1H spectrum of (+)-IPC: 1H spectrum of (+)-IPC in CDCl3.
Labels on molecular structure correspond to labeled peaks. Numbers
under the peaks are the integral of each peak and correspond to the
number of 1H nuclei contributing to each peak
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Table 4.1.: J-Coupling values for (+)-IPC: J-Coupling values for each labeled
bond of (+)-IPC.

C-H Bond(s) J-Coupling [Hz]

1 138.9 ± 0.1

2 125.7 ± 0.1

3 141.8 ± 0.1

4a 126.5 ± 0.1

4b 126.0 ± 0.1

5 137.7 ± 0.1

7a 136.8 ± 0.1

7b 144.5 ± 0.1

8 124.7 ± 0.1

9 122.9 ± 0.1

10 124.7 ± 0.1
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4.2. Experimental Method

Figure 4.7.: Computationally calculated model of (+)-IPC

A variety of shear forces were then applied to the sample as outlined in Table

4.2. The quadrupolar splitting was monitored at each shear rate again using the
2H spectrum which, as was noted in Chapters 2.5 and 3.3.2, allows the angle of

the liquid crystal’s director to be calculated. Once the quadrupolar splitting had

reached a stable value, a coupled HSQC spectrum was acquired allowing the cap-

ture of the RDC and J-coupling values for each C-H bond vector in the molecule.

Following the capture of the coupled HSQC a final 2H spectrum is acquired to

monitor if any changes in the alignment of the liquid crystal had occurred. This

process is repeated for each unique shear rate, generating a number of data sets.

In order to obtain any meaningful data from the RDC values, a structural model

of (+)-IPC had to be created. This was provided via computer modeling using

a geometry optimized B3LYP/6-311+g (2d,p) calculation [77]. The calculated

model is displayed in Figure 4.7. A coordinate file for the model can be found in

Appendix B.
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4. Isopinocampheol

Table 4.2.: Shear profiles applied to (+)-IPC: Shear profiles applied to the
(+)-IPC sample during acquisition of a coupled HSQC.

Avg. shear Max shear Max Initial Final

rate [s-1] rate [s-1] ∆vQ[a][b][Hz] ∆vQ[a][Hz] ∆vQ[a][Hz]

0 0 276± 0.5 276± 0.5 276± 0.5

5.4 7.7 324.4± 0.5 76.2± 0.5 76.8± 0.5

9 12.8 385.6± 0.5 94.7± 0.5 98.9± 0.5

107.9 153.9 276± 0.5 133± 0.5 131± 0.5

[a] Quadrupolar splitting between the CDCl3 doublet.
[b] Maximum quadrupolar splitting seen without any shear forces applied.

4.3. Results and Discussion

The effect of a shear force on the quadrupolar doublet seen in the 2H spectra

of liquid crystal solutions has already been clearly demonstrated in Chapter 3.

However, to be useful it was necessary for the effect to be constant for the duration

of the coupled-HSQC data collection. This could be verified by monitoring the

splitting of the 2H doublet. Figures 4.8, 4.9, 4.10, and 4.11 show an overlay of

the 2H spectra before and after each coupled-HSQC. Given there are not any

significant changes in the splitting values as is noted in Table 4.2, it can be

asserted that each RDC set obtained relates to a single set of alignments.

Promisingly, the RDC values obtained for each bond vector differed between

all of the data sets obtained and are displayed in Table 4.3.

Each set of RDCs were fitted to the structural model using the RDC analysis

program MSpin [78], and alignment tensors were found using the singular value

decomposition method (a mathematical method for solving systems of simultane-

ous equations that may not have a single convergent answer. This is the method

applied to solving for the alignment tensor seen in Equation 2.17). Each of these
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Figure 4.8.: 2H spectra captured without the application of any shear
forces: 2H spectra before and after coupled-HSQC experiment. The
blue spectrum was captured immediately before the HSQC, the red
spectrum was captured immediately after.

Figure 4.9.: 2H spectra captured while under an average shear rate of
5.4 s-1: 2H spectra before and after coupled-HSQC experiment while
under an average shear rate of 5.4 s-1 . The blue spectrum was cap-
tured immediately before the HSQC, the red spectrum was captured
immediately after.
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Figure 4.10.: 2H spectra captured while under an average shear rate of 9 s-1:
2H spectra before and after coupled-HSQC experiment while under
an average shear rate of 9 s-1. The blue spectrum was captured
immediately before the HSQC, the red spectrum was captured im-
mediately after.

Table 4.3.: RDC values for (+)-IPC: RDC values for IPC under various shear
profiles.

C-H Bond
Avg. Shear rate of 0 s-1 Avg. Shear rate of 5.4 s-1 Avg. Shear rate of 9 s-1 Avg. Shear rate of 107.9 s-1

RDC [Hz] RDC [Hz] RDC [Hz] RDC [Hz]

1 40.6 ± 0.1 −5.7 ± 0.1 −8.9 ± 0.1 −15.1 ± 0.1

2 −31.2 ± 0.1 1.0 ± 0.1 2.0 ± 0.1 2.0 ± 0.1

3 32.7 ± 0.1 −9.8 ± 0.1 −13.2 ± 0.1 −16.6 ± 0.1

4a −25.2 ± 0.1 −1.5 ± 0.1 0.4 ± 0.1 −1.0 ± 0.1

4b 33.4 ± 0.1 −9.4 ± 0.1 −13.2 ± 0.1 −28.2 ± 0.1

5 −21.8 ± 0.1 7.0 ± 0.1 7.7 ± 0.1 11.2 ± 0.1

7a −9.3 ± 0.1 9.4 ± 0.1 12.5 ± 0.1 17.6 ± 0.1

7b −65.5 ± 0.1 −8.7 ± 0.1 −6.4 ± 0.1 −13.1 ± 0.1

8 0.6 ± 0.1 −3.5 ± 0.1 −5.7 ± 0.1 −8.5 ± 0.1

9 −26.8 ± 0.1 −0.4 ± 0.1 −1.0 ± 0.1 −1.0 ± 0.1

10 −23.1 ± 0.1 −4.4 ± 0.1 −5.8 ± 0.1 −4.1 ± 0.1
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Figure 4.11.: 2H spectra captured while under an average shear rate of
107.9 s-1: 2H spectra before and after coupled-HSQC experiment
while under an average shear rate of 107.9 s-1. The blue spectrum
was captured immediately before the HSQC, the red spectrum was
captured immediately after.
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Figure 4.12.: Coupled-HSQC obtained while no shear rate is applied.
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4.3. Results and Discussion

Table 4.4.: RDCs obtained with no applied shear forces: Measured vs.
SVD calculated RDC results from MSpin under shear profile 19.

C-H Bond Measured RDC [Hz] SVD Calculated RDC [Hz]

1 40.6± 0.1 45.62

2 −31.2± 0.1 0.24

3 32.7± 0.1 14.24

4a −25.2± 0.1 7.31

4b 33.4± 0.1 38.33

5 −21.8± 0.1 -8.88

7a −9.3± 0.1 -32.21

7b −65.5± 0.1 -33.20

8 0.6± 0.1 16.48

9 −26.8± 0.1 -5.38

10 −23.1± 0.1 -3.53

alignment tensors has an associated quality factor (Q), as described in Chapter

2.4.

It can be seen from Table 4.4 that the calculated RDC data do not match

well to the measured RDC data obtained with no applied shear forces. The

alignment tensor that was calculated from the set of measured RDCs is displayed

in Equation 4.1. As could be expected from such poor fitting data the quality

factor is very high with Q = 0.675.


9.298× 10−4 −1.773× 10−4 4.651× 10−5

−1.773× 10−4 −4.069× 10−4 2.873× 10−4

4.651× 10−5 2.873× 10−4 −5.230× 10−4

 (4.1)

Table 4.5 demonstrates the measured vs. SVD calculated RDC data for the

RDCs measured whilst under an average shear rate of 5.4 s-1, and demonstrates an
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4. Isopinocampheol

Table 4.5.: RDCs obtained under an average applied shear rate of 5.4
s-1: Measured vs. SVD calculated RDC results from MSpin under an
applied shear rate of 5.4 s-1.

C-H Bond Measured RDC [Hz] SVD Calculated RDC [Hz]

1 −5.7± 0.1 -5.37

2 1.0± 0.1 2.15

3 −9.8± 0.1 -10.68

4a −1.5± 0.1 1.61

4b −9.4± 0.1 -7.91

5 7.0± 0.1 8.82

7a 9.4± 0.1 8.71

7b −8.7± 0.1 -5.91

8 −3.5± 0.1 -1.22

9 −0.4± 0.1 3.06

10 −4.4± 0.1 -0.03

improved alignment between the calculated and measured RDCs. The alignment

tensor that was extracted for this dataset is demonstrated in Equation 4.2, and

has a much improved quality factor of Q = 0.365 associated with it.


−1.369× 10−4 2.810× 10−5 −1.327× 10−4

2.810× 10−5 −1.848× 10−5 3.390× 10−5

−1.327× 10−4 3.390× 10−5 1.554× 10−4

 (4.2)

The application of an average shear rate of 9 s-1 showed further improvement

to the agreement between the measured and SVD calculated RDCs as is demon-

strated in Table 4.6.

The alignment tensor extracted from the measured RDCs is demonstrated in

Equation 4.3, and was found to have an associated quality factor of Q = 0.329
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Table 4.6.: RDCs obtained under an average applied shear rate of 9s-1:
Measured vs. SVD calculated RDC results from MSpin under an
applied average shear rate of 9 s-1.

C-H Bond Measured RDC [Hz] SVD Calculated RDC [Hz]

1 −8.9± 0.1 -8.52

2 2.0± 0.1 2.20

3 −13.2± -13.06

4a 0.4± 0.1 2.52

4b −13.2± 0.1 -12.06

5 7.7± 0.1 9.35

7a 12.5± 0.1 12.66

7b −6.4± 0.1 -4.51

8 −5.7± 0.1 -2.59

9 −1.0± 0.1 3.84

10 −5.8± 0.1 0.21
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4. Isopinocampheol

Table 4.7.: RDCs obtained under an average applied shear rate of 107.9
s-1: Measured vs. SVD calculated RDC results from MSpin under an
applied average shear rate of 107.9 s-1.

C-H Bond Measured RDC [Hz] SVD Calculated RDC [Hz]

1 −15.1± 0.1 -15.00

2 2.0± 0.1 1.50

3 −16.6± 0.1 -18.57

4a −1.0± 0.1 6.30

4b −28.2± 0.1 -21.95

5 11.2± 0.1 15.86

7a 17.6± 0.1 18.63

7b −13.1± 0.1 -6.70

8 −8.5± 0.1 -3.72

9 −1.0± 0.1 5.62

10 −4.1± 0.1 -1.11


−2.173× 10−4 2.467× 10−5 −1.467× 10−4

2.467× 10−5 1.012× 10−6 1.568× 10−5

−1.467× 10−4 1.568× 10−5 2.163× 10−4

 (4.3)

Increasing the average shear rate to 107.9 s-1 gave similar results to those ob-

tained with an average shear rate of 1.8 s-1 and 9 s-1. There is a good degree of

alignment between the SVD calculated and measured RDCs for each C-H bond

vectors displayed in Table 4.7.

The extracted alignment tensor generated by MSpin is demonstrated in Equa-

tion 4.4, and is found to have an associated quality factor of Q = 0.343.
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4.4. Conclusion


−2.173× 10−4 2.467× 10−5 −1.467× 10−4

2.467× 10−5 1.012× 10−6 1.568× 10−5

−1.467× 10−4 1.568× 10−5 2.163× 10−4

 (4.4)

The most obvious difference between each of these four sets of data is that

between the data collected without the application of any shear forces and all

others. There is very little agreement between the calculated and measured RDC

values while under no applied shear forces which is then demonstrated again

with the high quality factor of Q = 0.675. The three other sets of data showed

significantly improved agreement between the calculated and measured RDCs, as

well as improved Q factors. Although these Q factors are an improvement over

the unsheared data set, they are still poor in comparison to reported data for this

molecule [56].

The reasoning behind the poor quality factors for each data set are not un-

derstood. However, a possible explanation involves multiple orientations being

present due to separation occurring over the duration of each experiment, al-

though the 2H results that were obtained do not provide sufficient evidence to

substantiate this. In addition to this the low number of RDC data points for each

shear profile will not allow any errors to be statistically removed which is likely

to occur in larger molecules like a protein.

4.4. Conclusion

While most of the RDC data obtained in this chapter clearly does not allow

suitable alignment tensors to be generated it is clear that the application of

different shear forces has had an effect on the RDC values that are obtained.

Notably the RDC data which was obtained under shear was of similar magnitude

and order despite the difference in the shear forces applied, while also being
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Figure 4.13.: Comparison of (+)-IPC RDCs: Comparison of RDC values for
each bond in (+)-IPC under different shear profiles.

significantly different to that obtained without the application of any shear forces.

These changes are best demonstrated in Figure 4.13.

While RDCs can be of use in determining the stereochemistry of small molecules,

they are still yet to be widely applied (a Google Scholar search results in only 43

results for the strings “Residual Dipolar Couplings” and ”Small Organic Molecules”).

The small number of internuclear vectors that can be probed with RDCs can po-

tentially lead to results of limited quality, and this will only be exacerbated if

adequate sample mixing and uniformity of alignments cannot be ensured. This,

along with the already well proven and utilized NOE methods for determining

stereochemistry, will likely limit the uptake of RDCs for small molecule analysis.

The method should not however be completely discarded from the small molecule

NMR toolkit as they can, in cases where limited or poor NOEs are available, still

prove to be useful.
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4.4. Conclusion

As this project intended to study the RDCs obtained from a protein system,

where there are a significantly larger number of internuclear vectors present, in-

stead of expending time on understanding and improving the results obtained

in this chapter progress was made into a protein system which will be described

next.
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5. Ubiquitin

5.1. Introduction

Ubiquitin is a small (8.5 kDa) protein that, as its name suggests is found ubiqui-

tously throughout eukaryotic cells and which consists of 76 amino acid residues.

The structure and function of this protein has been extensively studied since

its discovery in 1975 [79], and it has been found to be involved in a variety of

biological processes including inflammation, translation, DNA repair, and endo-

cytic trafficking, but most notably in protein degradation[80, 81, 82]. Two of the

key structural features of ubiquitin are a C-terminus tail and the seven surface

lysines. Each of these features allow the protein to be attached to a target protein

through a process known as ubiquination, the discovery of which resulted in the

Nobel Prize in Chemistry in 2004 being awarded to Ciechanover, Hershko, and

Rose[83]. The process of ubiquination attaches one or more ubiquitin molecules to

a protein which is targeted for degradation before the complex is then transferred

to a proteasome where the degradation occurs. Due to the important role that

ubiquitin plays in biological systems, and the ubiquitous nature, this protein has

previously been extensively studied, resulting in a well-defined structural model

being available both from X-Ray crystallographic methods (pdb entry: 1UBQ)

[84], and solution state NMR [85, 86]. The well understood, relatively simple

structure, along with the commercial availability of isotope labeled ubiquitin has

resulted in ubiquitin being used as a model protein to display the effectiveness of
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5. Ubiquitin

Figure 5.1.: X-Ray crystallographic structure of Ubiquitin: The structure
obtained from X-Ray crystallographic study of ubiquitin. Resolution
of 1.8 Å. [84]

new NMR techniques. In addition to this, ubiquitin has been used extensively to

demonstrate the use of RDCs by various groups previously [57, 86, 87, 88, 89, 90].

Due to this information surrounding ubiquitin it was chosen as a model protein

to investigate what effect the application of a shear force to the aligning phase

may have on the RDCs that are captured.

5.2. Fitting of RDCs to a known structure

5.2.1. Introduction

Verifying that the RDCs captured are consistent with a known structure of ubiq-

uitin is an important task. This verification process takes place through the

calculation of an alignment tensor from experimentally measured RDC values

and a previously known structure, before back calculating a set of RDC values

from the alignment tensor and structure. If the original RDC values are con-

sistent with the structure, the back calculated values should closely match the

experimental values, and a low quality factor will be obtained. In the case of

this study of ubiquitin the structure used for this calculation is an X-Ray crys-
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5.2. Fitting of RDCs to a known structure

tallographic structure with a resolution of 1.8 Å (1UBQ [84]). The verification

process is even more important when multiple RDC datasets have been captured

and utilized for a single target molecule, such as is the case here. The calculation

of the alignment tensor can take place manually, as was described in Section 2.4,

or more commonly by using a fitting program, such as MSpin [78] or PALES

[48]. This fitting process yields a number of pieces of information, such as an

alignment tensor, a set of back calculated RDCs, and a quality factor, Q. The

RDC quality factor is commonly used as a cross-validation tool between a set of

measured RDCs and a prior known structure. As an example, Q values for a high

resolution structures of ubiquitin in published material are commonly accepted

to be around 0.200 [91].

5.2.2. Experimental Method

100 mL of a pH 6.5 phosphate buffer which was used for all ubiquitin samples

was prepared with 10 mM KH2PO4and 330 mM KCl. The pH was adjusted to

6.49 with 2 µL of 5 M HCl, and 20 µL of 5 M KOH. D2O (99.9% deuteration,

Cambridge Isotope Laboratories) was added up to 10% of the total volume to

enable the spectrometer to gain a lock signal, as well as 0.0044g of trimethylsilyl

propanoic acid (TSP) as an internal reference. 0.0285 g of NaN3 was added as a

bactericidal agent.

An isotropically tumbling ubiquitin sample was prepared from 0.001382 g of

lyophilized 15N labeled ubiquitin (Asla Biotech) and 0.3 mL of the aforementioned

buffer. This sample was mixed thoroughly by inversion before loading into a

standard 5 mm thin walled NMR tube (type 507-PP-7, Wilmad Glass Co.).

All NMR experiments in this section were carried out on a Bruker Avance 500

MHz NMR spectrometer operating at 500.13 MHz on the 1H channel, and 50.68

MHz on the 15N channel.
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5. Ubiquitin

Figure 5.2.: 1H spectrum of isotropic Ubiquitin: Prepared in 10 mM phos-
phate buffer with regions of peaks labeled.

A 1D proton spectrum was captured using with a spectral width of 10.33 kHz,

and 4 scans per spectrum and is displayed in Figure 5.2.

An HSQC experiment was then carried out with decoupling enabled, to allow

each peak to be correctly labeled. This spectrum was acquired at 305 K with 2

scans per FID and a recycle delay of 1.2 seconds. The spectral width was set at

1.77 kHz for 15N and 7 kHz for 1H. The resultant spectrum is seen in Figure 5.3.

The IPAP-HSQC which was discussed in section 2.4 was now employed to

capture the J-coupling values. The complete IPAP-HSQC had the spectral width

set to 7 kHz for the 1H channel and 1.77 kHz on the 15N channel. Each FID used 4

scans per FID, and recycle delay of 1.2 seconds. As this is an interleaved spectrum,

the FIDs are split using a built-in command in TopSpin 2.1 (Bruker BioSpin,

Rheinstetten, Germany), ‘split ipap 2’, which gives two resultant spectra, one

with each N-H bond leading to an in-phase doublet, and the other an anti-phase

doublet. The addition and subtraction of these spectra results in two spectra,

one with the up field component of the doublet, and the other the corresponding

down field component.

104



5.2. Fitting of RDCs to a known structure

Figure 5.3.: 1H -15N HSQC of isotropic Ubiquitin: Prepared in 10 mM
phosphate buffer.

Next an anisotropically tumbling sample was next prepared using 0.00230 g of
15N labeled ubiquitin, 0.33 mL of the phosphate buffer used previously, and 0.17

mL of 50 mg/mL bacteriophage Pf1 (Asla Biotech.). The sample was mixed with

a vortex mixer before being loaded into a second generation rheo-NMR tube (as

was described in Section 3.1.2).

Several shear profiles were applied to the sample while an IPAP-HSQC was

recorded (outlined in Table 5.1). In addition to the IPAP-HSQC, a two 2H spectra

were recorded, one before the IPAP-HSQC, and one after. These 2H spectra are

used to calculate the liquid crystal’s director angle, as well as ensuring that the

sample is homogeneous for the duration of the IPAP-HSQC experiment.

The RDC values are extracted for each of the different shear profiles from each

IPAP-HSQC spectrum. The extracted RDC values are then processed into an

input file for PALES [48]. PALES requires both this input file and a structural
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5. Ubiquitin

Table 5.1.: Shear profiles applied to the anisotropic Ubiquitin sample

Avg. shear rate [s-1] Max shear rate [s-1]

0 0

17.98 25.66

215.82 307.88

0 0

1.80 2.57

0.72 1.03

71.94 103.63

model in-order to calculate an alignment tensor and other characterizing infor-

mation that is extracted from the RDCs. The structural model that was used

for these ubiquitin experiments is an X-ray crystallographic structure with a res-

olution of 1.8 Å (1UBQ)[84]. The input file and structural model are iteratively

run through PALES, and RDC values that have poorer fits are removed in each

iteration, until the values are largely in agreement. The values that have been

removed are commented out in the input file with a ‘#’.

5.2.3. Results and Discussion

The first set of results from this set of experiments involved the capture of the J-

coupling values for each of the N-H bonds present in the ubiquitin molecule. This

was carried out by using an IPAP-HSQC which gives two component spectra, an

in-phase component, and an anti-phase component, which are demonstrated in

Figures 5.4, and 5.5. The anti-phase is then added to and subtracted from the in-
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5.2. Fitting of RDCs to a known structure

Figure 5.4.: Isotropic Ubiquitin IPAP-HSQC In-phase component.

phase spectrum resulting in two spectra, each of which contains one component

of each doublet.

In the initial isotropic sample the J-coupling values were found as the difference

in the F1 dimension location of each half of the doublet. The J-coupling values

are given in Table 5.2.

Once the J-coupling had been determined, the RDC values from each of the

different shear profiles could be extracted. An initial experiment was carried

out on the anisotropically tumbling sample without the application of any shear

forces, much in the same way that other groups have measured RDCs for proteins.

The RDC values captured from this first experiment are shown in Table 5.3. The
2H spectra (which are sensitive to the orientation of the liquid crystal director)

that were captured before and after this experiment showed were found to have

very little variation. As no shear forces were applied to this sample, it is assumed
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Table 5.2.: J-Coupling values for the N-H bonds of Ubiquitin

Amino Acid Residue Number J-Coupling [Hz] [±0.05] Amino Acid Residue Number J-Coupling [Hz][±0.05]

GLN 2 93.13 GLN 40 93.13

ILE 3 93.56 GLN 41 94.86

PHE 4 93.99 LEU 43 95.73

VAL 5 93.13 ILE 44 92.69

LYS 6 93.56 PHE 45 93.56

THR 7 94.42 GLY 47 93.12

LEU 8 94.42 ARG 48 93.13

LYS 11 94.42 LEU 50 96.16

THR 12 92.69 GLU 51 95.29

ILE 13 93.13 ASP 52 94.85

THR 14 93.56 ARG 54 95.73

LEU 15 95.30 THR 55 93.13

GLU 16 93.99 SER 57 93.99

VAL 17 93.99 ASP 58 98.76

GLU 18 93.13 TYR 59 95.73

SER 20 92.69 ASN 60 94.42

ILE 23 94.42 ILE 61 93.56

ASN 25 94.42 GLN 62 94.42

VAL 26 92.70 LYS 63 93.99

LYS 27 97.02 GLU 64 93.99

SER 28 96.59 SER 65 94.86

ALA 29 95.30 THR 66 92.26

ILE 30 94.42 LEU 67 93.99

ASP 32 94.42 HIS 68 95.29

LYS 33 93.99 LEU 69 93.56

GLU 34 90.96 VAL 70 94.43

GLY 35 93.99 LEU 71 96.59

ILE 36 91.39 GLY 76 93.56

ASP 39 94.86
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5.2. Fitting of RDCs to a known structure

Figure 5.5.: Isotropic Ubiquitin IPAP-HSQC Anti-phase component.

that the director of the liquid crystal is aligned parallel with the magnetic field,

B0. The two spectra are shown in Figure 5.6.

PALES generates an output file which contains the alignment tensor and other

alignment parameters. The generated alignment tensor this set of RDCs is given

in Equation 5.1.


−6.19× 10−6 −3.6334× 10−10 1.0809× 10−7

−3.6334× 10−10 −5.833× 10−4 3.5274× 10−7

1.0809× 10−7 3.5274× 10−7 6.4524× 10−4

 (5.1)

The five principal components of this alignment tensor are as follows; Szz =

7.5067 × 10−5, Sxx − yy = 5.5277 × 10−4, Sxy = −9.1696 × 10−5, Sxz =

−3.8469× 10−4, Syz = 4.0694× 10−4 .
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Table 5.3.: RDCs captured while under no shear: The RDCs captured from
the N-H bonds of ubiquitin while no shear forces are applied

Amino Acid Residue J-Coupling + RDC Amino Acid Residue J-Coupling + RDC

Number RDC [Hz][±0.05] [Hz][±0.05] Number RDC [Hz][±0.05] [Hz][±0.05]

GLN 2 86.19 -6.93 GLN 40 111.75 18.63

ILE 3 106.12 12.56 GLN 41 101.79 6.93

PHE 4 106.12 12.12 LEU 43 75.80 -19.92

VAL 5 98.76 5.63 ILE 44 76.66 -16.03

LYS 6 87.93 -5.63 PHE 45 76.23 -17.33

THR 7 81.43 -13.00 GLY 47 86.19 -6.93

LYS 11 82.30 -12.13 ARG 48 91.39 -1.73

THR 12 80.13 -12.56 LEU 50 77.96 -18.20

ILE 13 96.59 3.46 GLU 51 89.66 -5.63

THR 14 96.16 2.60 ASP 52 94.85 0.00

LEU 15 112.18 16.89 ARG 54 90.10 -5.63

GLU 16 91.39 -2.60 THR 55 87.50 -5.63

VAL 17 89.23 -4.76 SER 57 117.38 23.39

GLU 18 80.13 -13.00 ASP 58 108.29 9.53

SER 20 102.22 9.53 TYR 59 109.15 13.43

ILE 23 86.19 -8.23 ASN 60 96.59 2.16

ASN 25 93.12 -1.30 ILE 61 85.76 -7.80

VAL 26 95.29 2.60 GLN 62 111.32 16.89

LYS 27 79.26 -17.76 LYS 63 91.39 -2.60

SER 28 114.78 18.19 GLU 64 110.88 16.89

ALA 29 82.73 -12.56 SER 65 101.79 6.93

ILE 30 83.59 -10.83 THR 66 109.15 16.89

ASP 32 82.73 -11.69 LEU 67 106.12 12.13

LYS 33 90.09 -3.90 HIS 68 80.56 -14.73

GLU 34 77.54 -13.43 LEU 69 71.47 -22.09

GLY 35 100.05 6.06 VAL 70 81.86 -12.56

ILE 36 84.03 -7.35 LEU 71 77.54 -19.05

ASP 39 111.75 16.89 GLY 76 93.99 0.43
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5.2. Fitting of RDCs to a known structure

Figure 5.6.: 2H spectra with no applied shear: The blue spectrum is captured
before the IPAP-HSQC. The red spectrum is taken directly after the
IPAP-HSQC

Figure 5.7 allows it to be clearly seen that there is a strong correlation between

the back calculated RDCs that were output by PALES using the alignment tensor,

and the experimentally measured RDCs.

The associated quality factor for this alignment tensor is found to be Q = 0.209,

with 36 RDC values being used in the final calculation. The PALES output file

for this shear profile can be found in Appendix C.

The sample was now sheared at an average rate of 17.98 s-1. The RDC values

captured from this shear profile are displayed in Table 5.4. As this experiment

was conducted in the presence of an applied shear force there were three 2H

spectra conducted, one without the application of any shear after the sample had

equilibrated in the magnetic field for 30 minutes, one directly before the IPAP-

HSQC, and the final one directly after the IPAP-HSQC (both while under shear).

The two spectra captured before and after the IPAP-HSQC are shown in Figure

5.8.
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Figure 5.7.: Experimentally measured RDCs vs. back calculated RDCs
while no shear is applied: Plot showing the relationship between
the experimentally measured RDCs and the back calculated RDCs
from PALES for all measured N-H bonds of ubiquitin while no shear
is applied.
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Table 5.4.: RDCs captured at an average shear rate of 17.98 s-1 for N-H
bonds of ubiquitin

Amino Acid Residue J-Coupling + RDC Amino Acid Residue J-Coupling + RDC

Number RDC [Hz][±0.05] [Hz][±0.05] Number RDC [Hz][±0.05] [Hz][±0.05]

GLN 2 98.32 5.20 GLN 40 84.03 -9.10

ILE 3 89.66 -3.90 GLN 41 92.26 -2.60

PHE 4 90.09 -3.90 LEU 43 103.09 7.36

VAL 5 90.96 -2.16 ILE 44 100.05 7.36

LYS 6 96.16 2.60 PHE 45 100.92 7.36

THR 7 100.49 6.06 GLY 47 96.59 3.47

LYS 11 98.76 4.33 ARG 48 94.85 1.73

THR 12 99.19 6.50 LEU 50 100.92 4.76

ILE 13 92.26 -0.87 GLU 51 95.29 0.00

THR 14 92.69 -0.87 ASP 52 92.69 -2.16

LEU 15 88.36 -6.94 ARG 54 94.86 -0.87

GLU 16 95.29 1.30 THR 55 93.99 0.87

VAL 17 97.02 3.03 SER 57 84.03 -9.96

GLU 18 98.32 5.20 ASP 58 91.83 -6.93

SER 20 87.50 -5.20 TYR 59 87.50 -8.23

ILE 23 97.02 2.60 ASN 60 93.56 -0.87

ASN 25 95.72 1.30 ILE 61 96.59 3.03

VAL 26 91.83 -0.87 GLN 62 87.93 -6.49

LYS 27 101.35 4.33 LYS 63 96.16 2.16

SER 28 84.46 -12.13 GLU 64 87.50 -6.49

ALA 29 100.05 4.76 SER 65 92.26 -2.60

ILE 30 99.19 4.76 THR 66 85.76 -6.50

ASP 32 98.33 3.90 LEU 67 88.36 -5.64

LYS 33 95.72 1.73 HIS 68 100.05 4.76

GLU 34 97.02 6.06 LEU 69 103.09 9.53

GLY 35 92.26 -1.73 VAL 70 99.19 4.76

ILE 36 95.29 3.90 LEU 71 101.35 4.76

ASP 39 86.19 -8.67
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5. Ubiquitin

Figure 5.8.: 2H spectra at an average shear rate of 17.98 s-1: The blue
spectrum was recorded under shear before the IPAP-HSQC. The red
spectrum was captured directly after the IPAP-HSQC while still un-
der shear. The green spectrum was captured before the application
of any shear forces and is used as a reference to allow calculation of
the angle of the liquid crystal’s director once the shear is applied.

By comparing the quadrupolar splitting between the 2H doublet of the sam-

ple before shear is applied, and under an average shear rate of 17.98 s-1 it was

found that the liquid crystal’s director oriented at an angle of 76◦ relative to the

magnetic field B0. Upon processing these RDC values with PALES an alignment

tensor was extracted and is displayed in Equation 5.2. Again when the back

calculated RDC values are plotted against the experimentally measured values

there is a strong correlation, as is well demonstrated in Figure 5.9. This align-

ment tensor had a quality value of Q = 0.244. The full output of PALES for this

shear profile can be found in Appendix C.


−8.60× 10−4 3.71× 10−4 1.67× 10−3

3.71× 10−4 1.32× 10−3 −1.67× 10−3

1.67× 10−3 −1.67× 10−3 −4.68× 10−4

 (5.2)
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5.2. Fitting of RDCs to a known structure

Figure 5.9.: Experimentally measured RDCs vs. back calculated RDCs
while at an average shear rate of 17.98 s-1: Plot showing the re-
lationship between the experimentally measured RDCs and the back
calculated RDCs from PALES for the analyzed N-H bonds of ubiq-
uitin while under an average shear rate of 17.98 s-1.

The five principal components of the alignment tensor for this shear profile

are as follows; Szz = −4.6834 × 10−5, Sxx − yy = −2.1887 × 10−4, Sxy =

3.7102× 10−5, Sxz = 1.6720× 10−4, Syz = −1.6662× 10−4.

The next shear profile involved the shear motor running at 12 Hz corresponding

to an average shear rate of 215.82 s-1, and was the highest shear rate at which a

IPAP-HSQC was captured. The RDC values that were extracted are displayed

in Table 5.5.

Again these RDC values were prepared into a PALES input file and iterated

through PALES with the structural model, and an alignment tensor was ex-

tracted. The alignment tensor is displayed in Equation 5.3. This tensor had a

quality factor of Q = 0.179 with 41 RDC values contributing to the derivation of

this tensor.
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Table 5.5.: RDCs captured at an average shear rate of 215.82 s-1 for N-H bonds
of ubiquitin

Amino Acid Residue J-coupling + RDC Amino Acid Residue J-coupling + RDC

Number RDC [Hz][±0.05] [Hz][±0.05] Number RDC [Hz][±0.05] [Hz][±0.05]

GLN 2 96.16 3.03 GLN 40 86.63 -6.50

ILE 3 90.96 -2.61 GLN 41 91.82 -3.04

PHE 4 90.53 -3.47 LEU 43 100.49 4.76

LYS 6 96.16 2.60 PHE 45 98.76 5.20

THR 7 98.32 3.90 GLY 47 94.85 1.73

LYS 11 96.16 1.73 ARG 48 95.29 2.16

THR 12 96.59 3.90 LEU 50 102.22 6.07

ILE 13 93.12 -0.01 GLU 51 93.99 -1.30

THR 14 92.69 -0.87 ASP 52 94.86 0.01

LEU 15 90.53 -4.77 ARG 54 94.42 -1.30

GLU 16 95.73 1.73 THR 55 95.29 2.16

VAL 17 94.42 0.43 SER 57 86.63 -7.36

GLU 18 96.59 3.46 ASP 58 90.96 -7.80

SER 20 88.79 -3.90 TYR 59 89.23 -6.50

ILE 23 95.72 1.30 ASN 60 94.42 0.00

ASN 25 97.02 2.60 ILE 61 95.29 1.73

VAL 26 92.69 -0.01 GLN 62 90.96 -3.46

LYS 27 102.22 5.20 LYS 63 93.99 0.00

SER 28 90.53 -6.07 GLU 64 89.23 -4.76

ALA 29 95.72 0.43 SER 65 90.96 -3.90

ILE 30 96.59 2.16 THR 66 87.06 -5.20

ASP 32 99.62 5.20 LEU 67 91.39 -2.60

LYS 33 94.86 0.87 HIS 68 99.19 3.90

GLU 34 96.59 5.63 LEU 69 99.19 5.63

GLY 35 93.13 -0.87 VAL 70 98.32 3.89

ASP 39 87.93 -6.93 LEU 71 99.19 2.60
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5.2. Fitting of RDCs to a known structure

Figure 5.10.: Experimentally measured RDCs vs. back calculated RDCs
while at an average shear rate of 215.82 s-1: Plot showing the
relationship between the experimentally measured RDCs and the
back calculated RDCs from PALES for the analyzed N-H bonds of
ubiquitin while at an average shear rate of 215.82 s-1.

When the experimental and back calculated RDCs were plotted, once again

there was found to be a strong correlation between the values for each N-H bond.

This is demonstrated in Figure 5.10.

The PALES output from this shear profile can be found in Appendix C.


−5.73× 10−4 4.68× 10−4 1.21× 10−3

4.68× 10−4 1.13× 10−3 −1.09× 10−3

1.21× 10−3 −1.09× 10−3 −5.54× 10−4

 (5.3)

Extracting the five principal components of this alignment tensor yield the

following; Szz = −5.5432× 10−5, Sxx− yy = −1.6997× 10−4, Sxy = 4.6830×

10−5, Sxz = 1.2076× 10−4, Syz = −1.0846× 10−4.

The 2H spectra from this shear profile allowed the angle of the liquid crystal

director relative to the magnetic field B0 to be calculated. This angle was found
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5. Ubiquitin

Figure 5.11.: 2H spectra while under an average shear rate of 215.82 s-1:
The blue spectrum was conducted before the IPAP-HSQC. The red
spectrum was captured directly after the IPAP-HSQC. The green
spectrum was captured before the application of any shear forces
and is used to calculate the angle of the liquid crystal’s director.

to be 68◦ . These 2H spectra are displayed in Figure 5.11. It can be seen that

spectrum captured directly after the IPAP-HSQC is somewhat different to that

captured before. It appears that the quadrupolar splitting value has decreased

slightly, indicating that the angle of the liquid crystal’s director has also changed.

Upon recalculating the angle of the director, it is found to be at 67◦ relative to

B0, an insignificant change compared to the 68◦ that the spectra prior to the

IPAP-HSQC indicated.

The RDC values, 2H spectra, alignment tensors, and PALES output files for

the four additional shear profiles are outlined in Appendix D.

5.2.4. Conclusion

All three RDC datasets displayed in this section, as well as those found in Ap-

pendix D all allow suitable alignment tensors to be found with relatively low

quality factors. More importantly, the RDC values are different for each shear
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5.3. Structural refinement using multiple RDC datasets

profile, indicating that there is a change in the alignment of the ubiquitin with

respect to the magnetic field. The 2H spectra that were captured before and after

each IPAP-HSQC indicated that there were no significant changes in the align-

ment of the liquid crystal for the duration of the experiments. This lack of change

in the 2H spectra leads to the assumption that there was no significant changes

to the alignment of the liquid crystal material, and therefore also the ubiquitin

molecules during the acquisition of the RDC data. This allowed the results from

each shear profile to result in alignment tensors with low quality factors.

Interestingly, as was also seen in Chapter 4, there is a large notable difference

between the RDC values obtained with no shear applied, and those that were

captured under shear. In addition to this large difference between these two

groups it has also been noted that the RDC values obtained under shear are of

a similar order and magnitude. This was somewhat unexpected given the large

variation in shear rates applied, and is yet to be fully understood.

5.3. Structural refinement using multiple RDC

datasets

5.3.1. Introduction

Once it had been demonstrated that the capture of multiple sets of RDCs from a

single sample was possible using the application of shear stresses to the alignment

media, the question of the usefulness of this data was posed. While the calculation

of an alignment tensor does demonstrate that the multiple RDC sets captured

do all align well with the X-Ray crystal structure of ubiquitin, with different

alignment tensors, they do nothing to help improve upon the structure, or provide

further information. The most direct method for further investigation into the
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5. Ubiquitin

usefulness of these RDC sets is the calculation of a molecular model of the target

protein, ubiquitin.

The refinement of a protein’s structure using NMR data involves a number

of steps. First the assignment of each amine peak in the 15N-HSQC must take

place. This typically uses multiple different 3D NMR experiments, such as the

HNCA, HN(CO)CA, HNCO, and HN(CA)CO experiment, all named by the or-

der in which they pass the magnetization between the nuclei of each amino acid.

These experiments allow the protein’s primary sequence to be “walked” along,

allowing each peak to be assigned to its corresponding amino acid. Once this is

complete a series of further investigations can take place which gather structural

restraints, which were all described in detail in Section 2.3. Some of these struc-

tural restraints may also include angular restraints such as the ψ and φ angles

which can be generated from the Karplus equation, distance restraints obtained

from NOEs, and orientational restraints from residual dipolar couplings (NOEs

are the first port of call for most structure determinations).

Once the restraints have been gathered, they along with the sequence for the

protein, are used in a simulated annealing process in a molecular mechanics pro-

gram. Each of these restraints has a particular “energy” associated with the

resultant structure fitting it within set bounds or not. Conformation which are in-

consistent with the experimental restraints incur energy penalties which increase

with their number and extent. The result is a set of lowest energy structures

which best match the provided information.

Using this process, a series of ensembles were prepared from the captured RDC

datasets and minimal synthetic NOE data generated from the X-ray structure.

The RDC data is added incrementally in order to determine if an increased num-

ber of RDC sets provides a significant improvement to the refined structures.
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5.3. Structural refinement using multiple RDC datasets

5.3.2. Experimental Method

The simulated annealing of the ubiquitin molecule for this investigation was car-

ried out using Crystallography and NMR System Solve (CNS-Solve) [92], a pro-

gram which is commonly used for the refinement of NMR structures. Initially,

a series of structures of increasing quality were prepared using solely syntheti-

cally generated NOE data (the number of NOEs used in each set of structures is

outlined in Table 5.6). Each of these NOE datasets generated an ensemble of 10

structures, which were compared using PyMol [93] using the root-mean-square

deviation (RMSD) to determine variance between each structure in the set. The

RMSD for each ensemble can be calculated according to Equation 5.4 in which δ

is the distance between N pairs of identical atoms. Only the main chain atoms

for residues 1 - 70 were included in the calculations of RMSD for these ensem-

bles (Cα, carbonyl carbon and oxygen, amide nitrogen). Residues 71 - 76 were

excluded due to their location in the relatively unrestrained, flexible tail of the

protein.

RMSD =

√√√√ 1
N

N∑
i=1

δ2
i (5.4)

The RMSD value that is returned is an averaged distance value between the

superposed atoms, in Ångström (Å).

Continuing on from this, sets of RDCs were added into the annealing process,

and an ensemble of the lowest energy structures were again produced with each

set of NOEs. This first set of RDC data that was introduced was collected without

any shear forces.

This process was repeated a further three times, with an additional RDC data

set being added each time, and the resulting ensemble of structures was collected.

The three RDC datasets added are those captured with average shear rates of

17.98 s-1, 215.82 s-1, and again with no applied shear forces.
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5. Ubiquitin

Table 5.6.: RMSD for each ensemble: The RMSD for each ensemble calcu-
lated with increasing numbers of RDC datasets .

Number of No RDC sets 1 RDC set 2 RDC sets 3 RDC sets 4 RDC sets

NOEs RMSD [Å] RMSD [Å] RMSD [Å] RMSD [Å] RMSD [Å]

261 5.55 4.86 4.392 2.825 4.292

351 4.07 3.747 4.491 3.684 3.582

440 2.66 2.75 1.773 2.544 2.458

532 2.80 1.644 2.8 2.09 2.591

619 2.70 1.864 1.427 1.278 1.629

711 1.64 1.214 1.653 1.679 1.635

792 1.97 0.925 1.178 0.942 1.183

880 1.42 0.794 0.892 0.822 0.84

5.3.3. Results and Discussion

The set of structures obtained with the use of 261 NOEs and no RDC data is

displayed in Figure 5.12. It is clear from both the ensemble obtained, and an

individual structure displayed in Figure 5.13 that the refinement of a structure

using just 261 NOEs is not sufficient to obtain a structure that is comparable to

that of the X-Ray structure displayed in Figure 5.1. However, the direction and

relative orientation of the polypeptide chain that underpins the X-Ray structure

is beginning to be displayed in this ensemble.

Figure 5.14a shows the ensemble that was obtained with 880 NOEs and no

other structural restraints, and demonstrates a structure that is clearly defined

to a much higher standard, and is beginning to become directly comparable to

that of the X-Ray structure.

The RMSD results for all 8 NOE datasets are displayed in Table 5.6, and show

a marked decrease in the RMSD of each ensemble as the number of NOEs used

increases. While the overall trend is very clear there are two outliers to this, with
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Figure 5.12.: Ensemble of ubiquitin structures created with 261 NOEs:
This ensemble of ubiquitin structures was obtained using 261 NOEs
and no other structural restraints.

Figure 5.13.: Single structure created for ubiquitin created with 261
NOEs: A single structure from the ensemble obtained with 261
NOEs and no other structural restraints. This image is created
with the structure being displayed as a “putty” plot. A putty plot
simply shows areas of higher B factor as a larger cylinder, allowing
easy determination of areas with high vibration motion or flexibility.
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(a) (b)

Figure 5.14.: The effect of adding RDC data to the simulated anneal-
ing process: a) Ensemble of structures generated with 880 NOEs
alone. b) Ensemble generated with 880 NOEs and an RDC data set
obtained with no applied shear forces.

Figure 5.15.: Single structure created for ubiquitin created with 880
NOEs: A single structure from the ensemble obtained with 880
NOEs and no other structural restraints.
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5.3. Structural refinement using multiple RDC datasets

Figure 5.16.: Single structure created for ubiquitin from 880 NOEs and
an RDC set captured with no applied shear: A single struc-
ture from the ensemble obtained with 880 NOEs and the RDC data
from 880 NOEs and an RDC set captured with no applied shear.

the ensembles generated with 532 and 792 NOEs having higher than expected

RMSD values. The reasons for this have not been investigated, however they are

likely to be caused by a group of NOEs in each of those sets conflicting with the

structure that is being developed.

The addition of the first RDC set into the annealing process resulted in a

decrease in the RMSD for most of the ensembles generated, as can be seen in

Table 5.6.

The results obtained from this show that the addition of one RDC data set

results in higher quality ensembles of structures being obtained. This can be

seen through the consistently lower RMSD values for the ensembles generated

with RDC data in comparison to those generated solely with NOE data. Figure

5.17 demonstrates this well, showing that the RMSD values found when a single

RDC data set is used are lower than that obtained with only NOE data. The

addition of the remaining three RDC datasets is also displayed in Figure 5.17 and

Table 5.6, and they all appear to show an improvement over the NOE only data

set. The average of each of the RMSD values for those ensembles generated with
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Figure 5.17.: Plot of the RMSD for each ensemble generated
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5.3. Structural refinement using multiple RDC datasets

Table 5.7.: RMSD for each ensemble generated with 4 identical RDC
datasets

Number of 4 identical RDC datasets

NOEs RMSD [Å]

261 4.867

351 3.857

440 1.883

532 1.924

619 1.202

711 1.422

792 1.511

880 0.937

RDC data was taken and plotted in Figure 5.18, showing a consistently lower

value compared to that of the NOE only data.

It was noted that the addition of more than one RDC set did not appear

to result in any further consistent improvement to the quality of the ensembles

generated. One possible explanation of this result is that the RDC sets obtained

are simply transformations of each other and contain no new information. In

order to test this another set of ensembles were calculated with the same RDC

set being applied four times. The results of this are displayed in Table 5.7 and

Figure 5.17, and show very similar RMSD values compared to the results obtained

with datasets recorded at different orientations of the director with respect to the

magnetic field, B0. This supports the idea that the multiple RDC sets are not

providing new information about the structure even though the alignment tensors

are found to be different in each case, and the raw RDC values do not appear to

be simply scaled versions of one another.
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Figure 5.18.: RMSD data for the average of the four RDC data ensem-
bles and NOE only ensembles: The mean of the four sets of
ensembles generated from increasing amounts of RDC data plotted
against the NOE only data.
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5.3. Structural refinement using multiple RDC datasets

Table 5.8.: RMSD data for ensembles generated with experimental NOE
data: The RMSD for each ensemble of 10 structures calculated from
sets of NOE data and a variety of RDC datasets.

Number of No RDC sets One RDC set Two RDC sets Three RDC sets Four RDC sets

NOEs RMSD [Å] RMSD [Å] RMSD [Å] RMSD [Å] RMSD [Å]

123 6.08 5.726 4.533 6.229 6.609

181 5.29 4.531 4.723 4.044 4.84

240 5.83 3.451 4.023 3.548 4.197

296 3.43 2.705 2.824 3.336 3.191

350 3.87 3.12 3.104 3.188 4.087

398 3.77 2.374 3.586 3.119 1.881

457 2.44 2.637 1.787 3.069 2.011

520 2.61 2.239 2.534 1.932 2.225

578 2.07 1.791 2.35 2.35 1.674

In order to determine if the results seen thus far were due to the use of a

synthetic NOE data set or would be applicable to real experimental data, the

same simulated annealing process was applied with sets of experimental NOEs

extracted from the literature [86]. The NOEs in this set were randomized and

a selections were made with the number of NOEs outlined in Table 5.8. These

NOEs were again used in the same process as the prior synthetic data with 5

groupings of ensembles prepared, those with no RDC data, with one RDC data

set, two RDC datasets, three RDC datasets, and four RDC datasets. The RDC

datasets used were obtained under the application of average shear rates of 0 s-1,

17.98 s-1, 215.82 s-1, and a repeat with no shear again, as is displayed in Table

5.8.

Similar to the results obtained with the synthetic NOE data, the addition of at

least one set of RDC data did, for the most part, result in an improved ensemble

of structures being obtained. Again as with the synthetic data, the addition of

more than one RDC set did not appear to improve the structure further.
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5. Ubiquitin

5.3.4. Conclusion

It is clear from the structures calculated in this section that increasing the number

of NOEs used in the annealing process does significantly lower the RMSD of any

ensemble generated. It is also demonstrated that including at least one set of

RDC data does result in a lower RMSD for the ensembles generated (Figures

5.14 and 5.17).

Disappointingly the analysis of this data does lead to the conclusion that, no,

capturing multiple RDC datasets from a single sample whose alignment media is

reoriented by shear does not allow a higher quality structural model to be gener-

ated. The proposed reasoning behind these observations is that each additional

RDC set is not providing any new information about the structure, and is just a

trivial transformation of the previous data in some way.
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6. Conclusions and Future

Directions

6.1. Conclusion

The goals of this thesis can be broken up into several parts. Initially, the devel-

opment of a method for controllably realigning multiple liquid crystalline phases

was targeted. The three materials that were used for this were CTAB in D2O,

PBLG in CDCl3, and finally bacteriophage Pf1 in H2O / D2O buffer. Each of

these materials were prepared into a nematic liquid crystal phase and loaded into

a rheo-NMR cell, before a variety shear forces were applied. By monitoring the
2H spectrum of each material it was possible to calculate the average angle of the

liquid crystals’ directors relative to the magnetic field at any given time. When

the different shear profiles were applied it was found that the 2H spectrum re-

sponded, and in many cases, generated a new constant spectrum indicative of a

stable alignment being formed. The work outlined in Chapter 3 clearly demon-

strated that it is possible to controllably realign the director of each of the three

liquid crystalline materials tested using shear.

The second part of this thesis investigated the capture of RDC data from a

small molecule, and the effect that reorienting the director of the liquid crystal

host media would have on the RDC values captured. This was carried out using

a system comprised of (+)-isopinocampheol and PBLG in CDCl3. It was hoped
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6. Conclusions and Future Directions

that multiple RDC sets with low quality factors would be extracted from a single

sample, simply through the controlled application of a shear force to the sample.

As is described in Chapter 4, this was not achieved. Although shear clearly

changed the measured RDCs, the RDC data sets that were obtained could not

be fitted to a high quality on to a structural model that was developed, even

when the RDC set was taken from a sample without the application of any shear

forces. The reasons for the poor quality data outlined in this chapter are not fully

understood, but are theorized to be due to sample separation of the course of the

experiment, something that is challenging to control with current experimental set

up (the sheal at the top of the cell is imperfect which allows solvent evaporation).

Another possible reason for the poor fit is the low number of dipolar couplings

that are accessible, which may result in any errors in the captured couplings not

being averaged out over a significantly large data set.

The final part of this thesis was the application of the two prior parts to a

protein structure. RDCs are more commonly applied to the determination of

protein structures than small molecules due in part to the significantly larger

number of accessible dipolar couplings present. Given this it seemed prudent

to attempt to apply this method of RDC capture to a protein sample, as is

detailed in Chapter 5. The protein that was investigated was ubiquitin, a small

widespread protein that has been extensively studied, and is commonly used to

demonstrate new protein-NMR techniques. Ubiquitin along with an alignment

media, bacteriophage Pf1, were placed into a rheo-NMR cell and RDC data sets

were captured while under multiple shear rates. The initial analysis of these

multiple data sets involved the fitting of the captured couplings to a structure

that had been determined by X-Ray crystallography.

This fitting resulted in an alignment tensor being generated, from which a set

of RDCs can be back calculated, and a quality factor extracted. Promisingly each

of the shear profiles tested resulted in a different set of RDCs being captured,
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6.2. Future Directions

which all had high quality factors. This was a positive outcome and showed

that the multiple RDC data sets captured at different orientations were each still

consistent with the structure of ubiquitin and their own alignment tensors.

Once it had been demonstrated that the multiple RDC sets were consistent with

the already known structure, the usefulness of these multiple sets in improving

a generated structure was tested. Through this process multiple ensembles of

structures were prepared with different amounts of contributing NOE and RDC

data taken into account as structural constraints, and the RMSD of each resulting

ensemble was compared as a tool for the analysis of the quality of the structures.

Four of the RDC sets captured from ubiquitin were used in this process along with

synthetic NOE data generated from the X-Ray structure, and an experimental set

of NOEs taken from the literature [86]. In both the synthetic and experimental

NOE cases the addition of at least one set of RDCs to the simulated annealing

process did result in a higher quality set of structures being generated, based on

the lower RMSD values. However, the addition of more than one set of RDCs did

not appear to result in any further improvement to the structures obtained. The

addition of four identical RDC data sets resulted in very similar RMSD values

to those obtained with unique RDC sets, indicating that the additional data was

not providing any extra helpful information to the simulated annealing process.

6.2. Future Directions

This thesis has provided an insight into a number of different areas that could be

persued. These include the intriguing effects that the application of different shear

profiles have on nematic liquid crystal materials. As well as simply controlling

the director of a liquid crystal material, the dynamic motions and micro scale

orientations of the particles present in these samples is a large area that may be

investigated in the future.
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6. Conclusions and Future Directions

The application of RDCs for piecing together the structures of small organic

molecules is an area that is still very much in its infancy. As was mentioned in

Chapter 4, only 43 references to small organic molecule RDCs could be found in

a literature search. It is clear that RDCs can be a very useful, albeit difficult,

tool for determining the stereochemistry of a small molecule, and that this area

will continue to develop and increase in popularity as it becomes more widely

understood.

Protein structure determination is by far the largest current application of

RDCs, and will no doubt continue to be so for the foreseeable future. As the

alignment media that are currently available are somewhat limited and cannot

easily be used with every target protein, there does need to be further develop-

ment of methods, such as the ones tested in Chapter 5, that allow single alignment

media to be tweaked so that multiple different RDC data sets can be extracted.

While this thesis set out with this goal in mind, it did not adequately achieve

results that allowed for the improvement of a protein’s structure (despite the

applied shear forces clearly having an effect). Other methods of tweaking the

alignment media used such as the mixing of media, or mounting of physically

restrained media in such a way that they can be rotated, or just simply the

discovery of new alignment media may open the door to investigations like this

improving the quality and quantity of RDC data that is able to be captured.
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A. (+)-Isopinocampheol NMR

Spectra
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Figure A.1.: 1H spectrum of (+)-IPC

136



Figure A.2.: 13C spectrum of (+)-IPC
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Figure A.3.: Coupled HSQC spectrum of (+)-IPC
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Figure A.4.: Decoupled HSQC spectrum of (+)-IPC
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Figure A.5.: COSY Spectrum of (+)-IPC
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Figure A.6.: NOESY Spectrum of (+)-IPC
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A. (+)-Isopinocampheol NMR Spectra
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B. (+)-Isopinocampheol xyz

Coordinates

XYZ formatted coordinates generated using Gaussian 09 with a geometry op-

timized B3LYP/6-311+g (2d,p) calculation of (1S,2S,3S,5R)- (+)- Isopinocam-

pheol:

29
Molecule Name
C 0.45930 0.45530 -1.00020
C -1.51340 -0.26650 0.48180
C -1.01430 0.71470 -0.62840
C 1.39500 0.11240 0.22110
C 0.80420 -1.33450 0.08630
C -0.56660 -1.46430 0.76470
H 0.82280 1.21820 -1.69860
O -2.79470 -0.82870 0.15270
H -1.63460 0.30710 1.40990
C -1.31750 2.18110 -0.28660
H -1.59690 0.46330 -1.52490
C 1.26780 0.84790 1.55820
C 2.87700 0.16650 -0.18910
H -0.31650 -1.48570 -1.87560
H 1.45860 -2.16950 0.35980
H -0.45410 -1.58820 1.84790
H -1.06110 -2.36970 0.39600
C 0.57200 -1.03860 -1.41920
H 3.50350 -0.30450 0.57840
H 3.20760 1.20760 -0.28970
H 3.08430 -0.33610 -1.13710
H 0.25680 0.86110 1.96730
H 1.59860 1.88920 1.46160
H 1.91460 0.37360 2.30720
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B. (+)-Isopinocampheol xyz Coordinates

H -3.44310 -0.11660 0.10360
H -0.75880 2.52530 0.58930
H -2.38460 2.32910 -0.07640
H -1.05910 2.83710 -1.12550
H 1.43730 -1.25540 -2.04670
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C. PALES output files for shear

regimes 23, 24, and 25

PALES output file for shear regime 23

REMARK Molecular Alignment Simulation.
1_NO SHEAR_
Aligned With Magnet
REMARK Simulation parameters.
DATA PALES_MODE DC
DATA TENSOR_MODE SVD (Order Matrix Method)
REMARK Order matrix.
DATA SAUPE_MATRIX S(zz) S(xx-yy) S(xy) S(xz) S(yz)
DATA SAUPE 7.5067e-005 5.5277e-004 -9.1696e-005 -3.8469e-004 4.0694e-004
DATA IRREDUCIBLE_REP A0 A1R A1I A2R A2I
DATA IRREDUCIBLE 1.1901e-004 4.9795e-004 5.2675e-004 3.5776e-004 1.1869e-004
DATA IRREDUCIBLE GENERAL_MAGNITUDE 1.1615e-003
REMARK Mapping of coordinates.
DATA MAPPING_COOR Szz_d(x) Szz_d(y) Syy_d(x) Syy_d(y) Sxx_d(x) Sxx_d(y)
DATA MAPPING -0.35012 -0.72636 1.45845 -0.62546 0.54641 0.48352
DATA MAPPING INV 1.99852 0.72636 -1.08843 0.62546 -2.23505 -0.48352
REMARK Eigensystem & Euler angles for clockwise rotation about z, y’,
z”.
DATA EIGENVALUES (Sxx_d,Syy_d,Szz_d) -7.3905e-005 -5.9433e-004 6.6824e-004
DATA EIGENVECTORS (x_coor y_coor z_coor)
DATA EIGENVECTORS X_AXIS 7.2204e-001 5.1238e-001 4.6490e-001
DATA EIGENVECTORS Y_AXIS -1.8341e-001 7.8968e-001 -5.8547e-001
DATA EIGENVECTORS Z_AXIS 6.6710e-001 -3.3746e-001 -6.6415e-001
DATA Q_EULER_SOLUTIONS ALPHA BETA GAMMA
DATA Q_EULER_ANGLES 1 231.55 131.62 206.83
DATA Q_EULER_ANGLES 2 51.55 131.62 206.83
DATA Q_EULER_ANGLES 3 308.45 48.38 26.83
DATA Q_EULER_ANGLES 4 128.45 48.38 26.83
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C. PALES output files for shear regimes 23, 24, and 25

REMARK Euler angles (psi/theta/phi) for rotation about x, y, z.
DATA EULER_SOLUTIONS 2
DATA EULER_ANGLES 26.94 221.84 14.25
DATA EULER_ANGLES 206.94 -41.84 194.25
DATA Da 3.341183e-004
DATA Dr 1.734755e-004
DATA Aa 6.682367e-004
DATA Ar 3.469510e-004
DATA Da_HN 7.212011e+000
DATA Rhombicity 5.192038e-001
REMARK Dipolar couplings.
DATA N 48
DATA RMS 3.041
DATA Chi2 443.842
DATA CORR R 0.969
DATA Q SAUPE 0.172
DATA REGRESSION OFFSET -0.320 +/- 0.434 [Hz]
DATA REGRESSION SLOPE 0.936 +/- 0.035 [Hz]
DATA REGRESSION BAX SLOPE 0.967 +/- 0.025 [Hz]
VARS RESID_I RESNAME_I ATOMNAME_I RESID_J RESNAME_J ATOMNAME_J DI D_OBS
D D_DIFF DD W
FORMAT %4d %4s %4s %4d %4s %4s %9.2f %9.3f %9.3f %9.3f %.2f %.2f
67 LEU N 67 H -38350.80 12.1286 18.0103 -5.8817 1.0000 1.00
70 VAL N 70 H -38289.20 -12.5645 -17.1014 4.5369 1.0000 1.00
6 LYS N 6 H -38250.54 -5.6259 -1.3127 -4.3132 1.0000 1.00
45 PHE N 45 H -38275.33 -17.3288 -17.8460 0.5172 1.0000 1.00
43 LEU N 43 H -38260.30 -19.9238 -18.3379 -1.5858 1.0000 1.00
15 LEU N 15 H -38276.65 16.8878 12.0937 4.7941 1.0000 1.00
50 LEU N 50 H -38335.59 -18.1955 -15.5350 -2.6605 1.0000 1.00
5 VAL N 5 H -38258.15 5.6310 3.6117 2.0192 1.0000 1.00
44 ILE N 44 H -38288.26 -16.0262 -17.6781 1.6519 1.0000 1.00
68 HIS N 68 H -38274.68 -14.7287 -10.7349 -3.9937 1.0000 1.00
2 GLN N 2 H -38334.96 -6.9335 -9.2729 2.3393 1.0000 1.00
14 THR N 14 H -38264.76 2.6001 2.0034 0.5967 1.0000 1.00
17 VAL N 17 H -38288.70 -4.7643 -2.2956 -2.4687 1.0000 1.00
66 THR N 66 H -38322.75 16.8929 18.6563 -1.7635 1.0000 1.00
18 GLU N 18 H -38289.89 -12.9953 -11.9981 -0.9972 1.0000 1.00
4 PHE N 4 H -38267.91 12.1235 11.4392 0.6843 1.0000 1.00
27 LYS N 27 H -38307.07 -17.7596 -15.5323 -2.2273 1.0000 1.00
64 GLU N 64 H -38320.07 16.8929 15.5292 1.3637 1.0000 1.00
7 THR N 7 H -38263.76 -12.9953 -12.4664 -0.5289 1.0000 1.00
34 GLU N 34 H -38312.58 -13.4261 -19.0586 5.6324 1.0000 1.00
39 ASP N 39 H -38347.54 16.8878 14.3378 2.5500 1.0000 1.00
57 SER N 57 H -38257.26 23.3855 18.6215 4.7640 1.0000 1.00
55 THR N 55 H -38280.97 -5.6310 -1.5223 -4.1087 1.0000 1.00
35 GLY N 35 H -38288.68 6.0618 1.8261 4.2357 1.0000 1.00
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3 ILE N 3 H -38317.43 12.5594 9.2997 3.2597 1.0000 1.00
60 ASN N 60 H -38339.95 2.1642 4.2984 -2.1342 1.0000 1.00
40 GLN N 40 H -38334.98 18.6263 16.2444 2.3819 1.0000 1.00
65 SER N 65 H -38339.35 6.9285 1.4378 5.4906 1.0000 1.00
59 TYR N 59 H -38353.05 13.4261 14.4532 -1.0270 1.0000 1.00
41 GLN N 41 H -38318.91 6.9285 11.3707 -4.4423 1.0000 1.00
61 ILE N 61 H -38276.63 -7.7952 -4.0846 -3.7106 1.0000 1.00
62 GLN N 62 H -38321.78 16.8929 16.5924 0.3005 1.0000 1.00
58 ASP N 58 H -38243.19 9.5285 9.8272 -0.2986 1.0000 1.00
47 GLY N 47 H -38246.38 -6.9285 -10.0747 3.1463 1.0000 1.00
20 SER N 20 H -38332.34 9.5285 5.0843 4.4442 1.0000 1.00
25 ASN N 25 H -38271.15 -1.3026 -4.7499 3.4473 1.0000 1.00
32 ASP N 32 H -38236.77 -11.6927 -9.9221 -1.7707 1.0000 1.00
52 ASP N 52 H -38311.95 0.0000 -0.2838 0.2838 1.0000 1.00
63 LYS N 63 H -38273.60 -2.6001 -0.2171 -2.3829 1.0000 1.00
23 ILE N 23 H -38277.13 -8.2310 -6.9292 -1.3019 1.0000 1.00
12 THR N 12 H -38213.81 -12.5594 -12.8058 0.2464 1.0000 1.0
30 ILE N 30 H -38341.30 -10.8311 -9.4235 -1.4076 1.0000 1.00
51 GLU N 51 H -38232.53 -5.6310 -2.8440 -2.7869 1.0000 1.00
69 LEU N 69 H -38311.90 -22.0880 -21.8844 -0.2035 1.0000 1.00
26 VAL N 26 H -38301.08 2.5950 -2.0830 4.6780 1.0000 1.00
11 LYS N 11 H -38261.09 -12.1286 -15.0582 2.9296 1.0000 1.00
36 ILE N 36 H -38296.96 -7.3542 -8.4809 1.1267 1.0000 1.00
48 ARG N 48 H -38261.30 -1.7334 2.2257 -3.9590 1.0000 1.00

PALES output file for shear regime 24

REMARK Molecular Alignment Simulation.
1_Sheared_1Hz
Rotated to approx. 70 degrees (2H LC spectra)
REMARK Simulation parameters.
DATA PALES_MODE DC
DATA TENSOR_MODE SVD (Order Matrix Method)
REMARK Order matrix.
DATA SAUPE_MATRIX S(zz) S(xx-yy) S(xy) S(xz) S(yz)
DATA SAUPE -4.6834e-005 -2.1887e-004 3.7102e-005 1.6720e-004 -1.6662e-004
DATA IRREDUCIBLE_REP A0 A1R A1I A2R A2I
DATA IRREDUCIBLE -7.4247e-005 -2.1643e-004 -2.1567e-004 -1.4166e-004
-4.8025e-005
DATA IRREDUCIBLE GENERAL_MAGNITUDE 4.8680e-004
REMARK Mapping of coordinates.
DATA MAPPING_COOR Szz_d(x) Szz_d(y) Syy_d(x) Syy_d(y) Sxx_d(x) Sxx_d(y)
DATA MAPPING -0.34563 -0.75945 1.49117 -0.60920 0.53904 0.46177
DATA MAPPING INV 1.93269 0.75945 -1.08526 0.60920 -2.27352 -0.46177
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C. PALES output files for shear regimes 23, 24, and 25

REMARK Eigensystem & Euler angles for clockwise rotation about z, y’,
z”.
DATA EIGENVALUES (Sxx_d,Syy_d,Szz_d) 4.0441e-005 2.4339e-004 -2.8383e-004
DATA EIGENVECTORS (x_coor y_coor z_coor)
DATA EIGENVECTORS X_AXIS 7.3783e-001 5.0705e-001 4.4554e-001
DATA EIGENVECTORS Y_AXIS -2.0089e-001 7.9512e-001 -5.7222e-001
DATA EIGENVECTORS Z_AXIS 6.4440e-001 -3.3269e-001 -6.8853e-001
DATA Q_EULER_SOLUTIONS ALPHA BETA GAMMA
DATA Q_EULER_ANGLES 1 232.10 133.51 207.31
DATA Q_EULER_ANGLES 2 52.10 133.51 207.31
DATA Q_EULER_ANGLES 3 307.90 46.49 27.31
DATA Q_EULER_ANGLES 4 127.90 46.49 27.31
REMARK Euler angles (psi/theta/phi) for rotation about x, y, z.
DATA EULER_SOLUTIONS 2
DATA EULER_ANGLES 25.79 220.12 15.23
DATA EULER_ANGLES 205.79 -40.12 195.23
DATA Da -1.419138e-004
DATA Dr -6.764876e-005
DATA Aa -2.838276e-004
DATA Ar -1.352975e-004
DATA Da_HN -3.063238e+000
DATA Rhombicity 4.766890e-001
REMARK Dipolar couplings.
DATA N 54
DATA RMS 1.812
DATA Chi2 177.280
DATA CORR R 0.932
DATA Q SAUPE 0.244
DATA REGRESSION OFFSET 0.105 +/- 0.235 [Hz]
DATA REGRESSION SLOPE 0.867 +/- 0.047 [Hz]
DATA REGRESSION BAX SLOPE 0.933 +/- 0.033 [Hz]
VARS RESID_I RESNAME_I ATOMNAME_I RESID_J RESNAME_J ATOMNAME_J DI D_OBS
D D_DIFF DD W
FORMAT %4d %4s %4s %4d %4s %4s %9.2f %9.3f %9.3f %9.3f %.2f %.2f
13 ILE N 13 H -38292.09 -0.8667 1.8358 -2.7025 1.0000 1.00
67 LEU N 67 H -38350.80 -5.6360 -7.7088 2.0728 1.0000 1.00
70 VAL N 70 H -38289.20 4.7643 7.1098 -2.3455 1.0000 1.00
6 LYS N 6 H -38250.54 2.6001 0.4600 2.1401 1.0000 1.00
45 PHE N 45 H -38275.33 7.3643 7.0052 0.3592 1.0000 1.00
43 LEU N 43 H -38260.30 7.3593 7.6722 -0.3130 1.0000 1.00
15 LEU N 15 H -38276.65 -6.9386 -4.6961 -2.2425 1.0000 1.00
50 LEU N 50 H -38335.59 4.7643 6.3645 -1.6003 1.0000 1.00
5 VAL N 5 H -38258.15 -2.1642 -1.7630 -0.4012 1.0000 1.00
44 ILE N 44 H -38288.26 7.3643 7.0668 0.2976 1.0000 1.00
68 HIS N 68 H -38274.68 4.7643 4.1469 0.6174 1.0000 1.00
2 GLN N 2 H -38334.96 5.1951 4.1990 0.9960 1.0000 1.00
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14 THR N 14 H -38264.76 -0.8667 -1.0478 0.1811 1.0000 1.00
17 VAL N 17 H -38288.70 3.0309 1.4774 1.5535 1.0000 1.00
66 THR N 66 H -38322.75 -6.4977 -7.7492 1.2515 1.0000 1.00
18 GLU N 18 H -38289.89 5.1951 5.2323 -0.0372 1.0000 1.00
4 PHE N 4 H -38267.91 -3.9026 -4.7519 0.8493 1.0000 1.00
27 LYS N 27 H -38307.07 4.3284 6.2360 -1.9076 1.0000 1.00
64 GLU N 64 H -38320.07 -6.4926 -6.0701 -0.4224 1.0000 1.00
7 THR N 7 H -38263.76 6.0618 4.6931 1.3686 1.0000 1.00
34 GLU N 34 H -38312.58 6.0618 7.6627 -1.6009 1.0000 1.00
39 ASP N 39 H -38347.54 -8.6669 -5.6282 -3.0387 1.0000 1.00
57 SER N 57 H -38257.26 -9.9644 -7.5327 -2.4317 1.0000 1.00
55 THR N 55 H -38280.97 0.8667 0.8294 0.0373 1.0000 1.00
35 GLY N 35 H -38288.68 -1.7334 -0.7055 -1.0279 1.0000 1.00
3 ILE N 3 H -38317.43 -3.9026 -3.3773 -0.5254 1.0000 1.00
60 ASN N 60 H -38339.95 -0.8667 -1.6172 0.7505 1.0000 1.00
40 GLN N 40 H -38334.98 -9.0977 -7.3374 -1.7603 1.0000 1.00
65 SER N 65 H -38339.35 -2.6001 -0.4647 -2.1354 1.0000 1.00
33 LYS N 33 H -38332.41 1.7334 -2.2714 4.0048 1.0000 1.00
59 TYR N 59 H -38353.05 -8.2310 -6.0069 -2.2241 1.0000 1.00
41 GLN N 41 H -38318.91 -2.6001 -4.5561 1.9560 1.0000 1.00
61 ILE N 61 H -38276.63 3.0309 2.0732 0.9577 1.0000 1.00
54 ARG N 54 H -38277.99 -0.8667 -2.6730 1.8064 1.0000 1.00
62 GLN N 62 H -38321.78 -6.4926 -6.8515 0.3589 1.0000 1.00
58 ASP N 58 H -38243.19 -6.9285 -3.5932 -3.3353 1.0000 1.00
47 GLY N 47 H -38246.38 3.4718 3.9838 -0.5120 1.0000 1.00
20 SER N 20 H -38332.34 -5.1951 -2.7918 -2.4033 1.0000 1.00
25 ASN N 25 H -38271.15 1.2975 2.2266 -0.9291 1.0000 1.00
32 ASP N 32 H -38236.77 3.9026 4.2507 -0.3480 1.0000 1.00
52 ASP N 52 H -38311.95 -2.1642 -0.0283 -2.1359 1.0000 1.00
63 LYS N 63 H -38273.60 2.1642 0.2248 1.9394 1.0000 1.00
23 ILE N 23 H -38277.13 2.6001 2.5732 0.0268 1.0000 1.00
12 THR N 12 H -38213.81 6.5027 4.8056 1.6971 1.0000 1.00
30 ILE N 30 H -38341.30 4.7643 3.5938 1.1704 1.0000 1.00
51 GLU N 51 H -38232.53 0.0000 1.5621 -1.5621 1.0000 1.00
69 LEU N 69 H -38311.90 9.5285 8.9121 0.6165 1.0000 1.00
71 LEU N 71 H -38335.76 4.7643 3.6068 1.1575 1.0000 1.00
16 GLU N 16 H -38341.04 1.2975 -2.0400 3.3375 1.0000 1.00
26 VAL N 26 H -38301.08 -0.8667 0.7616 -1.6283 1.0000 1.00
29 ALA N 29 H -38277.41 4.7592 0.6468 4.1124 1.0000 1.00
11 LYS N 11 H -38261.09 4.3335 6.0142 -1.6808 1.0000 1.00
36 ILE N 36 H -38296.96 3.9026 3.8044 0.0982 1.0000 1.00
48 ARG N 48 H -38261.30 1.7283 -1.5779 3.3062 1.0000 1.00
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C. PALES output files for shear regimes 23, 24, and 25

PALES output file for shear regime 25

REMARK Molecular Alignment Simulation.
12Hz
REMARK Simulation parameters.
DATA PALES_MODE DC
DATA TENSOR_MODE SVD (Order Matrix Method)
REMARK Order matrix.
DATA SAUPE_MATRIX S(zz) S(xx-yy) S(xy) S(xz) S(yz)
DATA SAUPE -5.5432e-005 -1.6997e-004 4.6830e-005 1.2076e-004 -1.0846e-004
DATA IRREDUCIBLE_REP A0 A1R A1I A2R A2I
DATA IRREDUCIBLE -8.7878e-005 -1.5631e-004 -1.4039e-004 -1.1001e-004
-6.0617e-005
DATA IRREDUCIBLE GENERAL_MAGNITUDE 3.5715e-004
REMARK Mapping of coordinates.
DATA MAPPING_COOR Szz_d(x) Szz_d(y) Syy_d(x) Syy_d(y) Sxx_d(x) Sxx_d(y)
DATA MAPPING -0.33562 -0.77791 1.45646 -0.48632 0.35456 0.56763
DATA MAPPING INV 1.90240 0.77791 -1.32089 0.48632 -2.29436 -0.56763
REMARK Eigensystem & Euler angles for clockwise rotation about z, y’,
z”.
DATA EIGENVALUES (Sxx_d,Syy_d,Szz_d) 4.8018e-005 1.6661e-004 -2.1463e-004
DATA EIGENVECTORS (x_coor y_coor z_coor)
DATA EIGENVECTORS X_AXIS 7.6972e-001 3.4420e-001 5.3764e-001
DATA EIGENVECTORS Y_AXIS -6.7715e-002 8.8146e-001 -4.6738e-001
DATA EIGENVECTORS Z_AXIS 6.3478e-001 -3.2334e-001 -7.0179e-001
DATA Q_EULER_SOLUTIONS ALPHA BETA GAMMA
DATA Q_EULER_ANGLES 1 221.00 134.57 206.99
DATA Q_EULER_ANGLES 2 41.00 134.57 206.99
DATA Q_EULER_ANGLES 3 319.00 45.43 26.99
DATA Q_EULER_ANGLES 4 139.00 45.43 26.99
REMARK Euler angles (psi/theta/phi) for rotation about x, y, z.
DATA EULER_SOLUTIONS 2
DATA EULER_ANGLES 24.74 219.40 5.03
DATA EULER_ANGLES 204.74 -39.40 185.03
DATA Da -1.073136e-004
DATA Dr -3.953054e-005
DATA Aa -2.146272e-004
DATA Ar -7.906107e-005
DATA Da_HN -2.316386e+000
DATA Rhombicity 3.683646e-001
REMARK Dipolar couplings.
DATA N 41
DATA RMS 0.977
DATA Chi2 39.156
DATA CORR R 0.963
DATA Q SAUPE 0.179
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DATA REGRESSION OFFSET 0.181 +/- 0.152 [Hz]
DATA REGRESSION SLOPE 0.919 +/- 0.041 [Hz]
DATA REGRESSION BAX SLOPE 0.955 +/- 0.029 [Hz]
VARS RESID_I RESNAME_I ATOMNAME_I RESID_J RESNAME_J ATOMNAME_J DI D_OBS
D D_DIFF DD W
FORMAT %4d %4s %4s %4d %4s %4s %9.2f %9.3f %9.3f %9.3f %.2f %.2f
13 ILE N 13 H -38292.09 -0.0051 0.8369 -0.8420 1.0000 1.00
70 VAL N 70 H -38289.20 3.8925 5.7710 -1.8785 1.0000 1.00
6 LYS N 6 H -38250.54 2.6001 0.8752 1.7249 1.0000 1.00
45 PHE N 45 H -38275.33 5.2001 4.5400 0.6602 1.0000 1.00
43 LEU N 43 H -38260.30 4.7643 5.5444 -0.7801 1.0000 1.00
15 LEU N 15 H -38276.65 -4.7693 -3.0375 -1.7318 1.0000 1.00
50 LEU N 50 H -38335.59 6.0668 5.1982 0.8686 1.0000 1.00
68 HIS N 68 H -38274.68 3.8976 3.1172 0.7804 1.0000 1.00
2 GLN N 2 H -38334.96 3.0309 2.6344 0.3965 1.0000 1.00
14 THR N 14 H -38264.76 -0.8667 -0.5014 -0.3653 1.0000 1.00
17 VAL N 17 H -38288.70 0.4308 0.6916 -0.2608 1.0000 1.00
66 THR N 66 H -38322.75 -5.1951 -5.5847 0.3896 1.0000 1.00
18 GLU N 18 H -38289.89 3.4617 3.1720 0.2897 1.0000 1.00
4 PHE N 4 H -38267.91 -3.4668 -3.1437 -0.3230 1.0000 1.00
27 LYS N 27 H -38307.07 5.1951 4.7853 0.4098 1.0000 1.00
64 GLU N 64 H -38320.07 -4.7592 -4.5076 -0.2516 1.0000 1.00
7 THR N 7 H -38263.76 3.8976 2.9338 0.9638 1.0000 1.00
34 GLU N 34 H -38312.58 5.6310 5.5207 0.1103 1.0000 1.00
57 SER N 57 H -38257.26 -7.3643 -5.7157 -1.6487 1.0000 1.00
55 THR N 55 H -38280.97 2.1642 1.5599 0.6043 1.0000 1.00
35 GLY N 35 H -38288.68 -0.8667 0.3715 -1.2382 1.0000 1.00
3 ILE N 3 H -38317.43 -2.6051 -2.1623 -0.4428 1.0000 1.00
40 GLN N 40 H -38334.98 -6.4977 -5.8985 -0.5991 1.0000 1.00
33 LYS N 33 H -38332.41 0.8718 -1.2600 2.1318 1.0000 1.00
41 GLN N 41 H -38318.91 -3.0360 -3.4291 0.3931 1.0000 1.00
61 ILE N 61 H -38276.63 1.7334 1.0129 0.7204 1.0000 1.00
54 ARG N 54 H -38277.99 -1.3026 -1.2892 -0.0133 1.0000 1.00
62 GLN N 62 H -38321.78 -3.4617 -5.0416 1.5799 1.0000 1.00
47 GLY N 47 H -38246.38 1.7334 3.2779 -1.5445 1.0000 1.00
20 SER N 20 H -38332.34 -3.8976 -2.8496 -1.0479 1.0000 1.00
25 ASN N 25 H -38271.15 2.6001 2.7686 -0.1685 1.0000 1.00
32 ASP N 32 H -38236.77 5.2001 4.1852 1.0149 1.0000 1.00
52 ASP N 52 H -38311.95 0.0051 -0.1713 0.1764 1.0000 1.00
23 ILE N 23 H -38277.13 1.2975 2.0208 -0.7233 1.0000 1.00
12 THR N 12 H -38213.81 3.8976 2.8592 1.0384 1.0000 1.00
30 ILE N 30 H -38341.30 2.1642 2.7115 -0.5473 1.0000 1.00
69 LEU N 69 H -38311.90 5.6310 6.2629 -0.6319 1.0000 1.00
71 LEU N 71 H -38335.76 2.6001 2.9533 -0.3533 1.0000 1.00
26 VAL N 26 H -38301.08 -0.0051 1.0773 -1.0824 1.0000 1.00
29 ALA N 29 H -38277.41 0.4257 1.3900 -0.9642 1.0000 1.00
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C. PALES output files for shear regimes 23, 24, and 25

11 LYS N 11 H -38261.09 1.7334 3.3704 -1.6370 1.0000 1.00
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D. Further Shear Profiles

D.1. No Applied Shear (Repeated)

Alignment Tensor
1.993× 10−4 −7.881× 10−5 −4.060× 10−4

−7.881× 10−5 −2.824× 10−4 3.769× 10−4

−4.060× 10−4 3.769× 10−4 8.308× 10−5

 (D.1)

PALES output file

REMARK Molecular Alignment Simulation.
2_Aligned_After_High_Shear_2
REMARK Simulation parameters.
DATA PALES_MODE DC
DATA TENSOR_MODE SVD (Order Matrix Method)
REMARK Order matrix.
DATA SAUPE_MATRIX S(zz) S(xx-yy) S(xy) S(xz) S(yz)
DATA SAUPE 8.3083e-005 4.8162e-004 -7.8806e-005 -4.0604e-004 3.7688e-004
DATA IRREDUCIBLE_REP A0 A1R A1I A2R A2I
DATA IRREDUCIBLE 1.3171e-004 5.2558e-004 4.8784e-004 3.1171e-004 1.0201e-004
DATA IRREDUCIBLE GENERAL_MAGNITUDE 1.1229e-003
REMARK Mapping of coordinates.
DATA MAPPING_COOR Szz_d(x) Szz_d(y) Syy_d(x) Syy_d(y) Sxx_d(x) Sxx_d(y)
DATA MAPPING -0.33915 -0.74624 -1.00415 0.64730 0.60679 0.43223
DATA MAPPING INV 1.96756 0.74624 1.50196 -0.64730 -2.24589 -0.43223
REMARK Eigensystem & Euler angles for clockwise rotation about z, y’,
z”.
DATA EIGENVALUES (Sxx_d,Syy_d,Szz_d) -1.0158e-004 -5.5629e-004 6.5787e-004
DATA EIGENVECTORS (x_coor y_coor z_coor)
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Table D.1.: RDCs captured while under no shear (Repeated): RDCs cap-
tured from the N-H bonds of ubiquitin
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Figure D.1.: 2H spectra while under no shear (Repeated): The blue spec-
trum was conducted before the IPAP-HSQC. The red spectrum was
captured directly after the IPAP-HSQC.
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D. Further Shear Profiles

DATA EIGENVECTORS X_AXIS 7.1273e-001 5.6262e-001 4.1889e-001
DATA EIGENVECTORS Y_AXIS 2.4489e-001 -7.5920e-001 6.0303e-001
DATA EIGENVECTORS Z_AXIS 6.5730e-001 -3.2722e-001 -6.7888e-001
DATA Q_EULER_SOLUTIONS ALPHA BETA GAMMA
DATA Q_EULER_ANGLES 1 55.21 132.76 206.46
DATA Q_EULER_ANGLES 2 235.21 132.76 206.46
DATA Q_EULER_ANGLES 3 124.79 47.24 26.46
DATA Q_EULER_ANGLES 4 304.79 47.24 26.46
REMARK Euler angles (psi/theta/phi) for rotation about x, y, z.
DATA EULER_SOLUTIONS 2
DATA EULER_ANGLES 25.73 221.09 18.96
DATA EULER_ANGLES 205.73 -41.09 198.96
DATA Da 3.289340e-004
DATA Dr 1.515676e-004
DATA Aa 6.578680e-004
DATA Ar 3.031352e-004
DATA Da_HN 7.100107e+000
DATA Rhombicity 4.607841e-001
REMARK Dipolar couplings.
DATA N 46
DATA RMS 2.688
DATA Chi2 332.477
DATA CORR R 0.970
DATA Q SAUPE 0.157
DATA REGRESSION OFFSET -0.238 +/- 0.393 [Hz]
DATA REGRESSION SLOPE 0.940 +/- 0.035 [Hz]
DATA REGRESSION BAX SLOPE 0.969 +/- 0.025 [Hz]
VARS RESID_I RESNAME_I ATOMNAME_I RESID_J RESNAME_J ATOMNAME_J DI D_OBS
D D_DIFF DD W
FORMAT %4d %4s %4s %4d %4s %4s %9.2f %9.3f %9.3f %9.3f %.2f %.2f
6 LYS N 6 H -38250.54 -3.8976 -0.0926 -3.8050 1.0000 1.00
45 PHE N 45 H -38275.33 -13.4261 -15.8505 2.4244 1.0000 1.00
43 LEU N 43 H -38260.30 -16.0262 -16.9777 0.9515 1.0000 1.00
15 LEU N 15 H -38276.65 12.9902 11.2380 1.7523 1.0000 1.00
50 LEU N 50 H -38335.59 -11.2619 -13.5724 2.3105 1.0000 1.00
5 VAL N 5 H -38258.15 5.2001 4.8621 0.3380 1.0000 1.00
44 ILE N 44 H -38288.26 -18.1904 -15.4784 -2.7120 1.0000 1.00
2 GLN N 2 H -38334.96 -6.9335 -10.7705 3.8369 1.0000 1.00
14 THR N 14 H -38264.76 2.6001 3.2751 -0.6750 1.0000 1.00
17 VAL N 17 H -38288.70 -5.6310 -3.8882 -1.7427 1.0000 1.00
66 THR N 66 H -38322.75 15.1595 18.3851 -3.2256 1.0000 1.00
18 GLU N 18 H -38289.89 -11.6978 -13.1791 1.4813 1.0000 1.00
4 PHE N 4 H -38267.91 12.1286 11.6614 0.4672 1.0000 1.00
27 LYS N 27 H -38307.07 -16.0262 -13.3967 -2.6295 1.0000 1.00
64 GLU N 64 H -38320.07 15.5954 14.1733 1.4221 1.0000 1.00
7 THR N 7 H -38263.76 -12.1286 -10.4488 -1.6798 1.0000 1.00
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D.2. Shear at an average rate of 1.80 s-1

34 GLU N 34 H -38312.58 -12.9953 -16.8725 3.8772 1.0000 1.00
39 ASP N 39 H -38347.54 15.1544 13.3327 1.8217 1.0000 1.00
57 SER N 57 H -38257.26 22.0930 17.6308 4.4623 1.0000 1.00
55 THR N 55 H -38280.97 -3.0309 -1.0776 -1.9533 1.0000 1.00
35 GLY N 35 H -38288.68 3.8976 1.7474 2.1502 1.0000 1.00
3 ILE N 3 H -38317.43 10.8210 7.8931 2.9279 1.0000 1.00
60 ASN N 60 H -38339.95 2.6001 4.2175 -1.6174 1.0000 1.00
40 GLN N 40 H -38334.98 18.1904 16.8555 1.3349 1.0000 1.00
65 SER N 65 H -38339.35 5.1951 1.6464 3.5487 1.0000 1.00
59 TYR N 59 H -38353.05 16.8878 14.4841 2.4037 1.0000 1.00
41 GLN N 41 H -38318.91 6.0618 10.8734 -4.8116 1.0000 1.00
61 ILE N 61 H -38276.63 -6.9335 -4.7596 -2.1739 1.0000 1.00
62 GLN N 62 H -38321.78 17.7596 16.0970 1.6626 1.0000 1.00
58 ASP N 58 H -38243.19 9.0927 8.3636 0.7290 1.0000 1.00
47 GLY N 47 H -38246.38 -5.1951 -8.1708 2.9757 1.0000 1.00
20 SER N 20 H -38332.34 9.5336 5.9322 3.6014 1.0000 1.00
25 ASN N 25 H -38271.15 -0.4308 -4.3756 3.9448 1.0000 1.00
32 ASP N 32 H -38236.77 -8.2260 -8.7999 0.5739 1.0000 1.00
52 ASP N 52 H -38311.95 -0.8616 -1.1999 0.3383 1.0000 1.00
63 LYS N 63 H -38273.60 -3.9026 -0.7697 -3.1329 1.0000 1.00
23 ILE N 23 H -38277.13 -6.4977 -5.0505 -1.4472 1.0000 1.00
12 THR N 12 H -38213.81 -12.1286 -10.9099 -1.2187 1.0000 1.00
30 ILE N 30 H -38341.30 -10.8260 -7.4181 -3.4080 1.0000 1.00
51 GLU N 51 H -38232.53 -4.3335 -3.8669 -0.4666 1.0000 1.00
69 LEU N 69 H -38311.90 -19.9238 -19.9004 -0.0234 1.0000 1.00
16 GLU N 16 H -38341.04 -2.1693 4.5622 -6.7314 1.0000 1.00
26 VAL N 26 H -38301.08 2.1642 -0.7778 2.9420 1.0000 1.00
11 LYS N 11 H -38261.09 -11.6927 -14.9077 3.2150 1.0000 1.00
36 ILE N 36 H -38296.96 -11.2569 -9.9725 -1.2843 1.0000 1.00
48 ARG N 48 H -38261.30 -0.8667 2.9174 -3.7841 1.0000 1.00

D.2. Shear at an average rate of 1.80 s-1

Alignment Tensor
−6.82× 10−5 4.20× 10−5 1.44× 10−4

4.20× 10−5 1.17× 10−4 −1.40× 10−4

1.44× 10−4 −1.40× 10−4 −4.86× 10−5

 (D.2)

PALES output file

REMARK Molecular Alignment Simulation
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Table D.2.: RDCs captured while under an average shear rate of 1.80
s-1: RDCs captured from the N-H bonds of ubiquitin
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Figure D.2.: 2H spectra while under an average shear rate of 1.80 s-1:
The blue spectrum was conducted before the IPAP-HSQC. The red
spectrum was captured directly after the IPAP-HSQC. The green
spectrum was captured before the application of any shear forces
and is used to calculate the angle of the liquid crystals director.

159



D. Further Shear Profiles

0.1Hz_Shear
REMARK Simulation parameters.
DATA PALES_MODE DC
DATA TENSOR_MODE SVD (Order Matrix Method)
REMARK Order matrix.
DATA SAUPE_MATRIX S(zz) S(xx-yy) S(xy) S(xz) S(yz)
DATA SAUPE -4.8578e-005 -1.8492e-004 4.1958e-005 1.4380e-004 -1.3976e-004
DATA IRREDUCIBLE_REP A0 A1R A1I A2R A2I
DATA IRREDUCIBLE -7.7013e-005 -1.8614e-004 -1.8091e-004 -1.1968e-004
-5.4312e-005
DATA IRREDUCIBLE GENERAL_MAGNITUDE 4.1861e-004
REMARK Mapping of coordinates.
DATA MAPPING_COOR Szz_d(x) Szz_d(y) Syy_d(x) Syy_d(y) Sxx_d(x) Sxx_d(y)
DATA MAPPING -0.35309 -0.76804 1.47812 -0.58324 0.48902 0.48099
DATA MAPPING INV 1.90657 0.76804 -1.14411 0.58324 -2.29613 -0.48099
REMARK Eigensystem & Euler angles for clockwise rotation about z, y’,
z”.
DATA EIGENVALUES (Sxx_d,Syy_d,Szz_d) 4.5761e-005 2.0234e-004 -2.4810e-004
DATA EIGENVECTORS (x_coor y_coor z_coor)
DATA EIGENVECTORS X_AXIS 7.5505e-001 4.6459e-001 4.6265e-001
DATA EIGENVECTORS Y_AXIS -1.6589e-001 8.1803e-001 -5.5073e-001
DATA EIGENVECTORS Z_AXIS 6.3433e-001 -3.3908e-001 -6.9473e-001
DATA Q_EULER_SOLUTIONS ALPHA BETA GAMMA
DATA Q_EULER_ANGLES 1 229.97 134.01 208.13
DATA Q_EULER_ANGLES 2 49.97 134.01 208.13
DATA Q_EULER_ANGLES 3 310.03 45.99 28.13
DATA Q_EULER_ANGLES 4 130.03 45.99 28.13
REMARK Euler angles (psi/theta/phi) for rotation about x, y, z.
DATA EULER_SOLUTIONS 2
DATA EULER_ANGLES 26.02 219.37 12.39
DATA EULER_ANGLES 206.02 -39.37 192.39
DATA Da -1.240483e-004
DATA Dr -5.219151e-005
DATA Aa -2.480967e-004
DATA Ar -1.043830e-004
DATA Da_HN -2.677608e+000
DATA Rhombicity 4.207353e-001
REMARK Dipolar couplings.
DATA N 47
DATA RMS 1.210
DATA Chi2 68.757
DATA CORR R 0.960
DATA Q SAUPE 0.189
DATA REGRESSION OFFSET 0.187 +/- 0.172 [Hz]
DATA REGRESSION SLOPE 0.916 +/- 0.040 [Hz]
DATA REGRESSION BAX SLOPE 0.955 +/- 0.028 [Hz]
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D.2. Shear at an average rate of 1.80 s-1

VARS RESID_I RESNAME_I ATOMNAME_I RESID_J RESNAME_J ATOMNAME_J DI D_OBS
D D_DIFF DD W
FORMAT %4d %4s %4s %4d %4s %4s %9.2f %9.3f %9.3f %9.3f %.2f %.2f
13 ILE N 13 H -38292.09 -0.4308 1.4304 -1.8612 1.0000 1.00
67 LEU N 67 H -38350.80 -4.3335 -6.5756 2.2421 1.0000 1.00
70 VAL N 70 H -38289.20 4.7592 6.2692 -1.5100 1.0000 1.00
6 LYS N 6 H -38250.54 2.6001 0.7154 1.8847 1.0000 1.00
45 PHE N 45 H -38275.33 6.4977 5.8069 0.6908 1.0000 1.00
43 LEU N 43 H -38260.30 4.7592 6.4584 -1.6992 1.0000 1.00
15 LEU N 15 H -38276.65 -5.6360 -3.7360 -1.9000 1.0000 1.00
50 LEU N 50 H -38335.59 6.4926 5.6891 0.8034 1.0000 1.00
5 VAL N 5 H -38258.15 -2.6001 -1.3494 -1.2507 1.0000 1.00
44 ILE N 44 H -38288.26 6.9335 6.0624 0.8711 1.0000 1.00
68 HIS N 68 H -38274.68 5.1951 3.6509 1.5442 1.0000 1.00
2 GLN N 2 H -38334.96 3.8976 3.5375 0.3601 1.0000 1.00
14 THR N 14 H -38264.76 -0.8667 -0.6910 -0.1757 1.0000 1.00
17 VAL N 17 H -38288.70 2.1642 1.1914 0.9728 1.0000 1.00
66 THR N 66 H -38322.75 -6.0668 -6.5326 0.4658 1.0000 1.00
18 GLU N 18 H -38289.89 4.7592 4.3210 0.4382 1.0000 1.00
4 PHE N 4 H -38267.91 -3.9026 -3.8257 -0.0769 1.0000 1.00
27 LYS N 27 H -38307.07 3.4617 5.4692 -2.0075 1.0000 1.00
64 GLU N 64 H -38320.07 -6.4926 -5.1809 -1.3117 1.0000 1.00
7 THR N 7 H -38263.76 4.3284 3.8747 0.4537 1.0000 1.00
34 GLU N 34 H -38312.58 6.0618 6.5501 -0.4884 1.0000 1.00
39 ASP N 39 H -38347.54 -6.0668 -4.6080 -1.4588 1.0000 1.00
57 SER N 57 H -38257.26 -7.8002 -6.6094 -1.1908 1.0000 1.00
55 THR N 55 H -38280.97 0.8616 1.2106 -0.3490 1.0000 1.00
35 GLY N 35 H -38288.68 -0.8667 -0.3770 -0.4897 1.0000 1.00
3 ILE N 3 H -38317.43 -3.4668 -2.6375 -0.8292 1.0000 1.00
60 ASN N 60 H -38339.95 -1.2975 -1.5505 0.2530 1.0000 1.00
40 GLN N 40 H -38334.98 -8.2310 -6.5046 -1.7264 1.0000 1.00
65 SER N 65 H -38339.35 -2.1693 -0.5003 -1.6689 1.0000 1.00
33 LYS N 33 H -38332.41 0.8667 -1.6719 2.5386 1.0000 1.00
41 GLN N 41 H -38318.91 -2.1693 -4.0995 1.9303 1.0000 1.00
61 ILE N 61 H -38276.63 3.0309 1.5313 1.4996 1.0000 1.00
54 ARG N 54 H -38277.99 -0.8667 -2.1898 1.3231 1.0000 1.00
62 GLN N 62 H -38321.78 -6.9285 -6.0551 -0.8734 1.0000 1.00
47 GLY N 47 H -38246.38 2.6001 3.6269 -1.0268 1.0000 1.00
20 SER N 20 H -38332.34 -3.0309 -2.7040 -0.3269 1.0000 1.00
25 ASN N 25 H -38271.15 3.0309 2.4550 0.5759 1.0000 1.00
32 ASP N 32 H -38236.77 3.4668 4.1083 -0.6416 1.0000 1.00
52 ASP N 52 H -38311.95 -1.2975 -0.0721 -1.2254 1.0000 1.00
63 LYS N 63 H -38273.60 0.8667 0.5219 0.3448 1.0000 1.00
23 ILE N 23 H -38277.13 2.6001 2.3379 0.2622 1.0000 1.00
12 THR N 12 H -38213.81 4.7643 3.9058 0.8585 1.0000 1.00
30 ILE N 30 H -38341.30 3.8976 3.1815 0.7161 1.0000 1.00
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D. Further Shear Profiles

Table D.3.: RDCs captured while under shear at an average rate of 0.72
s-1: RDCs captured from the N-H bonds of ubiquitin

69 LEU N 69 H -38311.90 7.3643 7.5232 -0.1589 1.0000 1.00
26 VAL N 26 H -38301.08 -0.4359 0.9634 -1.3993 1.0000 1.00
11 LYS N 11 H -38261.09 3.4668 4.8048 -1.3380 1.0000 1.00
36 ILE N 36 H -38296.96 2.6001 3.2436 -0.6435 1.0000 1.00

D.3. Shear at an average rate of 0.72 s-1

Alignment Tensor
1.20× 10−4 −3.43× 10−5 −2.27× 10−4

−3.43× 10−5 −1.52× 10−4 2.53× 10−4

−2.27× 10−4 2.53× 10−4 3.16× 10−5

 (D.3)

PALES output file

REMARK Molecular Alignment Simulation.
GearBox 2Hz
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Figure D.3.: 2H spectra while under shear at an average rate of 0.72 s-1:
The blue spectrum was conducted before the IPAP-HSQC. The red
spectrum was captured directly after the IPAP-HSQC. The green
spectrum was captured before the application of any shear forces
and is used to calculate the angle of the liquid crystals director.
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D. Further Shear Profiles

REMARK Simulation parameters.
DATA PALES_MODE DC
DATA TENSOR_MODE SVD (Order Matrix Method)
REMARK Order matrix.
DATA SAUPE_MATRIX S(zz) S(xx-yy) S(xy) S(xz) S(yz)
DATA SAUPE 3.1613e-005 2.7248e-004 -3.4325e-005 -2.2674e-004 2.5312e-004
DATA IRREDUCIBLE_REP A0 A1R A1I A2R A2I
DATA IRREDUCIBLE 5.0118e-005 2.9349e-004 3.2765e-004 1.7635e-004 4.4431e-005
DATA IRREDUCIBLE GENERAL_MAGNITUDE 6.7501e-004
REMARK Mapping of coordinates.
DATA MAPPING_COOR Szz_d(x) Szz_d(y) Syy_d(x) Syy_d(y) Sxx_d(x) Sxx_d(y)
DATA MAPPING -0.38011 -0.74538 -0.97361 0.67797 0.61064 0.39289
DATA MAPPING INV 1.92843 0.74538 1.47321 -0.67797 -2.29159 -0.39289
REMARK Eigensystem & Euler angles for clockwise rotation about z, y’,
z”.
DATA EIGENVALUES (Sxx_d,Syy_d,Szz_d) -2.5304e-005 -3.5544e-004 3.8074e-004
DATA EIGENVECTORS (x_coor y_coor z_coor)
DATA EIGENVECTORS X_AXIS 7.2923e-001 5.6713e-001 3.8286e-001
DATA EIGENVECTORS Y_AXIS 2.4553e-001 -7.3913e-001 6.2721e-001
DATA EIGENVECTORS Z_AXIS 6.3869e-001 -3.6338e-001 -6.7825e-001
DATA Q_EULER_SOLUTIONS ALPHA BETA GAMMA
DATA Q_EULER_ANGLES 1 58.60 132.71 209.64
DATA Q_EULER_ANGLES 2 238.60 132.71 209.64
DATA Q_EULER_ANGLES 3 121.40 47.29 29.64
DATA Q_EULER_ANGLES 4 301.40 47.29 29.64
REMARK Euler angles (psi/theta/phi) for rotation about x, y, z.
DATA EULER_SOLUTIONS 2
DATA EULER_ANGLES 28.18 219.69 18.61
DATA EULER_ANGLES 208.18 -39.69 198.61
DATA Da 1.903706e-004
DATA Dr 1.100443e-004
DATA Aa 3.807411e-004
DATA Ar 2.200885e-004
DATA Da_HN 4.109187e+000
DATA Rhombicity 5.780530e-001
REMARK Dipolar couplings.
DATA N 46
DATA RMS 2.569
DATA Chi2 303.482
DATA CORR R 0.928
DATA Q SAUPE 0.249
DATA REGRESSION OFFSET 0.109 +/- 0.361 [Hz]
DATA REGRESSION SLOPE 0.863 +/- 0.052 [Hz]
DATA REGRESSION BAX SLOPE 0.933 +/- 0.037 [Hz]
VARS RESID_I RESNAME_I ATOMNAME_I RESID_J RESNAME_J ATOMNAME_J DI D_OBS
D D_DIFF DD W

164



D.3. Shear at an average rate of 0.72 s-1

FORMAT %4d %4s %4s %4d %4s %4s %9.2f %9.3f %9.3f %9.3f %.2f %.2f
67 LEU N 67 H -38350.80 6.9285 10.0324 -3.1039 1.0000 1.00
70 VAL N 70 H -38289.20 -7.8002 -8.9063 1.1061 1.0000 1.00
6 LYS N 6 H -38250.54 -2.6001 -0.4434 -2.1567 1.0000 1.00
45 PHE N 45 H -38275.33 -9.9593 -10.6313 0.6720 1.0000 1.00
43 LEU N 43 H -38260.30 -12.9953 -10.2870 -2.7083 1.0000 1.00
15 LEU N 15 H -38276.65 10.3952 6.5979 3.7973 1.0000 1.00
50 LEU N 50 H -38335.59 -6.0618 -8.2048 2.1430 1.0000 1.00
5 VAL N 5 H -38258.15 3.4668 2.0608 1.4060 1.0000 1.00
68 HIS N 68 H -38274.68 -8.6618 -6.0040 -2.6579 1.0000 1.00
8 LEU N 8 H -38323.86 -9.5285 -8.0776 -1.4510 1.0000 1.00
2 GLN N 2 H -38334.96 -3.8976 -6.3173 2.4197 1.0000 1.00
14 THR N 14 H -38264.76 0.8667 1.2226 -0.3559 1.0000 1.00
17 VAL N 17 H -38288.70 -4.7643 -2.4266 -2.3377 1.0000 1.00
66 THR N 66 H -38322.75 12.1286 10.3461 1.7825 1.0000 1.00
18 GLU N 18 H -38289.89 -8.2310 -7.9989 -0.2321 1.0000 1.00
4 PHE N 4 H -38267.91 9.9593 6.4355 3.5238 1.0000 1.00
27 LYS N 27 H -38307.07 -11.2619 -8.5410 -2.7209 1.0000 1.00
64 GLU N 64 H -38320.07 5.6310 8.1974 -2.5665 1.0000 1.00
7 THR N 7 H -38263.76 -8.6618 -7.4775 -1.1843 1.0000 1.00
34 GLU N 34 H -38312.58 -6.4977 -10.8088 4.3111 1.0000 1.00
39 ASP N 39 H -38347.54 12.5594 7.7538 4.8056 1.0000 1.00
55 THR N 55 H -38280.97 -2.6001 -0.3015 -2.2986 1.0000 1.00
35 GLY N 35 H -38288.68 2.1642 2.4979 -0.3338 1.0000 1.00
3 ILE N 3 H -38317.43 6.9234 4.7969 2.1265 1.0000 1.00
60 ASN N 60 H -38339.95 1.2975 2.8263 -1.5288 1.0000 1.00
40 GLN N 40 H -38334.98 4.7643 9.0213 -4.2570 1.0000 1.00
65 SER N 65 H -38339.35 4.7592 1.5013 3.2579 1.0000 1.00
33 LYS N 33 H -38332.41 0.0051 3.0845 -3.0795 1.0000 1.00
59 TYR N 59 H -38353.05 8.6568 8.0602 0.5966 1.0000 1.00
41 GLN N 41 H -38318.91 4.7643 6.6226 -1.8584 1.0000 1.00
61 ILE N 61 H -38276.63 -4.3335 -3.1162 -1.2172 1.0000 1.00
62 GLN N 62 H -38321.78 11.2619 9.8180 1.4439 1.0000 1.00
58 ASP N 58 H -38243.19 3.4617 5.0245 -1.5628 1.0000 1.00
47 GLY N 47 H -38246.38 -3.8925 -5.3995 1.5070 1.0000 1.00
20 SER N 20 H -38332.34 6.5027 2.4449 4.0578 1.0000 1.00
25 ASN N 25 H -38271.15 -0.4308 -1.8399 1.4091 1.0000 1.00
32 ASP N 32 H -38236.77 -2.5950 -4.5886 1.9936 1.0000 1.00
52 ASP N 52 H -38311.95 -3.0258 -0.1218 -2.9040 1.0000 1.00
63 LYS N 63 H -38273.60 -2.1693 1.0943 -3.2636 1.0000 1.00
23 ILE N 23 H -38277.13 -5.2001 -3.8356 -1.3646 1.0000 1.00
12 THR N 12 H -38213.81 -11.2619 -7.8113 -3.4507 1.0000 1.00
30 ILE N 30 H -38341.30 -6.4977 -5.2726 -1.2251 1.0000 1.00
16 GLU N 16 H -38341.04 -1.2975 2.8633 -4.1609 1.0000 1.00
26 VAL N 26 H -38301.08 1.2975 -0.8779 2.1754 1.0000 1.00
29 ALA N 29 H -38277.41 -3.9026 -0.1155 -3.7871 1.0000 1.00
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D. Further Shear Profiles

Table D.4.: RDCs captured while under shear at an average rate of 71.94
s-1: RDCs captured from the N-H bonds of ubiquitin

11 LYS N 11 H -38261.09 -6.4977 -9.6803 3.1827 1.0000 1.00

D.4. Shear at an average rate of 71.94 s-1

Alignment Tensor
−4.39× 10−5 1.90× 10−5 1.11× 10−4

1.90× 10−5 7.56× 10−5 −1.01× 10−4

1.11× 10−4 −1.01× 10−4 −3.17× 10−5

 (D.4)

PALES output file

REMARK Molecular Alignment Simulation.
4Hz
REMARK Simulation parameters.
DATA PALES_MODE DC
DATA TENSOR_MODE SVD (Order Matrix Method)
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Figure D.4.: 2H spectra while under shear at an average rate of 71.94 s-1:
The blue spectrum was conducted before the IPAP-HSQC. The red
spectrum was captured directly after the IPAP-HSQC. The green
spectrum was captured before the application of any shear forces
and is used to calculate the angle of the liquid crystals director.
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D. Further Shear Profiles

REMARK Order matrix.
DATA SAUPE_MATRIX S(zz) S(xx-yy) S(xy) S(xz) S(yz)
DATA SAUPE -3.1720e-005 -1.1957e-004 1.9033e-005 1.1115e-004 -1.0095e-004
DATA IRREDUCIBLE_REP A0 A1R A1I A2R A2I
DATA IRREDUCIBLE -5.0286e-005 -1.4387e-004 -1.3067e-004 -7.7390e-005
-2.4637e-005
DATA IRREDUCIBLE GENERAL_MAGNITUDE 3.0210e-004
REMARK Mapping of coordinates.
DATA MAPPING_COOR Szz_d(x) Szz_d(y) Syy_d(x) Syy_d(y) Sxx_d(x) Sxx_d(y)
DATA MAPPING -0.34033 -0.78135 -0.99099 0.63489 0.60537 0.40090
DATA MAPPING INV 1.89008 0.78135 1.53843 -0.63489 -2.28712 -0.40090
REMARK Eigensystem & Euler angles for clockwise rotation about z, y’,
z”.
DATA EIGENVALUES (Sxx_d,Syy_d,Szz_d) 3.0287e-005 1.4779e-004 -1.7808e-004
DATA EIGENVECTORS (x_coor y_coor z_coor)
DATA EIGENVECTORS X_AXIS 7.2876e-001 5.6268e-001 3.9025e-001
DATA EIGENVECTORS Y_AXIS 2.6848e-001 -7.5906e-001 5.9309e-001
DATA EIGENVECTORS Z_AXIS 6.2994e-001 -3.2744e-001 -7.0424e-001
DATA Q_EULER_SOLUTIONS ALPHA BETA GAMMA
DATA Q_EULER_ANGLES 1 56.66 134.77 207.47
DATA Q_EULER_ANGLES 2 236.66 134.77 207.47
DATA Q_EULER_ANGLES 3 123.34 45.23 27.47
DATA Q_EULER_ANGLES 4 303.34 45.23 27.47
REMARK Euler angles (psi/theta/phi) for rotation about x, y, z.
DATA EULER_SOLUTIONS 2
DATA EULER_ANGLES 24.94 219.05 20.22
DATA EULER_ANGLES 204.94 -39.05 200.22
DATA Da -8.903778e-005
DATA Dr -3.916731e-005
DATA Aa -1.780756e-004
DATA Ar -7.833462e-005
DATA Da_HN -1.921898e+000
DATA Rhombicity 4.398954e-001
REMARK Dipolar couplings.
DATA N 46
DATA RMS 0.999
DATA Chi2 45.940
DATA CORR R 0.941
DATA Q SAUPE 0.217
DATA REGRESSION OFFSET 0.003 +/- 0.143 [Hz]
DATA REGRESSION SLOPE 0.888 +/- 0.048 [Hz]
DATA REGRESSION BAX SLOPE 0.945 +/- 0.034 [Hz]
VARS RESID_I RESNAME_I ATOMNAME_I RESID_J RESNAME_J ATOMNAME_J DI D_OBS
D D_DIFF DD W
FORMAT %4d %4s %4s %4d %4s %4s %9.2f %9.3f %9.3f %9.3f %.2f %.2f
13 ILE N 13 H -38292.09 -0.4359 0.7774 -1.2133 1.0000 1.00
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D.4. Shear at an average rate of 71.94 s-1

67 LEU N 67 H -38350.80 -4.3335 -4.9235 0.5901 1.0000 1.00
70 VAL N 70 H -38289.20 3.4566 4.0686 -0.6120 1.0000 1.00
6 LYS N 6 H -38250.54 1.2975 0.0102 1.2873 1.0000 1.00
45 PHE N 45 H -38275.33 4.3335 4.0328 0.3007 1.0000 1.00
43 LEU N 43 H -38260.30 3.4617 4.5738 -1.1121 1.0000 1.00
15 LEU N 15 H -38276.65 -4.3335 -2.7433 -1.5902 1.0000 1.00
50 LEU N 50 H -38335.59 3.4668 3.5656 -0.0988 1.0000 1.00
5 VAL N 5 H -38258.15 -2.6001 -1.3892 -1.2109 1.0000 1.00
44 ILE N 44 H -38288.26 5.2001 3.9968 1.2034 1.0000 1.00
68 HIS N 68 H -38274.68 1.7334 2.1727 -0.4393 1.0000 1.00
8 LEU N 8 H -38323.86 4.3335 3.6707 0.6628 1.0000 1.00
2 GLN N 2 H -38334.96 3.4668 3.0698 0.3969 1.0000 1.00
14 THR N 14 H -38264.76 -0.4308 -0.9444 0.5136 1.0000 1.00
17 VAL N 17 H -38288.70 3.0309 1.3977 1.6332 1.0000 1.00
66 THR N 66 H -38322.75 -4.7643 -4.8170 0.0527 1.0000 1.00
18 GLU N 18 H -38289.89 3.0309 3.6630 -0.6321 1.0000 1.00
4 PHE N 4 H -38267.91 -2.6001 -3.0415 0.4414 1.0000 1.00
27 LYS N 27 H -38307.07 3.0360 3.4680 -0.4320 1.0000 1.00
7 THR N 7 H -38263.76 3.4668 2.5517 0.9151 1.0000 1.00
34 GLU N 34 H -38312.58 4.7643 4.3800 0.3843 1.0000 1.00
39 ASP N 39 H -38347.54 -4.3335 -3.2904 -1.0430 1.0000 1.00
57 SER N 57 H -38257.26 -5.6310 -4.5089 -1.1220 1.0000 1.00
55 THR N 55 H -38280.97 1.2975 0.3990 0.8985 1.0000 1.00
35 GLY N 35 H -38288.68 -1.3026 -0.5539 -0.7487 1.0000 1.00
3 ILE N 3 H -38317.43 -3.4668 -1.7675 -1.6992 1.0000 1.00
60 ASN N 60 H -38339.95 -0.8616 -1.0144 0.1528 1.0000 1.00
40 GLN N 40 H -38334.98 -3.0309 -4.7910 1.7601 1.0000 1.00
65 SER N 65 H -38339.35 -2.6001 -0.3747 -2.2254 1.0000 1.00
33 LYS N 33 H -38332.41 -0.4257 -1.6194 1.1937 1.0000 1.00
41 GLN N 41 H -38318.91 -1.7334 -2.7681 1.0347 1.0000 1.00
61 ILE N 61 H -38276.63 1.7334 1.5551 0.1783 1.0000 1.00
54 ARG N 54 H -38277.99 -1.3026 -1.7822 0.4796 1.0000 1.00
62 GLN N 62 H -38321.78 -3.8976 -4.2506 0.3530 1.0000 1.00
47 GLY N 47 H -38246.38 1.3026 2.0882 -0.7857 1.0000 1.00
20 SER N 20 H -38332.34 -2.1642 -1.9570 -0.2072 1.0000 1.00
25 ASN N 25 H -38271.15 0.8667 1.2742 -0.4075 1.0000 1.00
32 ASP N 32 H -38236.77 3.0309 2.3777 0.6532 1.0000 1.00
52 ASP N 52 H -38311.95 -0.4308 0.1414 -0.5722 1.0000 1.00
63 LYS N 63 H -38273.60 1.2975 0.1525 1.1450 1.0000 1.00
23 ILE N 23 H -38277.13 0.0051 1.2125 -1.2074 1.0000 1.00
30 ILE N 30 H -38341.30 2.6001 1.8325 0.7676 1.0000 1.00
71 LEU N 71 H -38335.76 3.9026 2.0672 1.8355 1.0000 1.00
16 GLU N 16 H -38341.04 0.8616 -0.8452 1.7068 1.0000 1.00
26 VAL N 26 H -38301.08 -0.4359 0.1819 -0.6178 1.0000 1.00
11 LYS N 11 H -38261.09 3.0309 3.8423 -0.8114 1.0000 1.00
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