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4  Abstract

Understanding protein structure is intrinsic to understanding their biological mechanism:s.
The technique of infrared (IR) spectroscopy can be used to analyse secondary structure of
proteins using the amide | vibrational mode. However, the broad peak associated with this
mode can be convoluted and extracting structural information can be difficult. The technique
of two-dimensional infrared (2D-IR) spectroscopy can assist by spreading the spectral
content across two frequency axes. It is a time-resolved method based on a series of sub-
picosecond laser pulses that allows for ultrafast dynamics to be probed providing an
advantage over more established structural analysis techniques, such as circular dichroism

(CD) spectroscopy and X-ray crystallography.

The aims of this thesis are to assess the ability of 2D-IR spectroscopy to extract information
pertaining to changes in structure of proteins in tandem with the multivariate analysis
method of principal component analysis (PCA). This has been performed as a means to
understand the spectral features of structure change in proteins upon perturbation and
provides the basis for analysing protein dynamics using time-resolved infrared (TRIR)
spectroscopy. As a testbed for this analysis, the previously well-characterised protein
calmodulin (CaM) has been studied. CaM is a calcium binding messenger protein that is
predominantly a-helical in structure. Ca?* free CaM (apo) can bind up to four Ca®* ions (holo)

which produces a change in structure and a-helical content.

Thermal studies on both apo- and holo-CaM were performed and the quantitative results
from 2D-IR spectroscopy produced good agreement with CD spectroscopy with a reduction
in a-helix structure by 13% (CD) and 15% (2D-IR) observed for apo-CaM. Accurate
differentiation between melting transitions and generic heating effects was achieved using

the thermally stable holo-CaM as a reference.

A temperature-jump (T-jump) TRIR experiment was then established. The system was
calibrated and determined to induce a 9 °C temperature rise in the sample. Comparison of
non-equilibrium relaxations of apo-CaM and holo-CaM showed domain melting of apo-CaM
begins on microsecond timescales with a-helix destabilisation. These observations enable
the assignment of previously reported dynamics of CaM on hundreds of microsecond
timescales to thermally activated melting, producing a complete mechanism for thermal

unfolding of CaM.



CaM-drug binding studies were performed using IR and 2D-IR spectroscopy and small
changes in structure and electrostatic properties were extracted utilising PCA. Separation
into groups of ligand binding was achieved for IR spectroscopy with 2D-IR spectroscopy

providing spectral evidence for the changes occurring.

The limitations of 2D-IR data processing for elucidating the small spectral changes and the

developments made to ensure accurate extraction of spectral features are discussed.



1 Introduction

1.1 Proteins

Proteins are large biomolecules that are essential to life with many different types
performing several functions within all organisms?. The structures of proteins are intrinsically
linked to their function where changing the structure of the protein can provide a different
function. Therefore, understanding the structure of proteins has been an area of interest for
a number of years?3. This thesis will endeavour to understand changes in structure of

proteins upon perturbation using two-dimensional infrared (2D-IR) spectroscopy.

Proteins are composed of a series of amino acid residues, with below thirty amino acids in
the sequence considered to be a peptide while a larger biomolecule of thirty amino acids or
more is a protein. An amino acid is composed of an amine group (-NH), a carboxyl functional
group (-COOH), and a side-chain group (-R) which is unique to each amino acid, of which

there are twenty naturally occurring (Figure 1-1).

R
H O
\ /
SN—c—cZ
OH

Figure 1-1. Generic structure of a single amino acid, where the “R” group is the side chain of amino acids.

The amine group of one amino acid can bind to the carboxyl group of another in a
dehydration reaction forming an amide bond (Figure 1-2, orange CN bond), and multiple
amide bonds can form resulting in a long sequence of amino acids. This is the basis of the
protein backbone, with the unbonded amine group being referred to as the N-terminus and

the unbonded carboxyl group being referred to as the C-terminus.
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Figure 1-2. A series of amino acids joined by amino bonds (orange C-N bonds) forming a polypeptide chain.

The sequence of the amino acids in the protein is called the primary structure, and the
secondary structure is the local repeating units within the protein made up of these amino
acids. Examples of secondary structures are a-helix and B-sheet (Figure 1-3). It can be seen
from the figure that a-helix is a spiral conformation where, on average, there are 3.7 residues
per turn and every N-H group on the backbone undergoes hydrogen bonding (H-bonding)
with a C=0 group on the backbone located four residues earlier in the sequence. H-bonding
is also seen in B-sheets which consists of B-strands connected by backbone H-bonding. B-

strands are chains of residues usually three to ten residues in length.
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Figure 1-3. Protein secondary structures of a-helix and 8-sheet. Adapted from .

The tertiary structure of a protein is the overall way the protein folds and, finally, the
quaternary structure is the way in which multiple protein units arrange in a complex system.

This multi-layered complexity to the structure highlights how small changes can result in



significant changes in the action of proteins and the way in which protein-ligand and protein-

drug binding occurs.

Investigating the structure of proteins has been a prominent area of research in many fields
including biotechnology®® and drug discovery”® due to its link with function and
understanding how proteins will interact with other structures. Within drug development,
the structure of proteins is important in understanding its druggability>® and the
pharmacokinetics and pharmacodynamics in protein-drug binding!?. This allows for more
efficient development of drug design. Examples of this include using the structure of aspartic
protease to model a target for antihypertensives, renin'?, and using the structure of
neuraminidase to design the flu drug, Relenza'®. Some proteins are involved in many
biological functions, for example human serum albumin (HSA)** and aj-acid glycoprotein®®

are both responsible for numerous activities.

Proteins can also undergo structural changes after metabolic processes and the resulting
conformational change can affect the binding affinity of ligands and how the protein
functions in the body. Examples of changes in binding affinity from structural changes include
the modifications of glycosylation to HSA, and carbamylation of uraemia along with

addition of endogenous compounds to the protein leads to changes in ligand binding®’.

1.1.1 Calmodulin

One of the aims of this thesis is to investigate the changes in structure of proteins, specifically
the secondary structure, using linear infrared (IR) spectroscopy and two-dimensional infrared
(2D-IR) spectroscopy. This will be used as a basis to investigate dynamics of proteins. Utilised
throughout this work will be the well-studied calcium binding messenger protein calmodulin
(CaM). This protein is used as a test for the experiments and analysis conducted due to the

wealth of knowledge available already of its structure and behaviour.

CaM was first discovered in 1970%1° and is found in many eukaryotic cells. It is comprised of
148 amino acid residues with an approximate molecular weight of 16.7 kDa?°. It is involved
in many regulatory effects??2 of Ca? including smooth muscle contraction?, intracellular

signalling?*, and cell cycle regulation?.

The structure of the protein is predominantly a-helical and is largely conserved across a range
of organisms?® including, but not limited to, human, sea urchin, bovine, and rat?’=3, The

structure of CaM comprises of two globular domains, a C-terminal domain and an N-terminal



domain, which are separated by a flexible central linker3. Each domain consists of helix-loop-
helix E-F hand motifs32-34 which can accommodate two Ca?* ion binding sites with a maximum
of four Ca? ion binding sites per protein molecule. This E-F hand motif is common to other
Ca?*binding proteins including troponin C, a Ca?* binding protein involved in the function of

muscle contraction in the skeletal and cardiac muscles3>3°.

In Ca?* free (apo) CaM the central linker contains two short a-helices joined by a random coil
resulting in structural flexibility. The 3D structure of apo-CaM (Figure 1-4. (a)) has been
previously determined by NMR studies®3°, Uptake of four Ca?* ions to CaM (holo-CaM)
occurs in a two-step positive cooperative process with binding of the first two ions occurring
in the C-domain first, due to a six times greater affinity to this domain compared to the N-
domain®®, which the latter two Ca% ions bind. This binding results in the CaM structure
changing from a closed, compact structure to an open “dumbbell” structure where the
central linker becomes fully helical. Hydrophobic binding sites for other proteins or small
molecules are thus exposed by the open structure of holo-CaM*. The 3D structure of holo-

CaM has been established through X-ray crystallography studies**=** (Figure 1-4 (b)).

Figure 1-4. 3D molecular structures of a) apo-CaM (PDB 1CFD*) and b) holo-CaM (PDB 1CLL**) showing a-helices

(red), 8-strands (yellow), flexible central linker (orange and blue), and Ca?* ions (grey).

Thermal studies on the apo- form have been performed which show reversible conformation

changes occurring up to 80 °C*. The holo-CaM form has been reported to be more thermally



stable with Fourier transform infrared (FTIR) spectroscopy and circular dichroism (CD)

spectroscopy experiments reporting no conformational changes below 80 °C**47,

Many studies have been performed on CaM to understand the structure of the protein and
its interaction with ligands therefore making it an ideal candidate for further developing the

technique of 2D-IR spectroscopy coupled to multivariate analysis (MVA).

1.1.2  Current techniques of analysis of protein structure
A variety of methods are currently available for analysing the structure of proteins, each with
their own advantages and disadvantages. A few such methods shall be discussed here but

the following is not an exhaustive list of all possible techniques.

The most widely used technique is X-ray crystallography, with approximately 129,000 entries
on the protein data bank (PDB)* out of a total of approximately 143,000 entries arising from
this technique. It has advanced the understanding of structural biology and has resulted in

Nobel prizes for determining the structures, for example, of vitamin B12° and insulin®°.

The method of X-ray crystallography involves the use of high-powered X-rays which are
aimed at small crystals to investigate the structure of said crystals which cause scattering of
the X-rays. The scattered rays are diffracted onto an electronic detector and the pattern and
intensity of the rays allows for mapping of each atom in the crystallised molecule. This
method gives precise and high-quality detail on secondary and tertiary structure through the
use of 3D models with little error observed. It is able to detect atomic bonds due to the short

wavelengths of 10°1° m that X-rays possess, allowing spatial resolution down to <1.5 A,

However, the technique requires for the samples to be crystalline and therefore gives limited
insight into the flexibility of biological molecules as dynamics information is difficult to obtain
in this form>?, as opposed to a liquid sample. Crystallising proteins can also prove to be a

challenging task which can result in a long time before a measurement can be obtained®.

A method not limited by the need to have a crystalline structure is circular dichroism (CD)
spectroscopy. This method is the measured difference between the absorbance of left and
right circularly polarised light>**°, Far-UV CD spectroscopy is a “gold standard” technique
used to investigate and quantify the secondary structure of proteins®. Chiral molecules can
absorb left or right-handed circularly polarised light at different ratios and CD spectroscopy

is able to measure this. The alignhment of the chromophores in the amides of the backbone



of the protein give rise to specific spectra — therefore the different alignments of secondary

structure have different spectral features.

Spectral features for a-helices include negative peaks at 208 nm and 222 nm and a positive
peak at 193 nm. Anti-parallel B-sheets give rise to a negative peak at 218 nm and positive
peak at 195 nm, and disordered structures have low signals around 210 nm and negative at

195 nm*’ (Figure 1-5).
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Figure 1-5. Typical CD spectra of secondary structures of a-helix (yellow), 8-sheet (blue) and random coil (red)32.

Although CD spectroscopy is a gold-standard technique for determining and quantifying the

secondary structure of proteins, it is limited in its ability to monitor the dynamics of proteins.

The method of Molecular Dynamics (MD) simulations allows for the theoretical evaluation of
proteins and their dynamics (Figure 1-6). MD simulations can probe both structure and fast
dynamics simultaneously®®. The method works well with experimental data as they
complement each other. However, disadvantages of MD simulations include being prone to
inaccuracies in force fields®® and it has high computational costs for even relatively short

simulated time scales.
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Figure 1-6. Typical protein dynamics and the associated timescales, and the experimental techniques used to probe

them. Adapted fromb'.

Nuclear magnetic resonance (NMR) spectroscopy is an experimental technique that can
probe the structure of proteins and also follow dynamics on the nanosecond to minute
timescale. These timescales encompass protein unfolding®?, ligand binding®® and redox
reactions®. NMR can analyse proteins to atomic resolution and can be performed in

solution®>®, in contrast to the crystalline requirements of X-ray crystallography.

NMR uses radio wavelengths to detect magnetic resonance of certain atomic nuclei, only
those with a nuclear spin greater than zero, and therefore have an odd number of protons
or neutrons, are able to be detected with NMR; common nuclei that are investigated include
H, 13C, >N and 3!P. The radio frequency perturbs the magnetic field of a nucleus and the

response is a frequency in resonance with the atomic nucleus that was affected®.

Dynamics of proteins can be probed by expanding the NMR experimental method to include
a series of radio pulses which allows selective excitation of nuclei. This results in a second
axis being introduced resulting in a two-dimensional NMR (2D-NMR) spectrum®,
Disadvantages of NMR spectroscopy include difficulties in analysing very large proteins as it
results in poorly resolved peaks. This can be overcome by isotopic labelling, but it is an
expensive method®. Another disadvantage is that NMR is limited by its temporal resolution,
and therefore rapid protein dynamics on the sub-nanosecond timescale, such as energy

transfer, cannot be probed.

The focus of this thesis therefore will be investigating a technique that can probe secondary
structure changes, with the added benefit of following ultrafast dynamics. 2D-IR
spectroscopy is a relatively new technique compared to those previously mentioned that has
emerged in the last twenty years and builds upon 2D-NMR by using a series of pulses to

obtain a spectrum in two dimensions. However, it utilises infrared (IR) light which has shorter



wavelengths than the NMR counterpart of radio waves, and this gives rise to an increased
temporal resolution. Therefore, the timescales provide a complementary experimental

technique to the fast time scales of MD simulations.

1.2 IR Spectroscopy

IR spectroscopy is a type of vibrational spectroscopy involving the interaction of both light
and matter. Mid-IR radiation covers the range 4000 cm™ to 400 cm™ in the electromagnetic
spectrum. The technique is based upon vibrations in molecules whereby the light causes
chemical bonds to vibrate as a result of absorption of photons with the same energy as the
vibration?. Understanding molecular vibrations is paramount to understanding IR

spectroscopy.

By first considering a diatomic molecule, the frequency with which the bond oscillates, v, can
be determined using Hooke’s Law:
1 |k

v=— |— (Equation 1.1)
2| U

Where k is the spring constant for the bond and p is the reduced mass.

mgpmp
H= — (Equation 1.2)
mg+mp

Where ma is the mass of one atom in the molecule, and mg is the mass of the other atom in
the molecule. Hooke’s Law relates the strength of the bond and the masses of the atoms to
the frequency with which they oscillate, and therefore the wavenumber that the molecule

absorbs IR radiation.

The energy of the photon absorbed by the molecule vibration is equal to the energy required
to transition from one energy level to the next. This transition arises from quantum

mechanics and can be calculated from the energy of harmonic motions equation:
1 .
E = (n + E) hv (Equation 1.3)

Where n is the quantum number and h is Planck’s constant.

A harmonic oscillator has evenly spaced energy levels (Figure 1-7, black trace), however no

molecule follows this oscillator as increasing the internuclear distance, r, leads to an



inevitable bond dissociation. Molecules are anharmonic oscillators, and the diatomic
molecule follows a Morse potential, whereby the energy between levels decreases with
increasing levels and at higher energies the bond can dissociate (Figure 1-7, red trace).
Anharmonicity plays an important part in time resolved infrared spectroscopy and will be

discussed later.

Potential energy (V(r))

Internuclear distance (r)

Figure 1-7. Harmonic oscillator (black curve) with evenly distributed energy levels. Morse potential (red curve)
demonstrating an anharmonic oscillator where increasing the internuclear distance, r, can result in dissociation of

the bond and unevenly spaced levels.

The simplest example of a molecular vibration is small displacements from the bond length
of a diatomic molecule. However, larger molecules exhibit a greater degree of vibrational
modes with the exact number determined by 3N-5 for linear molecules and 3N-6 for non-
linear molecules, where N is the number of atoms present in the molecule. This results in the
average protein molecule having more than 20,000 vibrational modes’®. For a vibrational
mode of a molecule to be IR active there must be a change in the dipole moment of the

molecule.



The common molecular vibrations can be described by the vibrations seen in a methylene

group (-CH,). These include both stretching and bending vibrations and examples can be seen

in Figure 1-8.
Scissoring Symmetric stretching Asymmetric stretching
Rocking Twisting Wagging

N M

Figure 1-8. Common vibrations, both stretching (symmetric and asymmetric) and bending (scissoring, rocking,

twisting, and wagging).

1.2.1 IR spectroscopy of proteins

There are a number of vibrational modes associated with the amide group of proteins and
these give rise to distinct spectral peaks. These are amide |, amide Il, amide Ill, amide A, and
amide B. The most intense of these modes is the amide | which absorbs at 1600 to 1700 cm"
Land is the result of the C=0 stretching vibration (Figure 1-9), with smaller contributions from

the out-of-phase CN stretching vibration, the CCN deformation, and the NH in-plane bend’?.

0 0
| |
C—N C—N

Figure 1-9. Polypeptide chain with the carbonyl bond highlighted as it is the major vibrational contribution to the

amide | mode. Smaller contributions are observed from the C-N stretching vibration.
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The amide | mode is sensitive to secondary structure and is not strongly influenced by side
chains therefore making it the most commonly used mode for secondary structure analysis.
The B-sheet has a strong absorption at 1630 cm™ and a weaker absorption at higher
wavenumbers (> 1680 cm™), whereas the a-helix and random coil have overlapping

absorptions at 1640 - 1660 cm™ and 1640 — 1650 cm?, respectively’2.

Many effects on the protein can have an impact of the results observed in the amide | region
including through-bond coupling, H-bonding, and transition dipole coupling (TDC). Through-
bond coupling only has a small impact on the amide | mode due to only a small displacement
occurring on the C, atom, however TDC is vital to secondary structure analysis and

quantification’7°,

The TDC effect has been shown to be an important factor in analysis and quantification of
secondary structure. It is a resonance interaction of adjacent amide vibrations along the
polypeptide chain and the extent of coupling depends on the orientation and spatial
distribution of the interacting dipoles. This interaction leads to delocalisation of vibrational
modes across multiple residues. The TDC effect was first described in 19727* where it was
found that the amide | splitting observed for the pleated sheets in polyglycine | can be
accounted for by the introduction of a direct interaction force constant between adjacent

C=0 groups in neighbouring chains which arises from TDC.

This effect is also present in a-helical proteins with a previous study” indicating that
interactions with the three neighbouring groups along the chain are most essential for the
amide | band. The length of the helix also appears to affect the frequency of the maximum
intensity of the amide | with increased length resulting in a lower maximum wavenumber.
The study also stated that H-bonding occurred in a-helices with the third group along in the

chain.

H-bonding to the C=0 group can be shown to affect the amide | vibration. This has been
exhibited through polypeptides with a shift to lower frequency observed for poly-B-L-Glu
compared to poly-B-L-Ala that was explained by the former having stronger hydrogen
bonds’®. H-bonding has an impact on the maximum absorption frequency of a secondary
structure, with a great degree of H-bonding exhibited correlating to a lower IR frequency. For
example, the C=0 bond of a protein can be stabilised through the donation of a H-bond from
water to the oxygen in the amide group. This results in a lower IR frequency and in turn

causes the amide | peak to down-shift in wavenumber. Temperature has been shown to
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affect the H-bonds, and results have shown that the amide | band tends to shift to higher

frequency with increasing temperature due to weakening of hydrogen bonds”’.

As mentioned, there are other protein vibrational modes. The amide Il mode returns a peak
at approximately 1550 cm™ and has major contributions from the NH in-plane bend and the
CN stretching vibration. Smaller contributions come from the CO in-plane bend and the CC

and NC stretches’ (Figure 1-10).

C—N C—N

| |
¥ H

Figure 1-10. Polypeptide chain with the NH and CN bonds highlighted which represent the major vibrational

contribution to the amide Il mode.

As with the amide | bond there is little contribution from amino acid side chains to the amide
Il vibration, and in contrast to the amide | bond, the relationship between secondary
structure and amide Il bond is complex due to added vibrational contributions that are
associated with it. In deuterated conditions (amide II’) the N?H bend contribution is down
shifted in frequency which results in no coupling between the vibration and the CN stretch.
This results in the peak position down shifting to the frequency of the CN stretch
(approximately 1470 cm™). Many IR studies of proteins are performed in deuterated
conditions as the H-O-H bending mode at 1650 cm™ interferes with the amide | region. The
D-O-D bending mode is down-shifted to 1210 cm?, eliminating the interference with the

protein vibrational mode (Figure 1-11).
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Figure 1-11. IR spectrum of a protein measured in a D,0 solvent with large absorption peaks at approximately 600
cm, 1200 cm™ and 2500 cm™ associated with vibrational modes of D,0. Zoomed portion of the spectrum
highlights the amide | and amide II’ peaks with the amide II’ bond downshifted to approximately 1470 cm-!

compared to the amide Il frequency of approximately 1550 cm™.

Many studies have been performed using IR spectroscopy to investigate proteins and their
structure. This includes the use of examining H/D exchange’®, for example a study was
performed monitoring the H/D exchange for tertiary structure unfolding by changing the pD
of a BSA sample following changes to the amide 11”°. Also included is probing protein stability

through chemical and thermal denaturation®?,

A key part in protein studies by IR spectroscopy is elucidating information about structure
using data processing. This is of particular importance for analysing the amide | region due
to overlapping contributions from different secondary structure content, which creates a
broad indistinguishable peak. Multiple different methods have been employed to extract
secondary structure content from the amide | and amide Il modes including curve fitting,

Fourier self-deconvolution (FSD), difference spectroscopy, second derivatives, and MVA.

Curve fitting of the amide | region involves fitting multiple Gaussian curves within the peak

to simulate different secondary structure components. This has been used to quantify the
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secondary structure composition of proteins®~®°, although inaccuracies in this method have

t84

been apparent®®, and relies on subjective decisions in the fitting process which can affect the

results®>e.

FSD is a signal-processing tool which reduces the bandwidths of overlapping peaks in broad
indistinct bands and deconvolutes them to allow for resolution between peaks®’. This has

been used to calculate the fractions of secondary structure components in proteins8#°,

Difference spectroscopy®®®! can be used to monitor changes in different protein states by
measuring a spectrum in one state, A, and then measuring a spectrum in another state, B,
and then subtracting one from the other, i.e. B minus A. This produces a difference spectrum

which highlights the changes between the two states.

Second derivative analysis®? is a process in which the baseline fluctuations are reduced and
overlapping bands are deconvoluted. It has been used successfully in the identification of

biomarkers for bladder cancer detection in serum®3.

MVA is the statistical analysis of multiple variables at one time. IR spectroscopy can produce
many measurements that require analysis across a range of wavelengths leading to software
packages that can interpret the complex data®. Principal component analysis (PCA) is one
such method of MVA that reduces the dimensionality of data and extracts trends in data®. It
has been used in previous IR studies, for example in the determination of proteins in milk
samples®. PCA will be utilised in this thesis for extracting trends in datasets and the method

will be discussed in further detail in chapter (2).

Although linear IR spectroscopy has been proven to be a useful tool in analysing structure of
proteins, it is not without its limitations. One key disadvantage of IR spectroscopy is its
inability to probe dynamics, however, by expanding on the technique, 3™ order non-linear IR
spectroscopy, a method based on the response from three laser pulses, can delve deeper

and gain insights into dynamic information of proteins.

Another disadvantage is that, although the amide | bond is information rich in terms of
secondary structure, the broad absorption lineshapes masks the coupling that is present
which means extracting structural information is difficult. 2D-IR has the ability to also
measure the coupling present in the amide | bond and spreads the information across two

axes, making extraction of structural features more accessible.
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1.3 Non-linear Spectroscopy

2D-IR spectroscopy is a 3™ order non-linear spectroscopic method that is relatively new with
the first measurement performed in 1998%’. It was first used to examine the amide | vibration
and anharmonicity of a peptide linkage molecule, N-methylacetamide, using a frequency
domain technique, which shall be described later. The development of the technique is in
part due to progression in ultrafast lasers with sub-picosecond pulses as in order to observe
fast dynamics, a laser pulse of duration shorter than those fast dynamics is required. Prior to
discussing the theory of 2D-IR spectroscopy, it is best to consider the simpler approach,

pump-probe spectroscopy, first.

1.3.1 Pump-probe Spectroscopy

IR pump-probe spectroscopy is also a 3™ order non-linear spectroscopic method and is based
upon two pulses; a pump (or excitation) pulse which undergoes two interactions between
light and matter, and a probe (detection) pulse. A typical pulse sequence schematic is seen

in Figure 1-12.

A sub-picosecond pump pulse first interacts with the sample. This will excite molecules within
the same frequency region of the bandwidth from the ground vibrational state (v = 0), which
is assumed to be the only state significantly populated at room temperature, to the first
vibrational state (v = 1). After a short waiting time (Tw) a probe pulse then interacts with the

sample.
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Detector

Grating

Figure 1-12. Pulse sequence for IR pump-probe spectroscopy. A pump pulse will excite photons in the sample and
after a short period of time, T,, a probe pulse will interact with the sample. An emitted signal along with the probe

pulse will be dispersed by a grating prior to detection.

The probe pulse is measured with the pump pulse both on and off — often this is
accomplished by chopping the pump pulse to half the repetition rate of the probe pulse. The
pump-probe spectrum is the difference spectrum of the probe spectrum measured with
pump on minus pump off. The spectrum comprises of pairs of peaks resulting from the
difference in absorbance spectra — a positive peak at a lower frequency which corresponds
to the excited state absorption (ESA) from the first excitation state to the second as a result
of the probe pulse. The second peak is a negative peak (bleach) at higher frequency with
corresponds to the stimulated emission from the first excited state back to the ground state
and also caused by the ground state bleach (Figure 1-13). The positive ESA is red shifted from

the bleach depending on the anharmonicity of the molecule.
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Figure 1-13. Example vibrational excited states for IR pump-probe spectroscopy (left) with blue arrow indicating
the transition from the ground excitation state to first excitation state from the pump pulse. The green arrows
indicate the two responses from the probe pulse: ESA from the first excitation state to the second, and the
stimulated emission from the first state back down to the ground state. An example spectrum (right) shows a pair
of peaks: a positive peak at lower frequency corresponding to the v =1 - 2 transition, and a negative peak for the
v =0 - 1 transition. The difference in frequency between the two peaks corresponds to the anharmonicity of the

molecule.

The time between the two pulses, Ty, can be altered in pump-probe spectroscopy. If Ty is
zero then no relaxation in the sample will have occurred, resulting in no decaying of the
molecules from the first excited state back to the ground state between the pulses.
Increasing the time increases the probability that spontaneous decaying of the molecules in
the first excitation state back to the ground state will occur. A result of this happening is that
the signal size of the pump-probe spectrum becomes smaller as the difference between the
pump on and pump off signal is decreased. Scanning the Ty, across a range of times allows for
the vibrational lifetime of the vibrational mode to be determined. This is only true if magic

III

angle polarisation is used. If another polarisation is used, for example “parallel” where all
beams are linearly polarised in the same axis, then the signal will decrease with T,, due to
both relaxation from the first excited and from re-orientational motion of the dipoles in the
sample. Due to the large sizes of proteins the motion is very slow relative to relaxation and

is often neglected®.

The spectrum in Figure 1-13 is an example of exciting and detecting one vibrational mode in
a sample. However, a more complex system could involve multiple modes and coupling

between the modes would affect the vibrational lifetimes. Pump-probe spectroscopy is
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broadband excitation and therefore all vibrational modes in the selected window are excited
simultaneously and information on coupling becomes convoluted with the relaxations. For a
multimode system information on coupling and energy transfer are useful and therefore

more insight can be gained through 2D-IR spectroscopy.

1.3.2 2D-IR Spectroscopy
2D-IR spectroscopy expands on pump-probe spectroscopy and is able to separate the
information from coupling and relaxations into two axes allowing for extraction of different

contributions to occur.

There are two ways of collecting 2D-IR spectra, in the frequency domain and time domain.
The frequency domain method involves the use of a narrowband system and was utilised in
early 2D-IR experiments; however, the time resolution is limited due to the narrowband
width®. The more common method currently used is the broadband time-domain approach,
which has been utilised in this thesis, however, the frequency domain method shall be
discuss first as it allows for more comparisons between pump-probe spectroscopy and 2D-

IR.

The frequency domain method is based upon the pump-probe method, however, differs in
that the normal broadband pump width used in pump-probe spectroscopy is reduced to
approximately 10 cm™ prior to reaching the sample, mainly through the use of a Fabry-Perot
filter'®, The pump frequency is scanned and narrowband pump, broadband probe is
measured for a given waiting time. As with pump-probe spectroscopy the pump pulse is
reduced to half the repetition rate of the probe pulse through the use of a chopper and the
probe pulse is dispersed on a grating before being detected by an array detector. The
frequency of the pump pulse is scanned across the desired region which creates a 2D-IR

spectrum comprising of a series of pump-probe slices at each detected pump frequency.

As with pump-probe spectroscopy, the spectrum comprises of a pair of peaks corresponding
to the energy level transitions resulting from the laser pulses and arises from the difference
in absorbance between pump on and pump off pulses (Figure 1-14). The negative bleach
peak, arising from ground state bleaching lies on the diagonal of the spectrum where the

probe frequency (wprobe) is equal to the pump frequency (Wpump) such that,

Wprobe = Wpump = Wo1 (Equation 1.6)
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Where wo; is the frequency of the ground state to first excited state energy transition. The
positive ESA peak has a lower probe frequency corresponding to the excitation from the first
excited state to the second (Equation 1.7, where wi; is the frequency of the transition
between the first excited state to the second excited state). The pump frequency of the ESA

peak remains the same as the bleach peak (Equation 1.8).

Wprope = W12 (Equation 1.7)

Wpump = Wo1 (Equation 1.8)

A representative linear IR spectrum is shown in Figure 1-14 (above 2D-IR spectrum) that
would correspond to the same sample as shown in the 2D-IR spectrum. For every peak in the
linear IR spectrum, there are a pair of peaks in the 2D-IR spectrum, assuming anharmonicity
in the vibrational mode. The frequency difference between the ESA and bleach peak is the
anharmonicity, with an increase in frequency difference indicating a greater degree of
anharmonicity. If the system was harmonic the two peaks would overlap and as they have

opposite signs, they would destructively interfere and cancel out.

v=1->2 v=0->1

v=2
i Wavenumber (cm™) +ve
|

Pump frequency (cm™)

Probe frequency (cm)
Figure 1-14. Example energy levels for a simple vibrational system (left) with blue arrow indicating the transition

from the ground excitation state to first excitation state from the pump pulse. The green arrows indicate the two

responses from the probe pulse: ESA from the first excitation state to the second, and the stimulated emission
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from the first state back down to the ground state. An example 2D-IR spectrum (bottom right). A positive peak at
lower frequency corresponding to the v = 1 = 2 transition, and a negative diagonal peak for the v =0 - 1
transition, and an equivalent IR spectrum (top right). The two peaks are the result of the changes in absorbance

between the pump on and pump off pulses.

Above is assuming a simple system with excitation of one vibrational mode, however 2D-IR
spectroscopy has the ability to detect coupling between two vibrational modes which results
in off-diagonal contributions. Coupling occurs when two bonds are close enough to each
other that the oscillations from one causes vibrations in the second to occur. Figure 1-15

shows a 2D-IR spectrum with coupling between two modes and the associated energy levels.

Both modes share a common ground state, |00), and there are two first excited states, one
for each mode, |01) and |10). As previously, the diagonal peaks arise from the ground state
to first excited state transitions (negative peak) and the first to second excited state
transitions (positive peak). Additional off-diagonal peaks come from exciting from the first
excited state to the combination band (|11)). It should be noted that T, = 0 for this 2D-IR
spectrum example. The peak intensities of the cross-peaks give rise to information about the
distance and angle between the two modes which provides details about the molecular

structure.
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Figure 1-15. 2D-IR spectrum of coupling between two modes showing to resulting cross peaks. The energy levels

associated with each peak in the 2D-IR spectrum is illustrated below.
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Due to the narrow band width associated with the frequency domain 2D-IR method, the
temporal resolution is in the picosecond range. Therefore, any dynamics present in sub-
picosecond timescales are not detected. This can be overcome with the use of time-domain
2D-IR. It is based on three laser pulses (Figure 1-16) with the first two pulses being pump
pulses which are separated by a time, 1, and the second and third, which is a probe pulse,
being separated by a time, Ty. The time between the final probe pulse and the emission of

a signal is separated by a time, t.

The process with which the signal is emitted is described by the following. The interaction of
the first pump pulse with the sample creates a coherent superposition of the ground and first
excited states. After this first pulse the initial phase coherence is lost and the macroscopic
polarisation which was created with the first pulse decays. This occurs during the time delay
between the first and second pump pulses t. The method in which the timings between the
two pulses are varied can be done in multiple approaches including with the use of an
interferometer and the use of a pulse shaper. Both methods will be explained in further detail
in chapter (2). The time delay between the first and second pump pulses is scanned across a
range of times during the 2D-IR measurement. For example, the T range used throughout this

thesis was -0.3 to 4.0 ps.

A second pump pulse then interacts with the sample and converts the superposition state
into a population state, either of the ground or first excited state. During the second time
delay T, the population state evolves allowing processes such as vibrational relaxation,
spectral diffusion and energy transfer to occur. This second time delay, Tw, remains constant
throughout the 2D-IR measurement. A series of measurements with different T,, times are

required to evaluate the processes listed above.

After T, a third pulse then interacts with the sample which creates a coherent superposition
state again, resulting in the emission of a signal, commonly referred to as a photon echo
pulse, after a further time t. Different 2D-IR geometries, such as boxcar and pump-probe,
produce the emitted signal in different ways. As a pseudo-pump probe geometry was used
in this thesis, only this geometry will be considered. The emitted signal after time t is collinear
and indistinguishable with the probe pulse and is therefore self-heterodyned, meaning it is
correctly phased across the detection axis. This signal is dispersed by a spectrometer onto an

array detector. This dispersed signal results in the detection, or probe, axis in the 2D-IR
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spectrum. Signals are extracted by recording probe spectra across the detector both with and
without preceding pump pulse interactions, allowing for the signal from the probe pulse to
be subtracted from the detected signal. The excitation, or pump, frequency axis is a result of
Fourier transforming the signal as a function of the time delay between the two pump pulses,

T.

Detector

Grating

Figure 1-16. Schematic of pulses used in generation of a 2D-IR spectrum. Two pump pulses interact with the sample
first and these are separated by a time, T, then a probe interacts with the sample a set time after the second pump
pulse, Ty. A signal pulse is then emitted from the sample (dashed line) before travelling to a grating with separates

the pulse into an array before being detected.

1.3.2.1 2D-IR spectroscopy of proteins

Since the first 2D-IR experiment, analysis of proteins and biological samples have been
performed extensively using this technique®1%?, Analysis of protein structure usually focuses
on the amide | vibrational mode. Examples include the ability to distinguish between the
helical dimer and dimeric helix conformers of the peptide gramicidin D which have only
subtle differences in structure'®. Both conformers appeared to be similar to B-sheets using
conventional FTIR spectroscopy, however, coupling observed within 2D-IR was able to

determine the dimeric structures.

2D-IR spectroscopy has also been used to investigate B-type structures, including hairpins,

parallel and antiparallel sheets'®~1%

where the TDC effect was shown to play an important
role in the spectral features. One study reported 2D-IR to be a more sensitive method for

determining structural differences between B-sheet proteins than traditional linear IR
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105 As the spectrum is spread across two axes coupling can be determined from

spectroscopy
off-diagonal features resulting from the two amide | spectral contributions of B-sheets at

~1630 cm™ and ~1680 cm™ leading to a distinct “Z” pattern.

The amide | bond of an a-helix has been investigated through 2D-IR spectroscopy
previously!®. Measuring of isotope labels allowed for evaluation of coupling between amide
| groups of the a-helix and through the use of off-diagonal features the TDC effect was shown

to be the cause of coupling between groups.

Further work has been performed using a combination of linear IR and 2D-IR spectroscopy
for identification of structure and quantification of transition dipole strengths!®1%, 2D-IR
spectroscopy is more sensitive to secondary structures that have delocalised vibrational
excitons than linear IR as the area of a linear IR bond is independent of coupling, whereas
2D-IR is dependent. As a result, 2D-IR is able to distinguish between structure that is coupled,
such as an a-helix in this study, and structure that is uncoupled, such as random coil. By
ratioing the areas for linear IR and 2D-IR, transition dipole strengths were calculated and the

values confirmed structure identification'®’.

The prior reported studies were performed in deuterated solvents, however recently a study
was performed in un-deuterated serum to determine the ratio of albumin to globulin
proteins present in the samples, and this was possible due to the amide | mode dominating
the 2D-IR signal at approximately 1650 cm™ compared to the H-O-H bend which is more

weakly absorbing®.

Measuring 2D-IR spectra as a function of waiting time is an important technique and can offer
structural information on the sub-picosecond timescale; however, this method only probes
systems at equilibrium. Combining 2D-IR with non-equilibrium methods, transient 2D-IR,
allows for 2D-IR time resolution of systems perturbed from equilibrium. This is performed by
addition of another pulse to the experiment to perturb the system prior to the 2D-IR pulse
sequence, which then acts as a probe to the change in equilibrium!°, Different types of

111

transient experiments are possible including UV excitation for photoinduced reactions™,

and pH-jump methods to induce pH-dependent conformational changes!?.

One such transient experiment that shall be the focus of chapter (4), albeit in a time-resolved
infrared (TRIR) spectroscopy experiment and not a transient 2D-IR spectroscopy experiment,

is temperature jump (T-jump) spectroscopy. This experiment studies thermal denaturation
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and protein folding and unfolding dynamics by using a laser pulse to excite the solvent,
typically the deuterated overtone band at 5000 cm™, which in turn heats the sample. 2D-IR
spectroscopy can then be used to probe the response of the heating and measure folding
and unfolding dynamics. T-jump 2D-IR spectroscopy has been utilised to analyse the
unfolding dynamics of ubiquitin using a nanosecond pulse laser to excite the D,0O overtone
band resulting in a 9 K T-jump. The results from this experiment returned two unfolding
timescales, a shorter one of a few microns and a longer one of a few milliseconds*!3. Another
example of T-jump 2D-IR includes insulin dimer dissociation which resulted in four dynamic
timescales being observed. These were fast water thermalisation and H-bond weakening (<
5 ns), B-sheet dissociation (250 — 1000 ps), monomer disordering (5 — 150 ps), and finally re-
association (> 5 ms)!4. This highlights the complex nature of protein folding and unfolding.

Further details on T-jump experiments will be provided in chapters (2) and (4).

2D-IR spectroscopy experiments result in complex data where a large amount of information
is held in one spectrum. This results in a large amount of time being invested by the analyst
to interpret the results. In recent years advances in the processing of 2D-IR spectra have been

made with the following studies examples in different processing methods.

A method using MVA for quantifying secondary structure from 2D-IR spectra has been
developed using singular value decomposition (SVD), which is a dimension reducing
technique that separates data in components, similar to PCA. By creating a library of protein
amide | spectra from sixteen different proteins of known secondary structure content, SVD
was used to quantify the secondary structure of an unknown protein!!®. This analysis was
performed on unlabelled proteins and assumed that individual secondary structure had a
unique spectrum, and the total protein spectrum for each sample is the sum of each
secondary structure spectrum linearly weighted by its content. The study was also performed
using FTIR which returned results with greater error than 2D-IR, highlighting the greater
sensitivity the technique has for secondary structures. This is a method that works well by
comparing samples measured in the same conditions but would deviate if different

environmental conditions were used such as buffer or pH.

MVA of 2D-IR spectra has also been performed on a large dataset of DNA spectra by a
technique called analysis of variance combined with PCA (ANOVA-PCA)'6, The spectra
consist of different DNA sequences, both bound and unbound to a small molecule, Hoechst

33258, and all measured at different waiting times. The study showed that the DNA
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sequences could be determined along with if the biomolecule was bound or unbound. Finally,
the vibrational lifetime for each system was determined from the ANOVA-PCA method. This
highlights how sophisticated analysis methods can be utilised for interpreting large datasets,
which is required as the development of 2D-IR laser systems continue. Development of 2D-
IR laser systems that are able to measure spectra quickly, such as the LIFEtime!!’ laser system
at the STFC facility at the Rutherford Appleton Laboratory (RAL), which can measure a 2D-IR
spectrum in less than ten seconds, means it is possible to obtain large quantities of data very
quickly. Therefore, a key requirement is developing processing methods to facilitate the

extraction of information from 2D-IR spectra.

This thesis will further the knowledge of time resolved IR spectroscopy of proteins using the
amide | region by using PCA to help quantify changes in secondary structure upon heating.
Subsequently, a T-jump TRIR setup will be developed and used to probe the early stages of
domain melting and then small changes in protein structure will be probed upon ligand

binding using PCA.
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2 Methods

2.1 Calmodulin expression and purification
The protein calmodulin (CaM) was used in chapters (3) — (5). It was expressed and purified in

collaboration with UCB, Slough.

Escherichia coli DH5a (Invitrogen) competent cells were used in the transformation of human
CaM (h.calmodulin) plasmid DNA and Escherichia coli BL21 (DE3) Star (Novagen) competent

cells were used in the expression of the protein.

H.calmodulin plasmid DNA was transformed using DH5a competent cells in super optimal
broth with catabolite repression (SOC) media and using BL21 (DE3) competent cells,
incubated overnight in 2YT broth with Carb 100 antibiotic at 37 °C, 220 RPM. The resultant
culture was over-expressed (2YT broth with additions of Carb 100) and monitored by Asoo
until a value of 0.4 OD was observed at which it was induced with Isopropyl-thio-B-D-
galactopyranoside (IPTG) to make a final concentration of 0.5 mM and left to cultivate over
5-6 hours at 37 °C until an Ago OD of 2.5 was observed. The inoculated media was then
centrifuged (Beckman centrifuge, JA 90) at 5,000 RPM for 15 minutes at 4 °C. The supernatant
was discarded, and the pellets were re-dissolved in 50 mL of suspension buffer (50 mM Tris-
HCl pH 7.5, 2 mM EDTA). Lysis was performed using a French high-pressure cell at pressure
of ~1000 p.s.i. The collected lysis was centrifuged at 10,000 RPM for 30 minutes at 4 °C. The
supernatant was collected and subjected to AKTA purification using a HiTrap Phenyl column
(Phenyl FF, 5mL). Equilibration and elution buffers containing 50 mM Tris-HCI, pH 7.5,100
mM NaCl, 5 mM CaCl2 and 50 mM Tris-HCI, pH 7.5, 10 mM EDTA were used and the protein
was penultimately purity checked via size-exclusion chromatography before final analysis

using mass spectrometry to verify the monomeric molecular weight.

2.2 FTIR Spectroscopy

A Fourier transform infrared (FTIR) spectrometer uses a blackbody radiation source to
generate IR light and a Helium:Neon (He:Ne) laser with a Michelson interferometer to
measure IR intensity. The interferometer splits the IR radiation into two beams with the use
of a beam splitter. One beam of the light is reflected off a moving mirror and the other beam
is reflected off a static mirror. The two beams then recombine at the beam splitter and travel
together to the sample (Figure 2-1). The beams will either combine constructively or

destructively, depending on the path difference which is dependent on the moving mirror,
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and the resulting oscillations will produce an interferogram that correlates each frequency

component to a point in time.

IR Source
Moving arm
I Michelson
Interferometer
Beamsplitter
Mirror
He:Ne laser Static arm

Detector

Figure 2-1. Typical schematic of FT-IR spectrometer setup.

The He:Ne laser is used as a reference beam alongside the IR beam to determine what the
path difference is between the two beams. This information is required to calculate the
frequency axis. The He:Ne beam follows the same paths as the IR light and the interference
pattern generated by the 632.8 nm wavelength beam is detected and counted, providing a

reference for the path difference.

An FTIR spectrometer gives a measure of the absorbance of a sample and it is related to the

intensity of the signal before and after passing through the sample (Equation 2.1).

A= loglOITO (Equation 2.1)
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Where A is the absorbance measured in Optical Density (OD), Iy is the intensity of the light
before the sample, and / is the intensity of the light after the sample. Absorbance can also be

calculated from the Beer-Lambert Law (Equation 2.2).
A= ecl (Equation 2.2)

Where ¢ is the molar extinction coefficient (M cm™), ¢ is the concentration of the sample

(mol I'Y), and / is the sample path length (cm).

The concentrations and path lengths of the samples used throughout this thesis were chosen
to give good intensities of the peaks of interest and specific values will be given in each

experimental chapter.

2.3 IR sample setup

Every IR sample in this thesis was prepared in the same manner within a Harrick cell (Figure
2-2). Approximately 30 uL of sample was placed between two CaF, windows. A
polytetrafluoroethylene (PTFE) spacer of known thickness was used to separate the windows
and provides the path length of the sample. The cells were either static, for room
temperature measurements, or temperature dependent cells controlled by an external
power unit. The same sample setup was used for the time-resolved measurements as well as

the FTIR measurements.

Cap
Spacer
O-ring 4/\
: Window
Base

Sample

Figure 2-2. Schematic of prepared IR sample housed in a Harrick cell (left) with an example cross section of the cell

setup (right).
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2.4 2D-IR Spectroscopy
The 2D-IR spectroscopy data used throughout this thesis were collected on the ULTRA
femtosecond laser system based at the STFC Central Laser Facility at the Rutherford Appleton

Laboratory (RAL) (Harwell)*2.

A custom built titanium sapphire (Ti:Sapph) oscillator was used to generate 800 nm pulsed
light, with a 20 fs duration, a 50 nm bandwidth and a repetition rate of 65 MHz. The short
pulses were then amplified using a custom-built regenerative amplifier system. First the short
pulses were stretched temporally using a grating. This was performed as amplification of
short pulses can damage the Ti:Sapph crystal with high pulse peak intensities. The stretched
pulse then enters the amplification cavity, with input and output controlled by electro-optic
modulators (Pockel cells). The Ti:Sapph crystal was pumped by two Nd:YAG lasers each with
approximately 55 W of power, and the crystal underwent cryogenic cooling to reduce

thermal lensing.

Amplification in the cavity was achieved by numerous round trips through the Ti:Sapph and,
once achieved, the Pockel cell allows exit from the cavity. After the pulse has exited the cavity
it is compressed temporally with a second grating to obtain short pulse durations of 40 — 80

fs at 800 nm with a 10 kHz repetition rate.

After amplification the 800 nm pulses are converted into mid-IR light with the use of an
optical parametric amplifier (OPA) and difference-frequency generation (DFG). In the case of
this thesis, all the laser pulses produced from the DFG were centred at approximately 1650
cm™ (~6 um) for the amide | region with pulse duration of ~60 fs and pulse energy of 1-3 pJ.
The output from the OPA to the DFG was not measured as the beam passed immediately into

the DFG from the OPA.

The first step in optical parametric amplification is splitting the 800 nm light into two pump
beams with the use of a beam splitter. One pump beam is used in the second stage of the
amplification; the other is further split into two beams with another beam splitter in the ratio
90:10. The lower intensity beam is used to generate a white light continuum (WLC) through
a sapphire plate. This WLC beam is then focused onto a 2™ order nonlinear crystal (barium
borate, BBO) along with the other portion of this split pump light. Optical parametric

amplification occurs within this crystal which converts the pump 800 nm light into two beams
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of lower energy, the signal and idler beams, where the idler beam is produced as a by-product

of the conversion of energy from the pump to the signal:
w3 = W+ Wy (Equation 2.3)

Where ws is the frequency of the input pump beam, w; is the frequency of the signal beam,
and w3 is the frequency of the idler beam. The frequency of the signal light generated can be
controlled by altering the temporal delay between the pump beam and WLC beam and
altering the angle of the crystal. The idler beam and residual pump beam are blocked after
the crystal with a beam blocker while the signal beam is collimated and continues to the

second step of amplification to generate more signal power.

As with the first step, the beam is passed through a BBO crystal, along with the other pump
beam that was split by the initial beam splitter. The interaction of the signal and pump beams

in the crystal amplifies the signal beam and produces a collinear idler beam.

The signal and idler beams then undergo mixing to produce the desired mid-IR wavelength
through DFG with the use of a silver thiogallate (AgGaS,) crystal. Tuning of the difference
frequency pulse wavelength is achieved by rotating the crystal in the vertical plane and

changing the angle between incoming beams.

After the OPA-DFG the generated mid-IR light is passed through a 90:10 beam splitter
creating two beams, a pump beam and a probe beam, respectively. After splitting of the mid-
IR light into two beams, two different laser setups were used on ULTRA with regards to the

pump beam: an interferometer approach and a pulse shaper approach.

2.4.1 Interferometer Approach
All 2D-IR spectra collected in chapter (3) used an interferometer approach to collect the data.
Spectra in the technical note of chapter (5) also used this approach. Both approaches used a

“parallel” beam polarisation.

The set-up is a pseudo pump-probe geometry® whereby the pump beam is passed through
an interferometer where a 50:50 beam splitter divides the beam for the fixed arm and the
moving arm (Figure 2-3). The moving arm is controlled by a delay stage (Delay stage 2), and
the static arm passes through a chopper, which chops the beam to half the repetition rate (5

kHz). The time delay between the two pump arms, ty, is variable due to the delay stage.
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Figure 2-3. Schematic of the ULTRA laser optical setup with interferometer in the pump path.

The movements of the delay stage have to be precise as the step sizes it takes, along with
the maximum time between the two pump pulses recorded, dictates the resolution of the
pump frequency axis generated through Fourier-transformation of the interference pattern
generated by the two pump pulses. This is otherwise known as the pump field
autocorrelation (Figure 2-3, green dashed line) and was collected in parallel with the main
spectrum. This interference pattern is also required to properly “phase” the 2D-IR spectrum.
This will be discussed in further detail below. The value of t; where the two pump pulses are
completely in phase and interfere constructively, results in an intensity maximum, a “centre-
burst”, in the field autocorrelation (Figure 2-4). This time is referred to as to. The pump light

for the autocorrelation is directed onto a single pixel on the MCT detector.

39



0.20

0.15 1

0.10 1

0.05 -

0.00 -

N ———

-0.05 4

Autocorrelation Intensity

0.0 | 015 | 1.0
t, delay (ps)

Figure 2-4. Field autocorrelation versus t; delay plot highlighting the “centre-burst” at t,.

The step size is also important in defining the maximum frequency detected, also known as

the Nyquist frequency (wn). This can be defined by the following equation:

oy _ 1 i
o = oL (Equation 2.4)

Where At is the step size. This means that for a vibrational mode with a frequency of 1650
cm! the vibrational timing will be approximately 19 fs. Therefore, steps sizes of less than 10
fs will be required to capture the frequency components of the emitted signal. The step sizes
used in the interferometer approach 2D-IR measurements in this thesis were 3 fs, which is
equivalent to movements of the delay stage 2 of approximately 0.45 um. The maximum t;

values recorded were 4 ps.

The probe beam is also controlled by a delay stage and altering this allows the time delay
between the second pump pulse and the probe pulse to be controlled. This is defined as the

waiting time (Tw).

After the interferometer stage, both the pump and probe beam are reflected off a parabolic

mirror and directed towards the sample. Upon interaction with the sample the remaining
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pump light is stopped by a beam block. The probe light and the emitted signal from the
sample is collimated by another parabolic mirror and then directed towards the
spectrometer which contains a grating to diffract the light onto a liquid nitrogen cooled 128-
element MCT detector. The is the basis of the probe frequency axis for the 2D-IR spectrum.
Resolution of the probe axis for all 2D-IR measurements is approximately 1.4 cm™. The
spectrometer grating angle was adjusted to ensure the centre of the probe pulse was at the
centre of the MCT pixels. An example of the signal on one pixel is shown in Figure 2-5. The
system was purged with nitrogen gas to eliminate interferences and absorption of water

vapour which could have a negative impact of the signal intensity.

The probe light is detected both with and without pump pulses interacting with the sample,
which is achieved using the chopper. For each probe spectrum detected on the array detector
the absorbance difference of pump on minus pump off is calculated. Fourier transformation
of the free induction decay at each probe pixel is then calculated with respect to t; results in
a spectrum for each pump frequency, and therefore a series of probe slices at each pump
frequency are calculated and combined to generate a 2D-IR spectrum. This FT and generation
of 2D-IR spectra is performed using custom data processing software in Labview created by
Dr. Gregory M. Greetham. This was adapted from processes created by Prof Neil Hunt, Dr.

Rafal Kania, and Dr. Katrin Adamczyk.

0.000
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Figure 2-5. Signal collect from a single pixel during a 2D-IR acquisition.
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2.4.1.1 2D-IR data processing for interferometer approach
This custom programme is used to generate the 2D-IR spectra by generating the pump

frequency axis, finding to, and phasing the data.

The 2D-IR spectra presented in this thesis are the result of averaging of three scans with each
taking approximately 15 minutes to obtain. Over the duration of the three scans beam
drifting can occur that has to be compensated for. This is done by averaging the three field
autocorrelation signals that are recorded from the three scans and is the first stage in the

data processing.

The second stage is accurately determining to using the averaged field autocorrelation signal.
This is an important stage as signals recorded prior to to can cause distortion of the 2D-IR
lineshapes. An estimate of to is first calculated by Fourier transforming the averaged field
autocorrelation signal. At to all the frequency components are in phase, therefore using the
phase slope (6¢/6t;) generated from the FT, the moment where the slope is zero is the

estimated tovalue. An accurate to is then determined using the projection slice theorem*>.

The field autocorrelation data are interpolated to allow for accurate tuning of to. A pump-
probe signal is collected during the measurement, from an interaction of the second pump
pulse and the probe pulse. This pump probe signal is removed from the 2D-IR signal during
the FT of the signals on the probe pixel, and therefore has no influence on the resulting 2D-
IR spectrum. However, the pump probe signal is extracted during the data processing and
compared to a projected 2D-IR spectrum. Phasing of the spectrum through adjustments of
the interpolated data points is performed until the projected spectrum overlaps with the
pump-probe signal (Figure 2-6). Incorrect determination of to produces out of phase pump-
probe spectra and therefore results in distortion to the 2D-IR lineshapes (Figure 2-7, same

data used as shown in Figure 2-6).

The pump axis frequency resolution was also increased in the software through the use of

zero-padding. This increases the tmax Which is subsequently Fourier transformed.
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Figure 2-6. Example of Labview processing software phasing a 2D-IR spectrum by a) comparing the expected
pump-probe spectrum to the experimental. b) interferogram for each pixel is determined. c) the resulting spectrum
from the phasing of the data.
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Figure 2-7. The same data as Figure 2-6 has been used. Selecting the wrong to results in a) incorrectly phased
data where the expected pump-probe spectrum is out of phase with the experimental pump-probe spectrum. b)
the resulting 2D-IR spectrum has distorted lineshapes.
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2.4.2 Pulse shaper

2D-IR spectra in chapter (5) were acquired using a pulse shaper approach®. In this setup the

pump beam is directed into a pulse shaper after splitting from the probe beam (Figure 2-8).
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OPA

\ 4

Oscillator

Figure 2-8. Schematic of ULTRA laser optical setup with pulse shaper.

The beam is dispersed on to a grating to allow separation of different frequencies within the
pulse, then onto a cylindrical mirror where the beam is collimated. The collimated beam is
then passed onto an acousto-optic modulator (AOM) which is coupled with a programmable
acoustic wave. This wave is controlled by a waveform generator in an attached computer,
and acts as a grating and diffracts the desired frequencies with the correct intensity and
phase. Once the beam has passed through the AOM, a second cylindrical mirror and grating
pair transform the light back into a temporal pulse. A pulse pair is the output from the pulse
shaper and altering the AOM allows for different timings between the two pump pulses

(Figure 2-9). The pulse shaper is responsible for pump on/pump off.
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Figure 2-9. Optical setup of the pulse shaper whereby the single pump pulse in is transformed into two pump

pulses.

Once passed through the pulse shaper the laser setup is similar to the interferometer
approach with the pump and probe pulses overlapped on the sample. The probe beam and
signal are then directed onto the grating in the spectrometer then dispersed onto the liquid
nitrogen cooled 128-pixel MCT detector. As with the interferometer approach the signal is

Fourier transformed to determine the pump frequency axis.

In the interferometer approach it was stated that sampling the signal below the Nyquist limit
must occur to detect the frequency component of vibrational modes. In the case of the 1650
cm® region this is approximately 10 fs, however it was not possible to sample at this small
step size for the pulse shaper approach due to issues with memory capacity. The
measurements were therefore under-sampled with 24 fs step sizes which results in aliasing

and phantom peaks are removed.

Processing of the pulse shaper data is simpler than the interferometer counterpart as the

phase is dictated by the pulse shaper and is already known, therefore eliminating the need
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for the complex phasing of data using the projection slice theorem. The only data processing

required to generate the 2D-IR spectra is to perform a FT of signal.

25 T-Jump

This temperature-jump (T-jump) setup was utilised in chapter (4), and it is a time-resolved
infrared (TRIR) spectrometer setup with a T-jump pump, mid IR probe’. The system used was
the ULTRA system (RAL) and the generation of the 1650 cm™ (~6 um) probe pulse was the

same as described for the 2D-IR measurements (section 2.3).

The nanosecond T-jump pump pulse was generated using a custom-built Nd:YAG pumped
optical parametric oscillator (OPO). The Nd:YAG laser produced a pulse with a duration of
approximately 1.5 ns, an energy of 4 mJ and a repetition rate of 1 kHz. This pulse was then
directed into a singly resonant OPO cavity and focussed onto a magnesium oxide periodically
poled lithium niobite (MgO:PPLN) crystal. The MgO:PPLN crystal is a quasi-phase matched
material where the orientation within is periodically inverted (poled). As the pump beam is
passed through the crystal, photons are generated periodically 180° out of phase with the
generated photon that would have been created at that point in the crystal if it had not been
poled, therefore leading to phase matching. This results in photons interfering constructively
and therefore high conversion efficiency within the crystal. A signal beam and an idler beam
were generated from the crystal and the idler beam was allowed to exit the OPO cavity while

the residual pump beam and signal beam were reflected back into the cavity.

The wavelength of the pump beam was tuned by adjusting the temperature of the crystal
and the poling period. In chapter (4) a wavelength of approximately 3.75 um was used as this
allows for pumping the O-D stretch of the D,0 solvent. The pump energy at 3.75 um was 70

W with a pulse duration of ~1.5 ns.

The pump pulse was mechanically chopped to 500 Hz from 1 kHz with a chopper, then the
pump pulse was directed towards the sample and overlapped spatially with the probe pulse
in the sample. As the pump pulse was at a wavelength of 3.75 um there would be little
interaction with atmospheric water vapour allowing the beam to travel through a different
portion of the laser setup to the probe beam, which required purging with nitrogen gas. This
allowed the pump pulse to pass through the sample in the opposite direction compared to
the probe pulse, i.e. the pump pulse passed through the back side of the sample and the

probe passed through the front side.
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The data were acquired using a time-resolved multiple probe spectroscopy (TRMPS)® method
which allowed for acquisition from the nanosecond timescale to the millisecond timescale.
The output pulse from the OPO was synchronised with the 10 kHz probe pulse using a
computer-controlled delay generator. The 10 kHz probe clock was divided down to 1 kHz and
this was used to trigger the Nd:YAG laser. A further 500 Hz output was used to trigger the
pump chopper. This 500 Hz signal was used in the data acquisition system to correctly identify

the sequence of probe pulses.

Due to the differences in repetition rates between the pump and probe pulses (0.5 kHz and
10 kHz, respectively), 20 probe spectra can be recorded for each pump pulse (Figure 2-10).
Assuming the delay between the pump pulse and the first probe pulse is x ns, then the
subsequent probe pulses are recorded with delays of x + 100 us, x + 200 ps, x + 300 us, with
the final probe pulse before the next pump pulse recorded with a delay of x + 1900 ps. The

last probe pulse is used as the pump-off measurement for the other 19 probe spectra.

Pump off Pump off

Pump on l Pumpon

s (TTTTTTTRRTInE |||||||||||||||||||

Pump

Time

Figure 2-10. Schematic of TRMPS pulse sequence. For every pump pulse there will be 19 ‘pump on' probes and one
'‘pump off" pulse.
2.6 Principal Component Analysis

Principal Component Analysis (PCA) is a multivariate analysis method that is used extensively
in spectral processing® ™! to reduce the dimensionality of the data and extract trends within

the dataset. It involves orthogonal transformation of the original dataset to get linearly
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uncorrelated variables, called Principal Components (PCs), that best describes the variance
within the data — referred to as covariance. The first PC (PC1) is calculated to show as much
variability in the data as possible. The next PC (PC2) is then calculated to show as much
variability in the remaining data not described in PC1. This is continued for each PC with each
one representing less data than the previous. Often, the latter PCs represent just noise in the

data.

The original data matrix (X) of all the measurements to be analysed, comprises of the samples
(columns) and the variables (rows) which in the case of this thesis will be wavenumbers

(Figure 2-11). The matrix is then transformed into two smaller matrices®!2:
X=T.P+E (Equation 2.5)

Where T is the resulting scores of the PCs which describes the relationship between the
measurements in the form of PC spectra, P is the resulting loadings which describes the
relationship between the samples in the form of trends, and E is the residual contribution

from random noise.

The results of the PCA allows for easier visualisation of patterns within the dataset. The

original spectra can be recalculated from the PC scores and loadings in the following manner:

Original Spectrum A = (PC1 scores = PC1 loadings for A) + (PC2 scores *
PC2 loadings for A) + - (Equation 2.6)

All PCA will be performed in the software package Origin Pro (versions 2015 and 2018) using

the in-built method.
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Figure 2-11. PCA data transformation of original data matrix (top), and the corresponding visual outputs (bottom).
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3 Quantifying Thermally Induced
Secondary Structure Changes in
Calmodulin using 2D-IR Spectroscopy

This chapter contains results published in the following publication:
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Secondary Structure Changes in Calmodulin Using 2D-IR Spectroscopy. 2017, 89,
10898-10906.

This chapter was a collaborative project with scientists from the pharmaceutical company,
UCB, who provided additional biophysical measurements, sample preparation and MD

simulations. | performed all IR spectroscopy work and data analysis.
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3.1 Abstract

Molecular structure is closely linked to function in biological molecules. Understanding the
details of mechanisms in the solution phase requires tools to monitor structural changes to
the molecule upon perturbation. The ability of 2D-IR spectroscopy, coupled with multivariate
analysis, to monitor and quantify secondary structural changes of the calcium binding
protein, calmodulin (CaM), as a function of temperature is demonstrated. 2D-IR spectroscopy
is able to detect the a-helix to random coil transition of apo-CaM upon heating and changes
in helical coupling due to structural rigidity, which have been shown to be only accessible
through 2D-IR and not FTIR spectroscopy. Quantification of the change in structure is also
investigated with good agreement observed between the results of circular dichroism (CD)
spectroscopy and 2D-IR spectroscopy, although CD spectroscopy analysis is not optimised for
quantification at elevated temperatures. This is partially overcome by using the Ca?* bound
state (holo-CaM) as a reference as it does not undergo a structural change, only heating

effects.

3.2 Introduction

It is known that the structure of a protein is intrinsically linked to its biological function but
further information about the molecular mechanisms of changes in structure occurring is
desired. This can be achieved through quantifying conformational changes upon
perturbation of the protein. The complex and interconnected nature of proteins means that,
in certain cases, large-scale structural fluctuations involving secondary structure elements or
domains of a protein may be pivotal to function. In this chapter the thermal effect on the
structure of a protein will be examined by changing it from room temperature to elevated

temperatures.

Circular dichroism (CD) spectroscopy, along with X-ray crystallography, is a gold standard
technique for determining the secondary structure of biological molecules at room
temperature. Understanding protein mechanisms has been established theoretically with
Molecular Dynamics (MD) simulations by predicting the behaviour of proteins in aqueous
conditions. The confidence in the simulations can be improved with corroboration from
experimental techniques that are able to look at the ultrafast dynamics of femtosecond to

picosecond such as 2D-IR spectroscopy.

2D-IR spectroscopy has been previously used to extract site-specific information on

structure, dynamics and function of biological molecules using isotopic substitution and non-
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natural labelling'™. However, there is scope for 2D-IR spectroscopy of the whole molecule of
unlabelled proteins to be utilised in exploring these large-scale changes in proteins and probe
conformational changes. This can be helped by the key benefit that 2D-IR has unique coupling
patterns occurring between the amide | vibrational modes of peptide units that are visible in
the off-diagonal region of the 2D-IR spectrum and it is possible to quantify secondary

structure content under equilibrium conditions®°.

A challenge is to correlate changes in the spectra to biological functions. 2D-IR is also
technically demanding with complex data analysis required. To overcome these problems
the use of multivariate data analysis, specifically Principal Component Analysis (PCA), will be
developed as a tool in tandem with 2D-IR spectroscopy to extract quantitative spectral
information as a function of temperature perturbation. Quantification of protein secondary
structure from 2D-IR spectroscopy has already been achieved using SVD as the analysis
method!®, however the use of PCA with the technique is novel. The protein used to
interrogate these changes will be the human calmodulin (CaM) protein —both in the presence

and absence of Ca?* ions.

CaM is a calcium binding messenger protein found in many eukaryotic cells. The Ca* free
structure (apo-CaM) is predominantly o-helical and comprises two (C- and N-) globular
domains that each contain two Ca?* binding sites'*™**. The two domains are separated by a
central linker, comprising of a-helices and random coil structure (Figure 3-1 (a)). Once bound
to Ca®* (holo-CaM), the central linker becomes helical and transitions from a closed structure

to an open one®® (Figure 3-1 (b)).
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Figure 3-1. Molecular structures of a) apo-CaM (PDB 1CFD) and b) holo-CaM (PDB 1CLL) showing a-helices (red),

B-strands (yellow), flexible central linker (orange and blue), and Ca?* ions (grey).

Previous CD studies on CaM have been published'®™*° with thermal experiments reporting
unfolding of apo-CaM in a two-step process where the C-domain transitions at approximately
43 °C with the more stable N-domain unfolding at a higher temperature of approximately 57
°C1820, A sigmoidal trend in the data was observed for the transitions of the two domains for
apo-CaM. This is comparable with previous DSC thermal studies on apo-CaM where melting

of the C- and N-domains was reported to be at 48 °C and 60 °C, respectively?..

22-26

CaM has been previously studied by FT-IR spectroscopy with a thermal stability study of
apo-CaM reporting distorted helical structure and intermolecular B-sheet formation at 70 °C,
but no rearrangement observed for holo-CaM. 2D-IR has also been used to study CaM which
focused on the effect to the carboxylate groups with ion binding and mutations??® and not

on the secondary structure changes.

The challenge of this chapter will be to use 2D-IR spectroscopy and PCA to examine and
identify large structural changes in the protein and assess its ability and accuracy in
quantifying changes in structure compared to the other techniques, namely CD spectroscopy,
MD simulations, and FTIR spectroscopy. This will form the basis for probing smaller structural

changes in later chapters of this thesis.
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3.3 Method

3.3.1 IR Spectroscopy

D,0, Trizma base, DCI, and CaCl, were all purchased from Sigma-Aldrich and used without
further purification. The human CaM was expressed and purified in house and in
collaboration with UCB. Apo-CaM was prepared at a concentration of 0.8 mM in deuterated
50mM Tris-DCl pD 7.4 and holo-CaM was prepared with the addition of 8 mM CaCl,. Samples
were housed in a temperature-controlled Harrick cell. All samples were prepared between

two CaF;, windows separated by a PTFE spacer with a thickness of 50 um.

All linear infrared spectra were collected on a Bruker Vertex spectrometer at a resolution of
1 cm™. All 2D-IR spectra were collected using the ULTRA setup at RAL utilising an

interferometer approach.

Samples were measured from 20 °C to 80 °C in 10 °C steps and resulting linear IR and 2D-IR

spectra were buffer subtracted, baselined, and normalised.

3.3.2 CD Spectroscopy

CD measurements were performed by Daniel Shaw (UCB).

All spectra were recorded on a Chirascan qCD spectrometer (Applied Photophysics) equipped
with Peltier heating-cooling control to measure temperature-dependent behaviour with CaM
prepared at a concentration of 12 uM in Tris-HCI buffer, pH 7.4. Samples were measured in
triplicate over a 185-260 nm range with a resolution of 1 nm. As with FTIR and 2D-IR,

measurements were acquired over 20 — 80 °C in 10 °C steps.

Data analysis was performed using the algorithms SELCON32>%° and CONTINLL33? from

Dichroweb3> and CDNN?3® to predict secondary structure percentages.

CONTINLL is a ridge regression method which fits by comparing the experimental spectra to
a linear combination of the spectra from a large database of proteins with known

conformations. It has shown to be a good estimate of a-helices.

SELCON3 is a self-consistent method, which means it uses an initial guess of first
approximation then performs SVD. The process is repeated until “self-consistency” is

achieved. This method has been shown to give a good estimate of globular proteins.
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CDNN is a method that uses neural networks. This involves using an artificial intelligence

program to find correlations in the experimental data.

3.3.3 Differential Scanning Calorimetry (DSC)
Differential scanning calorimetry (DSC) measurements were performed and analysed by

Daniel Shaw (UCB).

All measurements were performed via previously described methods?!. Briefly, the
measurements were performed using a VP-Capillary DSC microcalorimeter (MicroCal,
Malvern Instruments) with CaM prepared at a concentration of 180 uM in 20 mM HEPES
buffer, 100 mM KCI, pH 7.5, with the addition of 2.5 mM EDTA and 2.5 mM EGTA for the apo-
CaM samples, and the addition of 2 mM CaCl; for the holo-CaM samples. The measurements
were performed in continuous scanning mode with a 15-minute pre-scan at 10 °C then a 10
to 125 °Cscan at a rate of 90 °C/hr. Each buffer was also measured and the appropriate buffer

for each sample was subtracted from the measurements.

3.3.4 MD simulations

MD simulations were performed by Daniel Shaw (UCB).

The structures used as the starting point for MD simulations of apo- (1CFD*’) and holo-CaM
(1CLL3®) were obtained from the Protein Data Bank (PDB). The AMBER ff14SB* forcefield,

TIP3P*, and Merz*! parameters were used for the protein, water and Ca?* ions, respectively.

Simulations at 20 °C were performed using GROMACS 5.04 with 2 fs time-steps with
appropriate potential truncation and smoothing, and with simulation snapshots taken every
10 ps. An energy minimisation step was used to relax the structure avoiding any steric clashes
or incorrect geometries and a position restraining force was applied to the heavy atoms of
the protein to stabilise the protein whilst equilibrating. The production MD was run over the
course of 1 us. The processed trajectories were analysed using the Define Secondary
Structure of Proteins (DSSP) hydrogen bonding algorithm?? to identify backbone hydrogen
bonds and classify secondary structure. The root-mean squared (RMS) structural deviation

was calculated with reference to the PDB structure.

For 80 °C temperature simulations, the multiple-replica exchange model based on a
Hamiltonian exchange method combined with solute scaling was applied called REST2%,

instead of GROMACS which unable to predict structural changes at elevated temperatures.
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Further details on the methods used for the MD simulations can be found elsewhere**.
3.4 Results

3.4.1 CD Spectroscopy

CD spectroscopy was performed and spectra of apo-CaM over the temperature range 20 °C
to 80 °C (Figure 3-2 (a)) agree well with previously reported measurements®'° and feature
two negative peaks at 208 nm and 220 nm which are consistent with a-helix structure®,
which CaM is predominately comprised of!l. The peak sizes diminish with increasing

temperature (brown to green) with the 80 °C spectrum having very little peak structure to

the trace.
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Figure 3-2. CD spectra of a) apo-CaM and b) holo-CaM as a function of temperature from 20 °C to 80 °C (brown to

green traces).

The peak at 220 nm was plotted against temperature (Figure 3-3 (black points)) and the
resulting profile was approximately sigmoidal in form with the transition occurring near 50 —

60 °C and flattening occurring above 70 °C.
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Figure 3-3. Peak at 220 nm from CD spectra of apo-CaM (black) and holo-CaM (red) with sigmoidal fit to apo-CaM.

Dashed line on holo-CaM to guide the eye.

The holo-CaM spectra also showed the two negative peaks consistent with a-helical structure
at 208 and 220 nm (Figure 3-2 (b)). With increasing temperature, the two peaks diminished
in size, though to a lesser extent compared to the apo-CaM peaks. The 220 nm peak for holo-
CaM was also plotted and appeared to have a linear decrease with increasing temperature

(Figure 3-3 (red points)).

As CD spectroscopy is an established method of evaluating secondary structure at room
temperature, there are freely available data analysis algorithms which can be used to predict
secondary structure content of a protein from spectra. For each temperature for both apo-
and holo-CaM the secondary structure content was estimated using three algorithms:
SELCON3, CONTINLL and CDNN. It must be noted that these algorithms are optimised for use
for room temperature spectra, hence are not directly applicable for studying temperature

dependent results, but instead are used as a first estimate of protein structure.

The predicted spectra from the algorithms were compared to experimental spectra and the
values accepted if the spectra were in good agreement. The values from each method were
averaged and summarised results for each temperature noted in Table 3-1, with the standard
deviation between the results from each algorithm shown in brackets. For apo-CaM there
was a predicted decrease in a-helix content (67% to 27%) and an increase in random coil

(17% to 38%) with increasing temperature. Likewise, for holo-CaM there was a decrease in
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a-helix (71% to 39%) and an increase in random coil (16% to 32%). However, it is suggested
from the large error values between the methods that the predictions are not wholly
accurate, which can be expected as they are derived from algorithms based on room

temperature spectra and not from elevated temperature spectra.

Table 3-1. Predicted secondary structure percentages of a-helix and random coil from CD data for all
temperatures for both apo-CaM and holo-CaM. Standard deviation errors derived from the variation of results
for the different analysis algorithms are in brackets.

Apo-CaM Holo-CaM
Temperature (°C) o-helix Random coil o-helix Random coil
20 67 (£2) 17 (+3) 71 (+12) 16 (+7)
30 57 (+2) 23 (2) 60 (+10) 21 (7)
40 50 (+2) 27 (£3) 58 (+9) 23 (17)
50 43 (£6) 35 (+10) 54 (£8) 25 (+6)
60 36 (£8) 39 (£7) 52 (£5) 24 (+3)
70 25 (+4) 50 (+16) 44 (+4) 31 (+6)
80 27 38 39 (+1) 32 (£5)

3.4.2 DSC Spectroscopy

DSC is a thermal technigue which can show transitions in structure in proteins. The results of
apo-CaM over a temperature range of 20 °C to 125 °C (Figure 3-4 (red trace)) show a peak
near 60 °C. Fitting of two Gaussian functions to the peak returned thermal transition
midpoints (Tm) of 46 °C and 58 °C. The fitting of two Gaussians to this peak can be justified as
attempts to fit a single Gaussian function were performed but deviations from the
experimental trace above 60 °C were observed as the peak is asymmetrical. The fitting of the

second Gaussian is a subtle change but results in a closer fit to the data.

For holo-CaM two peaks were observed at significantly higher temperatures compared to
apo-CaM. Fitting of Gaussian functions were performed on the holo-CaM peaks with resulting

Tm values of 96 °C and 111 °C (Figure 3-4 (blue trace)).
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Figure 3-4. DSC data for apo-CaM (red) and holo-CaM (blue). Vertical dashed lines represent the thermal transition

midpoints (T,,) determined via Gaussian fitting.

1819 allows assignment of

Comparison of apo-CaM DSC data with previously published results
the features observed to thermal unfolding of the protein in a two-step process, with the C-
terminal domain unfolding at 46 °C and the more stable N-terminal domain unfolding at 58
°C. This agrees with the CD results which shows a sigmoidal transition at approximately 50-

60 °C which is also comparable with previous results®.

For holo-CaM, the results confirm that the addition of Ca?* leads to a significantly more
thermally stable protein, with no transition observed below 80 °C from DSC measurements
and lack of a sigmoidal profile in the CD data. However, the overall results between the
reported CD and DSC data are contradictory with the CD spectra predicting a helical change
of 71% to 39% from 20 °C to 80 °C and DSC observing no change below 80 °C for holo-CaM.
As stated above, the algorithms used for predicting the secondary structure from the CD
spectra are not optimal for temperature-dependent results and the effect of temperature on

the CD spectra will be discussed further in this chapter.

343 FTIR
Linear IR spectra of apo-CaM between 20 °C and 80 °C show a broad peak near 1645 cm*

which is consistent with the amide | mode of a protein that is primarily a-helical in structure
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(Figure 3-5 (a), normalised spectra). The samples were prepared by buffer exchanging H,0 to
D,0 which resulted in a peak being observed at 1455 cm™ corresponding the amide II’ band
as opposed to a peak at 1550 cm™ which would correspond to an un-deuterated amide |
band. This suggests essentially complete H/D exchange had occurred prior to analysis (see
Appendix 1 for example apo-CaM spectrum from 1300 cm™ to 1800 cm™). Cyclic spectra of
measuring at 20 °C then at 80 °C then cooling back to 20 °C were also obtained and the two
20 °C measurements were essentially identical confirming that no further H/D exchange

occurred during the thermal cycle and that the unfolding is fully reversible.
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Figure 3-5. Linear IR results of apo-CaM with a) normalised spectra of amide | region over temperature range 20
°C to 80 °C (brown to green), b) average spectrum from all temperatures, c) difference spectra of 20 °C
measurement subtracted from all other temperatures (brown to green traces) and PC2 trace (red dashed line),
and d) PC2 trend compared to (red) difference spectra magnitudes (peak-to-peak) (black) with blue dashed line

to guide the eye.

Qualitatively, the band was observed to broaden, and the peak shifted slightly to higher

wavenumbers as the temperature was increased (Figure 3-5 (a), arrows indicating shift). A
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clear isosbestic point is seen at 1650 cm™. This shift is visualised more clearly using difference
IR spectra (Figure 3-5 (c)) which have been calculated by subtracting the lowest temperature
spectrum (20 °C) from the higher temperature spectra. Fitting the resulting difference IR
spectra to two Gaussian functions reveals a negative peak, corresponding to a loss, at
approximately 1636 cm™, and a positive peak, corresponding to a gain, at approximately 1671
cm™. (Figure 3-6 (a), Table 3-2). The variation in the peak-to-peak magnitude of these two
peaks across the different temperature spectra can be seen to have a sigmoidal profile

(Figure 3-5 (d), black points).

Table 3-2. Results of fitting linear IR and 2D-IR spectra of apo- and holo-CaM to Gaussian lineshape functions.
Values of amplitude (A;), central wavenumber (w;), width (o;), and anharmonic shift (Aw) derived from fitting two
Gaussian functions are reported for: the linear IR PCA PC2 spectrum (FTIRpca), the average difference IR spectrum
(FTIRpig), and slices through 2D-IR spectra at pump frequencies of 1640 cm™ and 1660 cm™ (2D-IR pump’).

\Apo-CaM Holo-CaM
Fitting FTIRpca FTIRpiff  2DIR1gsocm-1 2DIR1gsocm-1 |[FTIRpca  FTIRpisr  2DIR1gaocm-1 2DIR1660em-1
Ay -0.3 -0.1 0.2 0.09 -0.3 -0.08 0.2 0.09
w; (em™) 1634 1636 1627 1635 1633 1633 1626 1634
o1(cm?) 8 10 14 18 8 9 15 19
A, 0.5 0.04 -0.2 -0.1 0.2 - -0.2 -0.1
w2 (cm™) 1667 1671 1644 1658 1658 - 1643 1657
o2 (cm™) 12 11 8 9 15 - 8 10
Aw (cm?) 17 23 17 23
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Figure 3-6. Fitting of two Gaussian lineshape functions to apo-CaM linear IR results a) the average difference

spectrum, and b) the PC2 spectrum.

Although the temperature-dependent spectral response of the buffer solution has been
subtracted from the spectra, the effect of a temperature-dependent baseline, or other
temperature-dependent spectral features is clearly visible below 1620 cm™ in the difference

spectra.

As an aim of this chapter is to benchmark the use of PCA and compare it to a standard analysis
method of difference spectroscopy, PCA was applied to the normalised amide | region of the
apo-CaM dataset. The results show that the majority (99.97%) of the variance in the data
could be described by two principal components (PC) (Figure 3-7 (a)). The major PC spectrum
(PC1, 99.29% of the variance) shows a broad peak at 1645 cm™ (Figure 3-7 (c)) with the
structure similar to the average of the FTIR spectra (Figure 3-5 (b)). This PC1 is temperature
independent as indicated by the unchanging trend over temperature (Figure 3-7 (b), black
points). The minor of the two PCs, (PC2, 0.68%) represents the changes in the spectrum as a

function of temperature (Figure 3-7 (b), red points).
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Figure 3-7. Results of applying PCA to FTIR spectra of apo-CaM a) table showing the percentage variance of PC1
and PC2 and the cumulative percentage, and the loading values used in graph b). c) plot showing the spectral
contributions to PC1, which is an average spectrum across the temperature range, and d) plot showing the spectral

contributions to PC2 with a decrease in intensity evident at 1634 cm™ and an increase at 1667 cm™.

The PC2 spectrum closely resembled that of the average of the temperature dependent
difference spectra in that it could be well-represented by the sum of two Gaussian functions
(Figure 3-6 (b)) centred at 1634 cm™ (negative peak) and 1667 cm™ (positive peak). The
normalised quantitative contribution of PC2 (loadings) were compared to the peak-to-peak
magnitudes of the difference spectra and showed that the two methods are in excellent
agreement (Figure 3-5 (c)), confirming that PCA offers a valid approach to extracting
temperature-dependent effects in the data. As with the difference spectra, the PC2 trend
showed a sigmoidal profile centred at approximately 55 °C, similar to that seen in the CD

experiments.

Linear IR experiments on holo-CaM showed similar results to apo-CaM. The spectra featured
a broad peak centred at 1643 cm™ with shifts to higher wavenumber with increasing

temperature (Figure 3-8 (a)). PCA was performed on the spectra and again the variance in
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data was largely (99.98%) described in two PCs. The major PC (PC1, 99.72%) was again
temperature-independent and represented the average spectrum of the spectra in the
dataset (Figure 3-9). The minor PC (PC2, 0.26%) showed a strong temperature-dependence

with a loss near 1633 cm™ and a gain near 1658 cm™.
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Figure 3-8. Results from linear IR of holo-CaM a) amide | region spectra from 20 °C to 80 °C, b) difference spectra.

The higher frequency feature was significantly smaller than that seen in apo-CaM, with the
1633 cm? feature dominating. A result of this is that the difference spectroscopy approach
to IR spectra of holo-CaM, calculated in the same manner as apo-CaM difference spectra,
could not be fit well to two Gaussian functions due to the presence of additional spectral
contributions near 1680 cm™(Figure 3-8 (b)). This additional contribution is not reflected in

the PC2 spectrum.

The trend for holo-CaM was also different to apo-CaM trend (Figure 3-9 (d)), with holo-CaM
following close to a linear trend compared to the sigmoidal trend seen with apo-CaM. The
variation with increasing temperature was also decreased with holo-CaM. These compare
well with the results of the CD spectroscopy, suggesting a more thermally stable protein after

Ca?* binding.
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Figure 3-9. a) PC1 spectrum and b) PC1 trend for FTIR results of holo-CaM. c) PC2 spectrum and d) peak-to-peak
magnitudes of difference spectra compared to PC2 trends for holo-CaM.

3.4.4 2D-IR Spectroscopy

The 2D-IR spectrum of apo-CaM obtained at 20 °C comprises of a negative diagonal peak
(red) at a pump and probe frequency of approximately 1645 cm™ (Figure 3-10 (a)). This
corresponds well to the peak observed in the 20 °C linear IR spectrum and is assigned to the
v=0-1 transition of the amide | mode. This peak is accompanied by an off-diagonal positive
peak (blue) which is due to the v=1-2 transition. Fitting slices through the 2D-IR spectrum at
pump frequencies of 1640 cm™ and 1660 cm™ (highlighted slice positions shown on Figure
3.10 by dashed lines) to the sum of two Gaussian functions returned values for the
anharmonic shift of 17 cm™ and 23 cm™, respectively (Table 3-2, Figure 3-11). The separation
along the probe frequency axis is caused by the anharmonicity of the mode, which is not

constant across the amide | band.
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Figure 3-10. 2D-IR spectra for apo-CaM at a) 20 °C and b) 80 °C. Negative peaks (red) present on the diagonal
assigned to the v=0-1 transition of the amide | mode, and the positive off-diagonal peaks (blue) assigned to the
v=1-2 transition. Dashed orange line highlighting where 1640 cm™ pump slice from Figure 3.11 arises. Dashed blue

line highlighting where 1660 cm™ pump slice from Figure 3.11 arises.
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Figure 3-11. Pump slices at 1640 cm™ and 1660 cm used to determine the anharmonic shift variance across the

2D-IR diagonal peak of apo-CaM at 20 °C.

The 80 °C apo-CaM spectrum is qualitatively similar to the 20 °C spectrum, with a negative

diagonal peak at 1645 cm™ (red) and the corresponding off-diagonal positive peak (blue)
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(Figure 3-10 (b)). Difference spectroscopy, performed in the same manner as the linear IR
method by subtracting the 20 °C spectrum from all other temperature spectra, was employed
to visualise differences in the spectra that are otherwise difficult to detect, and temperature-
dependent changes were revealed by the increasing signal size of the difference spectra as

the temperature increased (Figure 3-12).
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Figure 3-12. Full set of 2D-IR difference spectra for apo-CaM from 20 °C to 80 °C by subtracting the lowest

temperature spectrum (20 °C) from all elevated temperatures.

The average of the difference spectra (Figure 3-13 (a)) contains a positive feature located
along the diagonal near 1635 cm™ and a negative feature located just below the diagonal
near 1660 cm™. Both features occur in the region of the 2D-IR spectrum occupied by the
amide | v=0-1 band (black and red arrows). These indicate a loss of spectral feature at 1635
cm? and a gain at 1660 cm™, corresponding to the changes observed in the linear IR
difference spectra. Accompanying these features are peaks in the position of the v=1-2
transition with the opposite sign to the diagonal peaks as would be expected (blue and yellow
arrows). The values of the anharmonic shift between the v=0-1 and v=1-2 components of the
difference spectral features at 1635 and 1660 cm™ were found by Gaussian fitting to be 16

and 28 cm™ respectively. The former is very similar to that obtained from the 2D-IR spectrum,
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the latter is somewhat larger, reflecting the slight shift of the 1660 cm™ feature off the

spectrum diagonal.
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Figure 3-13. Apo-CaM 2D-IR results showing a) the average difference spectrum and b) the PC2 spectrum. Arrows
used to indicate main spectral features, c) trend comparison between the difference spectra magnitudes and the

PC2 loadings, and d) comparison of trends between apo-CaM and holo-CaM.

The dataset was then analysed using PCA and revealed two PCs (99.39%) (Figure 3-14 (a)).
The major PC (PC1, 98.62%) was temperature independent as evident by the lack of change
in loadings with increasing temperature (Figure 3-14 (b), black points). The spectrum was the
average of the spectra in the dataset (Figure 3-14 (c)). The minor PC (PC2, 0.77%) had a strong
temperature-dependence and the spectrum was in good agreement with the average

difference spectrum (Figure 3-13 (b)).
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Figure 3-14. Summary of the PCA results of 2D-IR apo-CaM a) table showing the percentage variance of PC1 and
PC2 and the cumulative percentage, and the values of the loadings used in graph b). c) plot showing the spectral
contributions to PC1, which is an average spectrum across the temperature range, and d) plot showing the spectral

contributions to PC2 with a diagonal peak evident at 1640 cm™ and a peak just below the diagonal at 1660 cm™.

The relative contribution of PC2 with increasing temperature is displayed in (Figure 3-13 (c),
red points), which closely matched the temperature dependence of the features obtained
from the difference spectra from the peak-to-peak magnitudes (Figure 3-13 (c), black points).
The spectral features used to calculate the peak-to-peak magnitude trends from the
difference spectra were the diagonal peaks at 1640 cm™ and 1660 cm™. The comparison of
PC2 with the difference spectra for apo-CaM 2D-IR supports the validity of using PCA to
extract the important temperature dependent features in the 2D-IR spectra. Another benefit
of using PCA is its ability to improve signal to noise as seen in the comparison between the

average difference spectrum and PC2 spectrum. This occurs as variations from random
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instrumental or sample-related noise is not temperature-dependent and therefore is not
present in PC2 but will be present in another PC. This is a known quality of PCA and has

resulted in being widely used as a noise reduction method***’,

A difference from the linear IR results is the lack of a sigmoidal profile for the temperature

dependent trends. The reasons for this difference will be discussed later in this chapter.

2D-IR analysis was also performed on holo-CaM over the temperature range 20 °C to 80 °C
with the 20 °C spectrum qualitatively similar to the 80 °C. Both spectra possessed a negative
diagonal peak (red) at 1645 cm™ corresponding to the v=0-1 transition, and a positive off-
diagonal peak (blue) corresponding to the v=1-2 transition (Figures 3-15 (a) and (b)).
Difference spectroscopy and PCA were performed on the holo-CaM dataset with the resulting
average difference spectrum (Figure 3-15 (c)) and the PC2 spectrum (Figure 3-15 (d))
resembling each other. The spectra were similar to the apo-CaM counterparts, though the
change in the v=0-1 feature at 1635 cm™ was dominant resulting in a reduced contribution
near 1660 cm™, consistent with the linear IR results. This suggests a different thermal

response of holo-CaM as to apo-CaM.

The temperature dependences of the signals extracted from linear IR and 2D-IR using
difference spectroscopy and PCA agreed well, showing an increasing trend with temperature
(Figure 3-15 (e)). As in the case of the FTIR data, holo-CaM displayed a weaker overall
temperature dependence than apo-CaM (Figure 3-13 (d)), though not to the same extent as

reported earlier. The reasons for this will be discussed later in the chapter.
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3.5 Discussion

3.5.1 Spectral assignment

The IR data (both linear and 2D-IR) for apo-CaM indicate that, as the temperature increases,
the amide | band of the protein shifts from lower to higher frequency. For both types of
experiments a loss of intensity near 1640 cm™and a gain near 1660 cm™ were observed with
increasing temperature. These changes were seen in holo-CaM also, though with slight

differences in the thermal response.

There are two possible assighments for the effects seen in the IR data; the first is the effect
of general heating on the spectrum. Increasing the temperature would be expected to induce
a shift to higher frequency of the amide | band through a weakening of H-bonds both within
the protein and between the protein and the solvent. The other possible effect is a change
in the secondary structure of the protein from a-helix to random coil which may cause a
spectral shift. It has been seen in previous CD studies that a decrease in a-helix signal is due

to a combination of these effects*.

The DSC data suggest that heating apo-CaM leads to denaturing of the C- and N- domains at
46 °Cand 57 °C, respectively. However, it also suggests that the holo-CaM protein is thermally
stable until 96 °C, where C-domain melting occurs. These results are seemingly contradictory
to the results of IR spectroscopy making it vital that accurate assignment of the changes seen

in the IR spectra is determined.

Examination of the IR data shows an isosbestic point in the linear IR data that correlates to a
transition between two states having occurred but is not conclusive without other
corroborating data. The component of the difference and PC2 spectra decreasing in
amplitude with increasing temperatures located near 1640 cm™ in both the linear IR and 2D-
IR data is close to the frequency expected for the amide | mode of an a-helix. The feature
gaining in amplitude at 1665 cm™ is likely to contain two contributions, firstly from the
generic effects of increased temperature weakening the H-bonding in the system, but also

from a gain in random coil secondary structure as a result of the loss of the a-helix.

Although random coil frequency is expected near 1650 cm™ at room temperature, the
elevated temperatures would produce a shift to higher wavenumber. In addition, this
positive component will overlap with the negative component of a loss of a-helix resulting in

a bias towards higher wavenumber — resulting in the random coil feature appearing at
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approximately 1665 cm™ instead of 1650 cm™. This feature appears just below the diagonal
(as opposed to the a-helix feature that appears on the diagonal) in the 2D-IR spectrum which
suggest it arises from a more flexible secondary structure, as would be expected from
random coil at elevated temperatures, because fluctuations of inhomogeneously-broadened
systems lead to anti-diagonal broadening of the 2D-IR lineshapes. Therefore, examination of
the IR data shows multiple factors that are indicative of the changes being a result of a

secondary structure transition.

Insight into the spectral features for apo-CaM can also be obtained through the differences
in the anharmonicity (Figure 3-11). The feature at 1635 cm™ has an anharmonicity of
approximately 17 cm™, which is small in comparison to the feature at 1665cm
(approximately 23 cm™). As it is known that the coupling of amide | oscillators in the a-helix
is known to decrease the anharmonicity with increasing size of the helix, it further suggests
that there is a transition from a high quantity of well-structured a-helix to the less structured

random coil.

The IR data imply that an a-helix to random coil transition is occurring for apo-CaM, however,
the holo-CaM has produced similar results which does not undergo a transition. Therefore,
to provide confidence for the assignment of a-helix to random coil in apo-CaM with elevated
temperatures and to differentiate between the two states, a transition dipole moment
method has been applied. This is a method which combines linear IR and 2D-IR
measurements to extract a spectrum of the relative transition dipole strength of the sample
for each temperature, d(w)®. It relies on the fact that the dependences of the signal intensity
on the transition dipole moment of the linear absorption (o<|u|?) and 2D-IR techniques
(oc|u|?) are different. This leads to changes in the relative magnitudes of the FTIR and 2D-IR
signals if a change in secondary structure induces variations in the vibrational coupling within
the molecule. A key result of this is that the integrated area of a linear IR spectrum is
conserved when the coupling changes, whereas the integrated area of a 2D-IR spectrum is
not conserved. This difference can be reflected in the frequency-dependent ratio of the IR
signal and the 2D-IR diagonal, where the former will decrease relative to the latter in the

event of increased vibrational coupling.

To perform the published method of extracting the absolute transition dipole moment, FTIR
and 2D-IR measurements of a molecule with a known or measurable transition dipole is

required as a calibration at the time of the protein measurements. A slightly different
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approach is applied here, as the absolute transition dipole moment is not required. Changes
in the transition dipole strength relative to a reference temperature (20 °C) have been used
in the relationship stated in equation (3-1). This allows qualification of the transition dipole
moment and not accurate quantification.

2DIRT (w) 0D?°
FTIRT (w) AOD20

d(w)e = (Equation 3-1)

Where d(w)™ is the spectrum of the relative transition dipole strength as compared to that
at a reference temperature (20 °C). 2DIR(w)" is the diagonal of the 2D-IR spectrum at
temperature T, FTIR"(w) is the IR spectrum at temperature T. OD?° is the maximum value
obtained from the IR spectrum at 20 °C, and AOD?% is the maximum AOD value from the 2D-

IR diagonal at 20 °C.

Examining the amide | region of the linear IR spectra without normalisation (Figure 3-16 (a))
it can be seen, that although the shape of the spectrum changes with temperature, the

integral is constant over the same range, as would be expected (Figure 3-16 (c), black points).

The 2D-IR diagonal was extracted for each 2D-IR spectrum without normalisation and
showed a positive peak centred at approximately 1645 cm™ (Figure 3-16 (b)). The integral of
the 2D-IR diagonal is not conserved with increasing temperature (Figure 3-16 (c), red points).
The integral decreases in intensity. This is due to decreasing signal size on the low frequency

edge of the amide | lineshape but no change to the signal size of the higher frequency edge.

The calculated d(w)™'spectra for apo-CaM shows a peak near 1635 cm™* which decreases with
increasing temperature (Figure 3-16 (d)). This is a strong indication of a loss of vibrational
coupling associated with an a-helix. The region near 1660 cm™, assignable to random coil
contributions to the spectrum, is unchanged with increasing temperature as, although the
quantity of random coil increases as the temperature is elevated, the impact upon the

transition dipole from changes in coupling is negligible.

The results of the transition dipole method therefore strongly support the other indicators
that the temperature-induced changes in the IR and 2D-IR spectra of apo-CaM are assignable
to a helix-coil transition accompanying melting of the C and N-terminal domains. These
results are only accessible via 2D-IR measurements and not through FTIR spectroscopy

directly due to the differences in transition dipole moment signal dependencies.
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Figure 3-16. Transition dipole analysis for apo-CaM. a) Buffer-subtracted unnormalised linear IR spectra, and b)
2D-IR diagonal spectra of apo-CaM. Spectra have been inverted from negative to positive to compare with the
positive FTIR spectra. c) integrated areas for each temperature for FTIR (black) and 2D-IR diagonal (red), and d)

calculated d(w) spectra for apo-CaM.

The transition dipole analysis was also performed for the holo-CaM data (Figure 3-17) and
again the integral of the IR spectra was conserved with increasing temperature, and the
integral of the 2D-IR diagonal decreases in intensity (3.2 to 2.2, Figure 3-17 (c)), though to
less of an extent than apo-CaM (7.0 to 3.75, Figure 3 -16 (c)). The d(w)™ spectra were

calculated and a change in helical coupling due to changes in structural rigidity implied.

The smaller signal size of holo-CaM and the smaller gain of random coil as suggested from
the PCA analysis hints that although the protein states have similarities, they behave in

different manners.
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Figure 3-17. Transition dipole analysis for holo-CaM. a) Buffer-subtracted unnormalised linear IR spectra, and b)
2D-IR diagonal spectra of holo-CaM. Spectra have been inverted from negative to positive to compare with the
positive FTIR spectra. c) integrated areas for each temperature for FTIR (black) and 2D-IR diagonal (red), and d)
calculated d(w) spectra for holo-CaM.

3.5.2 MD simulations

The theoretical changes in secondary structure predicted by MD simulations for apo-CaM
and holo-CaM agree well with previous experiments®”38 in terms of the overall structure
(Figures 3-18 (a) and (b)). The 20 °C simulation found the predicted a-helical content to be
52% (vs 56% from experimental) for apo-CaM and 58% (vs 62%) for holo-CaM (Table 3-3).
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Figure 3-18. MD simulations at 20 °C from GROMACS results a) predicted apo-CaM structure, b) predicted holo-
CaM structure, c) RMS distance time course plot for apo-CaM (black) and holo-CaM (red), and d) RMS fluctuations
per residue for apo- (black) and holo-CaM (red). Positions for the amino acids displaying the greatest fluctuations

are marked in the structures using numbers in (a) and (b).

The root mean square (RMS) distance parameter, effectively a direct measure of the relative
stability of each CaM conformation, is the RMS of differences in distance between atom-pairs
in the reference structure (PDB entry structure, 1CFD for apo-CaM and 1CLL for holo-CaM)
and the calculated structure at time t. The high RMS-distance average of apo-CaM (7 A)
demonstrates a high degree of variance from the starting structure, indicative of a flexible
structure. The average RMS-distance of holo-CaM (3.5 A) is lower and is indicative of a more

rigid structure compared to apo-CaM (Figure 3-18 (c)).

The RMS-fluctuation parameter, which identifies the residues displaying the greatest
fluctuation, provides further insight into the differences between apo-CaM and holo-CaM.
For apo-CaM (black), residues 90-148 have the largest deviation representing flexibility in the
C-domain. Holo-CaM shows a marked decrease in fluctuations for residues 90-148,

representing a more rigid C-domain (Figure 3-18 (d)).
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The simulations were repeated at 80 °C with the GROMACS method but returned negligible
structural changes, mainly due to the simulation being unable to sufficiently sample the
timescales required at higher temperatures over the 1 us simulated timescale. An enhanced
form of sampling, which increases the sampling rate using several replicates at different
temperatures known as REST2 sampling was applied to 20 °C and 80 °C simulations.
Comparing the two approaches for apo-CaM at 20 °C showed good agreement with 54% and
52% a-helix content from REST2 and GROMACS, respectively. The REST2 simulation predicted
a decrease of 9% in a-helix content at 80 °C for apo-CaM, and a smaller decrease of 4% in a-
helix content at 80 °C for holo-CaM (Table 3-3).

Table 3-3. Predicted secondary structure content from MD simulations for both GROMACS and REST2 methods

for apo- and holo-CaM at room temperature and elevated temperature. Errors are standard deviations of mean
across the 1 us simulation.

Structure Apo-CaM Holo-CaM Apo-CaM Apo-CaM Holo-CaM

Temp (°C) 20 20 20 80 80
Model GROMACS GROMACS REST2 REST2 REST2

Random coil

17+2 13+1 16+3 21+4 15+2
(%)
B-sheet (%) [7+1 5+1 7+2 2+1 4+1
a-helix (%) 52+3 58 +2 54 +4 45+7 53+3

3.5.3 Quantification of secondary structure change

It is clear from PCA and transition dipole analysis of the 2D-IR data that a transition from a-
helix to random coil occurs in apo-CaM and this is in keeping with the results seen from CD
measurements and MD simulations. Now the aim is to determine the quantitative accuracy
of the 2D-IR methods. To evaluate this the assignment of the 1635 cm™ and 1665 cm
features in the IR data (a-helix and random coil, respectively) have been used to allow direct
comparison with the quantitative results from the fitting tools used for CD spectroscopy and

from MD simulations.

Although previous publications have shown that it is possible to obtain absolute values of

secondary structure content from IR data'®, it is not a trivial process. Instead, this chapter will
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focus on quantifying changes in secondary structure. It must be noted that the methods used
here are a first attempt at quantifying changes in structure of a-helix, with a critical analysis
of the results discussed later. Comparisons are made to the quantified CD spectra results
where it has already been discussed that the algorithms used for assessing secondary
structure content were not optimal for elevated temperature measurements, and spectral
changes can be the result of both a structural change and weakening of H-bonding without

a change in secondary structure content®,

The starting point for the FTIR and 2D-IR data for the a-helix and random coil values were
taken from the predicted results of the REST2 method from the MD simulations at 20 °C, as
these values are consistent with structural studies. The peak positions of the a-helix and
random coil peaks in the PC2 spectrum were used to evaluate the original data for both FTIR
and 2D-IR spectroscopy. The percentage difference from the starting measurement, 20 °C,
then was calculated for each of the temperatures using the relative change in the magnitude
of the signals. The percentage differences were utilised in the calculation of the predicted
secondary structure content at each temperature. The predicted secondary structure

content was calculated in the same manner for both apo-CaM and holo-CaM.

The 2D-IR data for apo-CaM reproduces the general trend observed from CD data of
decreasing a-helix and increasing random coil with increasing temperature, apparently
somewhat more effectively than FTIR, which shows a shallower gradient with temperature
for both the a-helix and random coil percentages than 2D-IR. Closer inspection however
shows that the detailed structure of the CD data, in terms of the sigmoidal decrease in a-
helix content of apo-CaM is apparently recovered more effectively by linear IR than by 2D-IR

spectroscopy (Figure 3-19).
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Figure 3-19. Quantitative comparison of secondary structure contributions obtained as a function of temperature
for a) a-helix predictions for apo-CaM, b) random coil predictions for apo-CaM, c) a-helix predictions for holo-CaM,

and d) random coil predictions for holo-CaM.

A large change in a-helix content is observed for both the CD data and 2D-IR data in apo-
CaM, loss of 40% and 26%, respectively. A slightly smaller loss is apparently observed for

holo-CaM but still a significant amount, 32% and 22% for CD and 2D-IR, respectively (Table
3-4).

An important note when considering the results of the CD spectroscopy is that the different
data analysis algorithms return a spread of results, leading to an uncertainty in the values

recovered. This is reflected in the large error bars on the CD data.
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Table 3-4. Summary of percentage changes of a-helix and random coil of apo-CaM and holo-CaM from 20 °C to

80 °C.

Method a-helix (%) random coil (%)
CcD 67-27% 17-38%

= 2D-IR 54-28%; 16-26%

E_ FTIR 54-50% 16-19%

° Rest2 MD 54-45% 16-21%
CcDh 71-39% 16-32%

§ 2D-IR 58-36% 13-19%

—g FTIR 58-54% 16-19%

= Rest2 MD 58-53% 13-15%

The predicted secondary structure content shows similar values for apo-CaM and holo-CaM
between 20 °C and 80 °C with holo-CaM displaying a slightly smaller change, whereas the DSC
data suggests a marked difference between the two states with elevated temperatures, with
holo-CaM not showing a transition until 96 °C. This indicates that changing the temperature
has two effects: 1) heating the a-helix without triggering a secondary structure transition; 2)
the occurrence of a transition. It can be seen from the comparison of data that the former is
present in both apo-CaM and holo-CaM while the unfolding transition is only present in apo-

CaM.

In analysing the data to extract quantitative information on secondary structure content, 2D-
IR and CD data are quantitatively comparable in that they reflect similar aspects of the
molecular structure, i.e. the interactions of residues within the a-helix. An important
consideration is that heating of the protein will increase the average inter-residue
separations, thereby reducing the interactions and signal amplitudes without a reduction in
a-helix content. This is especially true for the 2D-IR approach where coupling-induced
spectral changes are targeted, as discussed earlier. Therefore, it is an oversimplification to
interpret the reduction of a-helix signal as a quantitative loss of structural content, as

opposed to thermal modification of the signal.

The challenge is to differentiate between the two effects in the data analysis. DSC results
suggest that holo-CaM does not undergo a transition in the 20 to 80 °C range measured by

IR and CD spectroscopy, which both show a temperature dependent effect. The use of holo-
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CaM as reference to differentiate the two thermal effects will be investigated. Comparing
the a-helix content from CD and 2D-IR methods for apo- and holo-CaM shows that the
magnitude of differences between the two protein states peaks at 60 °C, where domain

melting occurs in apo-CaM, observed from the DSC data (Figure 3-20).

Taking the difference in predicted a-helix content at 60 °C indicates a reduction of 13% (CD)
and 15% (2D-IR) which can be attributed to the unfolding transition. This brings the predicted
structural change of CD and 2D-IR closer to the values of linear IR (5%) and MD simulations

(9%) which are conservative in their predictions.
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Figure 3-20. Predicted a-helix percentages as a function of temperature for apo-CaM (black) and holo-CaM (red)

for a) CD spectroscopy and b) transition dipole analysis of 2D-IR data. Lines are to guide the eye.

3.5.4 Detecting the apo-CaM to holo-CaM Transition

The testing of small changes in secondary structure content will be investigated. This will be
performed as the large change in temperature (20 °C to 80 °C) would not likely be viable in a
temperature-jump (T-jump) type experiment, therefore it is imperative to determine if 2D-
IR is sensitive enough to small changes in secondary structure before a full-scale T-jump
experiment is conducted, which will be the focus of chapter (4). The apo-CaM to holo-CaM
transition will be investigated as the binding of Ca®* results in just a 5% change in the a-helix,

equivalent to a change in just 7-8 residues.

The 20 °C measurements were used in the analysis which eliminates the contribution from
thermal effects that affected the prediction of secondary structure changes above. For both
FTIR and 2D-IR the difference spectrum between apo-CaM and holo-CaM was calculated. For

the FTIR spectrum (Figure 3-21 (a)) the signal to noise ratio is poor but a loss of spectral
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density near 1650 cm™ is accompanied by a gain at 1635 cm™, as would be expected from

the central linker of the protein changes from random coil to a-helix.

The effect is much clearer in the 2D-IR difference spectrum where it appears to be the reverse
of that obtained for increasing the temperature of the apo-protein. A gain of signal is
observed near 1640 cm™ (black arrow) with a loss of signal at higher wavenumber (orange
arrow) (Figure 3-21 (b)). It is noted that the random coil portion of the signal is significantly
smaller in this case and that the a-helix signal dominates, as would be expected arising from

the larger transition dipole moment of the a-helix transition.

The 1635 cm™ peak was used to calculate the estimated % change of a-helix between apo
and holo-CaM. This was calculated by dividing the difference in peak amplitudes by the apo-
CaM 1635 cm™ amplitude. The estimated change in a-helix was then determined using the
apo-CaM MD simulation value of 54% a-helix as a starting point and was found to be 12% in
the 2D-IR data, though this value could be potentially distorted due to different coupling.
This somewhat overestimates the data from structural studies and MD predictions, as well

)24.

as that published using FTIR spectroscopy (~6%

Although the 2D-IR data does not provide an accurate quantified change in secondary, the
signal to noise ratio is much better than for the FTIR which is an important consideration for

kinetic measurements, reinforcing the benefit of 2D-IR spectroscopy.
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Figure 3-21. Apo-CaM to holo-CaM transition detected by a) FTIR difference spectroscopy (holo- minus apo-) and

b) 2D-IR difference spectroscopy.

3.6 Conclusion and further work

Linear IR spectroscopy and 2D-IR spectroscopy have been used, coupled with difference
spectroscopy and PCA, to detect changes in secondary structure in apo- and holo-CaM upon
thermal perturbations between 20 °C to 80 °C. Both difference spectroscopy and PCA gave
comparable results, with PCA producing clearer spectra due to the noise cancelling ability of
the method. The results inferred a loss of a-helix structure and a gain of random coil structure

with increasing temperature.
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Due to overlapping contributions of a-helix and random coil in the amide | region, transition
dipole analysis was employed to calculate the relative transition dipole spectra, d(w)™, by
ratioing the linear IR and 2D-IR diagonal spectra and introducing a relative calibrant. The
resulting spectra confirmed the assignment of a-helix and of random coil due to changing in

coupling observed for the a-helix and not the random coil peak with increasing temperature.

MD simulations were performed at both low and high temperature and the predicted helical
change was more conservative at 54% to 45% for apo-CaM. Alongside, DSC data provided
evidence of unfolding transitions of apo-CaM at 46 °C and 58 °C, whereas the holo-CaM

protein was much more stable with transitions not occurring until 96 °Cand 111 °C.

It was determined that the changes in a-helix from CD and 2D-IR spectroscopy were a
combination of both a structural transition and thermally induced alterations to the coupling
that does not result in secondary structure content. Holo-CaM was deemed to possess only
the latter, and through comparison of apo- and holo-CaM it was calculated that the change

in a-helix was approximately 13-15% for apo-CaM.

Foundations have now been set for the use of 2D-IR spectroscopy with PCA to detect small
secondary structure changes. One of the main benefits of the technique over CD
spectroscopy is the ability to observe dynamics of proteins. Therefore, the information learnt
from equilibrium measurements of CaM can be applied to time-resolved vibrational

spectroscopy.

In addition, relatively large changes in structure were observed over a temperature range of
20 °C to 80 °C, and although investigating smaller changes was applied with respect to the
apo- to holo-CaM transition, further analysis into the ability of 2D-IR detecting smaller

changes in structure can be explored.
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4.1 Abstract
Understanding folding and unfolding dynamics of proteins is a key aspect of understanding

their biological functions. This has resulted in developments being made into experiments
which look at the folding of peptides and proteins upon perturbation by a Temperature-jump
(T-jump). Commonly, the T-jump setup uses an IR laser pulse to heat the water in the sample
and time-resolved spectroscopy is used to probe the folding / unfolding dynamics. The
experiments undertaken within this chapter utilise a newly developed laser setup with the
excitation of the O-D stretch within the samples at 3.7 um by a nanosecond laser creating
the T-jump. The protein calmodulin (CaM) was used to assess the suitability of the system.
The dynamics underlying the static structure rearrangements in the previous chapter with a
probe of the amide | region measuring the unfolding and subsequent refolding of the
predominately a-helix protein were investigated. Comparison of the apo-CaM (Ca** free) and
holo-CaM (Ca?* bound) protein complements the previously revealed data on the C- and N-
domain transitions by DSC and 2D-IR spectroscopy (Chapter 3). New dynamics information
on apo-CaM uncovered a fast unfolding decay constant of 5 us representative of a-helix
destabilisation and a refolding which follows the cooling of the sample. These observations
enable the assignment of previously reported dynamics of CaM on hundreds of microsecond
timescales to thermally activated melting, producing a complete mechanism for thermal

unfolding of CaM.

4.2 Introduction
In chapter (3) the temperature induced changes in structure of the protein calmodulin (CaM)

were measured using 2D-IR. These changes have been measured at equilibrium heating and
established the temperature-dependence of the CaM unfolding to lay the groundwork for
this chapter which measures the dynamics. One of the large benefits of time-resolved

spectroscopy is the ability to gain insight into protein dynamics.

Whereas time-resolved spectroscopy such as pump-probe and 2D-IR spectroscopy are able
to observe ultrafast equilibrium dynamics on the femtosecond to picosecond timescales of
proteins at a particular temperature, it is limited in the information that can be acquired at
this timescale by the picosecond vibrational lifetime of the amide |. Consequently, valuable

information on the non-equilibrium dynamics of folding or unfolding kinetics of proteins
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cannot be obtained, where the folding of proteins can provide insight into their biological

functions. These non-equilibrium dynamics will be probed in this chapter.

Rapid mixing methods such as stopped-flow are capable of measuring kinetics down to
several milliseconds? and have seen improvements which allow processes as fast as tens of
microseconds to be observed? but miss out on folding/ unfolding information which have
timescales of nanosecond to microsecond®™ due to restrictions on the mechanical processes.
Photo or photochemical experiments can induce folding/unfolding of proteins®’ with the
ability to probe picosecond to nanosecond dynamics®®, however this requires chemical
modification, such as adding a photoswitch to the peptide, to have occurred which is
undesirable. Photoswitches give extremely accurate control of the location of the change and
the type of perturbation that the peptide is subjected to. The downside is that they typically
only work on small peptides and are likely to perturb the native structure and to change it in
a way that is non-natural. A method of looking at the folding and unfolding of proteins
without modification being required which is not restricted by the mechanical processes that
are found in rapid mixing is a temperature jump (T-jump) experiment!®. This combines the
heating aspect of the previous chapter with the ability to look at dynamics on the timescales

on the order of nanoseconds out to a few microseconds.

The stability of proteins is highly dependent on the temperature of its environment and, as
observed in chapter (3), a change in temperature can induce unfolding to occur in the
protein. A rise in temperature that is fast relative to the natural unfolding dynamics of the
protein allows us to measure the T-jump induced folding/ unfolding kinetics. This method
does not require any chemical additives or labelling to track folding, but the use of labelling
has proven useful in the tracking of specific sites and regions within the protein!!. Adding a
dye to the protein solution and heating the dye has also given positive results?, where
heating a crystal violet dye in the sample with a T-jump of 3-6 °C induced B-sheet disruption
of RNase A. However, this can lead to interference as high concentrations of dye have been
added to the sample. The best method for biological samples, therefore is to heat the water

in the sample directly®.

The T-jump experiment has been performed within many types of spectroscopy including,

but not limited to, fluorescence!*, CD*°, and vibrational®®

. A usual T-jump setup employs the
use of a continuous wave (CW) laser in conjunction with a fast detector, or a nanosecond

laser as the pump to induce the temperature rise. This nanosecond laser usually has a lower
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repetition rate than the probe laser which means measurements can be recorded out until
the millisecond timescales with the use of electronic delays. Frequently, the pump laser will

17719 This repetition

excite the O-D overtone band at 2 um, with a repetition rate of 1 - 20 Hz
rate results in increased acquisition time and reduced signal to noise. However, achieving a
usable T-jump, for example 10 °C, requires a large amount of energy, 9 mJ at the sample has
been previously reported for a T-jump of this magnitude?®, and the wavelengths are low in
intensity. The use of high powered lasers, such as a 1064 nm Nd:YAG, are capable of
producing the energy required for a T-jump using the O-D overtone, and these have low
repetition rates in order to generate the pulse energies. Also to note, the near IR spectra of

H,0 and D,0 are temperature dependent?,, i.e. the absorption increases with temperature

which results in larger temperature rises at higher initial temperatures.

The first IR laser T-jump setup was constructed in 1996 and involved the use of a 10 ns pulse
duration Nd:YAG laser to generate the 18 °C temperature rise by exciting the D,O overtone
band. This type of laser setup has been utilised in subsequent studies!'*® that produced a 5
°C rise and determined that the C-domain of a-helix peptides folds more rapidly than the N-
domain'!. Also created a 10 °C rise in a B-hairpin peptide, Trpzip2, which resulted in a decay
constant of a few microseconds*®. Further developments have been made with a transient
2D-IR setup for T-jump?92%2223 These studies have involved the unfolding of ubiquitin, insulin

dimer formation and Trpzip2 peptide folding.

This chapter focuses on measurements using a newly developed T-jump laser setup at RAL
which varies from previous applications by utilising a 1 kHz pump laser exciting the 3.7 um
region of the O-D stretch. By exciting this region, changing the initial set temperature should
have less of an impact on the magnitude of the temperature jump as opposed to exciting the
O-D overtone. In addition, the use of a higher repetition rate laser will reduce the acquisition
time than if a conventional few Hz nanosecond laser was used. This will in turn shorten the
timescale the probe can acquire, but the relevant unfolding transitions will be captured on

the early timescales in the microsecond region.

Unlike chapter (3), which involved 2D-IR spectroscopy, the work presented here will be time-
resolved infrared spectroscopy (TRIR), as the new system required testing and calibrating on
the simpler TRIR system for unfolding of proteins prior to being developed into a T-jump 2D-

IR setup.
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Many previous T-Jump studies have focused on the folding and unfolding of small peptides

11,2425 with most results producing sub-microsecond timescales.

containing a single a-helix
This includes T-jump results from IR, fluorescence?®, and ultraviolet resonance Raman
spectroscopy?’. Not only monomeric a-helices, but also monomeric B-hairpins'®?® have
undergone studies where the fast folding rates of these structures give insights on how
proteins fold and behave. However, the work in this chapter will represent heating of whole

proteins, not purely small monomeric structures.

A significant point of interest, which has garnered numerous studies, has been the formation
of a-helix from random coil?*?°3%, This formation of helix is by a nucleation event followed
by a series of propagation steps>’. Multiple factors affect the timescale of folding, including
the peptide length3?, the type of residues making up the peptide or protein®, what domain
the structure is in'*34, and the environmental conditions of the protein or peptide with which
the measurements occurred in3>3¢, This last factor means comparing the exact results
between numerous groups is challenging unless the conditions, such as pD and salt

concentration, used are the same.

Although most studies have shown helices to have short timescales on the sub-microsecond
range, a previous experiment has shown a transition from picosecond to microsecond for a
16-residue peptide with measurements between 8 °C and 49 °C?°, which highlights the
complexity of kinetics. This is further emphasised in a study which found that the helix from
a ribosomal protein, L9, produced kinetics of approximately 2 us which is considerably slower

than alanine-rich peptide helices®.

The formation and unfolding of B-hairpins have also been the subject of many studies3’~3,

for example a range of 1 ps to 6 s for the unfolding/ folding has been observed. Expanding
on TRIR experiments, a 2D-IR T-jump setup has been used to investigate the unfolding of B-
hairpins which was found to occur in a stepwise manner from folded to misfolded and then
disordered?®. The unfolding of ubiquitin has been reported to occur on two timescales.
Hundreds of ps dynamics were assigned to the crossing of energetic barriers in response to
the elevated temperature, but rapid unfolding processes taking just a few ps were also
observed and attributed to downhill unfolding, constituting the first steps of the structural

rearrangement®,

The comparison between T-jump studies of a-helix structures and B-hairpin structures shows

that folding and unfolding occurs quicker in less stable peptides and proteins.
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Unlike the many helix formation studies, this work will investigate the unfolding of domains
at elevated temperatures. Initial calibration of the setup will occur with the simple molecule
trifluoracetic acid (TFA) which has carboxylate stretch at 1673 cm™ which is within the region

of interest, the amide | (Figure 4-1).
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Figure 4-1. Linear IR spectrum of TFA from 1580 cm™ to 1720 cm™! focussing on the carboxylate stretch.

The protein to test the system will be calmodulin (CaM). It has previously undergone a T-

t*1 using changes in the absorbance of tyrosine residues in CaM to probe

jump experimen
melting where the timescale reported for C-domain unfolding was a relaxation rate of ~ 100
ys. This experiment had a measurement range of 1 s to 16 ms with a signal rise time of 5.6
ps indicating slow heating of the sample which resulted in dynamics below this rise time

being undetected.

This chapter will involve measurements of both the Ca?* bound (holo-CaM) and the apo-CaM
forms at a series of different temperatures that have been chosen to capture the C- and N-
domain transitions which were determined from the DSC data in chapter (3). Comparisons

will be made to the results in the previous chapter and previously published results.

4.3 Methods

43.1 Sample preparation
Trifluoroacetic acid (TFA), D,0O, Trizma base, DCI, and CaCl, were all purchased from Sigma-

Aldrich and used without further purification. The CaM was expressed and purified by Daniel

Shaw at UCB. The T-jump calibration sample consisted of 130 mM TFA in D,0. The protein
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samples consisted of 1.2 mM CaM in 50 mM deuterated Tris-DCl pD 7.4 for apo-CaM, and
the addition of 4.8 mM CaCl, for a 1:4 CaM:Ca?" ratio for holo-CaM. All samples were housed
in a temperature-controlled Harrick cell and prepared between two CaF, windows separated

by a PTFE spacer with a thickness of 6 um.

4.3.2 Infrared Spectroscopy
All linear infrared spectra were collected on a Thermo Scientific Nicolet iS10 spectrometer at

a resolution of 1 cm™. TFA sample was measured from 20 °C to 36 °C in 1 °C steps to produce

a calibration curve.

433 T-jump setup
The T-jump pump laser*? was a 1kHz nanosecond Wedge Short Pulse Q- Switched DPSS Laser

from Bright Solutions with a maximum power of 4 W or 4 mJ per pulse. 80 % of the 1064 nm
output is then chopped (using a TTi chopper) to 500 Hz before pumping a PPLN-OPO crystal
tuned to the O-D stretch at 3.76 um. The pump laser was controlled by a Stanford delay
generator. Pump power reaching the sample was 35 mW with a 75% absorbance for the 6
pm samples with pulse duration of approximately 1.5 ns. The large absorbance of the pump
pulse is attributed to pumping the fundamental region of 3.76 um. Typical T-jump
experiments pump at the O-D overtone at 2 um with only 10% absorbance of the pulse
resulting in a more homogeneous heating of the sample®®. The use of a small path length (6
um) for the samples within this chapter was used to elevate some of the inhomogeneous
heat distribution that is inherent with an absorbance of 75% of the pump pulse, though will
still be present as the sample at the beginning of the cell will absorb most of the pulse energy.
A publication on the T-jump laser used in this chapter has simulated the heat distributed
present in the short path length samples*? and summarises the decay timescales observed
are similar to that of a lower absorbance and thicker cell. The 3.76 um region was chosen as
the pump pulse wavelength to minimise the risk of self-focusing in the sample that occurs
with the higher energy 2 um region. Pumping at the 2 pum region has also resulted in
inhomogeneous heating of the sample®, therefore heat homogeneity is an important

consideration for any T-jump study.

The 10 kHz probe laser at RAL from a custom built Ti:Sapph oscillator and OPA, details of
which can be found in Chapter 2.5, is tuned to 6 um region, and time-resolved multiple probe
spectroscopy (TRMPS) was utilised to measure the whole range from 1 ns to 2 ms. The set

temperatures (To) are 20, 40, 44, 54, 60 °C with the use of a water bath to heat the cell.
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4.4 Results

4.4.1 Calibration with TFA
To calibrate the temperature rise gained from the pump laser the change in absorbance of

the TFA carbonyl stretch in D,0 as a function of temperature was used. First IR spectroscopy
measurements were performed before progressing to T-jump experiments. TFA has a
carbonyl group present which results in a carbonyl stretch vibration at a wavenumber of 1673
cm? (Figure 4-1). FTIR spectra were obtained by heating the sample 20 °C to 36 °Cin 1 °C
steps. The 1673 cm™ peak decreased in intensity with a slight shift to higher wavenumbers
with increasing temperature. Difference spectra were calculated by subtracting the 20 °C
spectrum from all the other spectra (Figure 4-2 (a)). This was performed without further
processing of the data including buffer subtraction or normalisation, to replicate the results
that will be observed from the T-jump experiment. The difference spectra show a large
negative peak at 1668 cm™ and a small feature with a negative value at 1686 cm™ with the
intensity of each peak increasing with increasing temperature difference. A calibration plot
was created by taking the difference in intensity between the negative 1668 cm™ peak and
the feature at 1686 cm® (Figure 4-2 (a), black arrow) and plotting against temperature. This
resulted in a linear line with increasing temperature and a straight line was then fitted (Figure

4-2 (b)). The equation of the straight line can be seen in equation 4.1.

y =0.020 — 0.00092x (Equation 4.1)
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Figure 4-2. FTIR calibration of TFA, a) difference spectra of the carbonyl stretch from 20 °C (blue) to 36 °C (red)
with the 20 °C spectrum subtracted. A negative peak present at 1668 cm™! and a small feature present at 1686 cm-
1 with the difference in size between these peaks plotted on b) an a straight line fitted (red).
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TFA at To = 20 °C was measured on the T-jump setup and resulted in a series of spectra from
1 ns to 1.9 ms (Figure 4-3). The spectra were very similar to the difference spectra produced
by FTIR spectroscopy; there is a sharp negative peak at 1668 cm™ and a slight positive peak
at 1686 cm™ (Figure 4-3(a)). These arise from the carbonyl peak of TFA decreasing in intensity
and shifting to higher wavenumber with increased temperature. Plotting the 1668 cm™ peak
as a function of time shows that this starts large and negative before decaying to zero after
1ms as the sample cools (Figure 4-3 (b)). From this and the calibration plot, the maximum T-
jump is concluded to occur just after the pump pulse. The timepoint with the maximum signal
was used to calculate the T-jump. The magnitude between the negative peak and positive
peak was 8.54 mOD. Using the straight line fitted from the FTIR calibration, the temperature

rise from the T-jump experiment is calculated to be 9 °C (AT =9 °C).
The decay of the 1668 cm™ peak relaxed in a manner well-described by a stretched
exponential function:

B
AA =a-exp (— Tﬂ’) (Equation 4.2)

T1

with a lifetime of t; ~47 ps and B parameter of 0.54. In the equation, AA indicates the
measured change in absorbance; Ty, the T-jump-probe delay time and a the amplitude of the
signal. The stretched exponential character originates largely from a loss of heat from the

sample due to conductivity of buffer and CaF, cells*44,
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Figure 4-3. a) T-jump spectra of TFA at Tp = 20 °C at selected waiting times from early times (250 ns, brown) to
late times (900 us, green), with arrow indicating increasing time, show a large negative peak at 1668 cm™ and a
small positive peak at 1680 cm? with both peaks decreasing in size as time increases, and b) showing the dynamics
of the 1668 cm™ absorbance change. Dashed line represents signal intensity of zero OD.
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4.4.2 Spectral differences between apo-CaM and holo-CaM
Apo-CaM and holo-CaM were both measured at Tovalues of 20 °C, 40 °C, 44 °C, 54 °C, and 60

°C. These temperatures were chosen after analysis of the DSC curve for apo-CaM from
chapter (3). To= 20 °C, To = 40 °C, and To = 60 °C measurements for apo-CaM have been
plotted in Figure 4-4 and are representative of all the data. Selected time points are shown
only as to not overwhelm the figure. The figure shows the T-jump data in the lower panel

and the corresponding FTIR-derived difference spectrum in the upper panel.

The FTIR difference spectrum for apo-CaM Ty = 20 °C, which mimics a 9 °C step (Figure 4-4
(a)), shows a negative peak at approximately 1640 cm™ and very little other spectral features.
The To = 40 °C FTIR difference spectrum (Figure 4-4 (b)) and the To = 60 °C FTIR difference
spectrum (Figure 4-4 (c)) both have a negative peak at approximately 1640 cm*which is more
prominent than the peak from the To= 20 °C spectrum. Both also have a positive peak at 1670
cm™ (blue arrow) which is smaller in magnitude compared to the 1640 cm™ peak. The To = 40

°C 1670 cm™ peak is slightly larger than the To = 60 °C counterpart.
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Figure 4-4. Selected apo-CaM temperature transitions for FTIR difference spectra (a-c) and selected T-jump spectra
(d-f). The 20 to 29 °C temperature change is shown in a) and d) with both showing a negative peak at 1635 cm™.
The 40 to 49 °C transition is shown in b) and e) with the negative peak shown in both and a distinct positive peak
at 1660 cm! for the FTIR spectra — arrow in e) highlights positive peak is present in T-jump as well. The 60 to 69
°C transition in c) and f) shows similar trends as with the 40 to 49 °C transition.

The CaM signal is small and therefore the T-jump results will initially focus on establishing if
a CaM signal is present and then the dynamics will be discussed later. T-jump results for apo-

CaM are shown in Figure 4-4 (d-f) for the rises from To = 20 °C, 40 °C, and 60 °C, respectively
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where AT = 9 °C. As with the FTIR difference spectra, there is a negative peak at 1640 cm
present in all T-jJump measurements and no other peak in the 20 °C measurement. However,
for the 40 °C and 60 °C measurements there is a background shift at higher wavenumbers.
This large peak is most likely a result of an experimental artefact and not a response of the
protein itself. Taking into account the thermal effects of the solvent, although Figure 4-4
suggests that the major features are similar for the T-jump measurements for apo-CaM the

To = 40 °C data shows an additional peak identified by the black arrow at later times.

The results from the holo-CaM To = 20 °C, To = 40 °C and To = 60 °C measurements are shown
in Figure 4-5. The FTIR difference spectra (Figures 4-5 (a-c)) are all shown to be very similar.
The spectra show a negative peak at 1640 cm™ and no other spectral features, which is
comparable to the results seen in the 20 to 29 °C FTIR difference spectrum for apo-CaM
(Figure 4-5 (a)). From the FTIR difference spectra for 40 to 49 °C and 60 to 69 °C it can be seen
that holo-CaM is different from apo-CaM as there is no positive peak at 1670 cm™ detected

when Ca?* is present.

As with apo-CaM, the T-jump results for holo-CaM 20 to 29 °C, 40 to 49 °C and 60 to 69 °C

show a negative peak at 1640 cm™. At the higher temperatures a solvent response is present

at 1670 cm™.
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Figure 4-5. Selected holo-CaM temperature transitions for FTIR difference spectra (a-c) and selected T-jump
spectra (d-f). All spectra show a strong negative peak at 1635 cm™L, however, unlike apo-CaM there is no positive
peak in higher temperature spectra. Each temperature spectrum has similar structure, for both FTIR and time
spectra.
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Differences between apo-CaM and holo-CaM are difficult to determine from Figures 4-4 and
4-5 as the large response from the solvent suppresses the effect the protein has on the
results. However, by looking at the single time point of 30 us, differences between the
samples can be clearly seen (Figure 4-6). This time point has been selected for visual purposes
as the broad baseline shift observed at high wavenumbers arising from experimental artefact
somewhat masks the effect, but similar differences are still observed in the spectra at other

times.

For apo-CaM the positive peak at 1670 cm™ that is present in the FTIR difference spectra for
To=40"°Cand To = 60 °Cis now present in the 40 °C measurement (black arrow) and is in the
60 °C measurement but is small in intensity. At the same time, it is clear there is no positive
peak in the To = 20 °C T-jump measurement. The holo-CaM 30 us time points highlight that
there is very little difference between each of the measurements. There is no positive peak

uncovered at 1670 cm™ as is seen for apo-CaM.
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Figure 4-6. T-jump spectra from the 30 us time point for both a) apo-CaM and b) holo-CaM. Only selected
temperatures are shown (20 °C, 40 °C, and 60 °C). Arrow in a) highlights the additional positive peak at 1660 cm -
1 that is prominent in the 40 °C spectrum.

To further extract dynamic differences between apo-CaM and holo-CaM, difference spectra
are calculated. To normalise the data, each measurement is scaled to the 1600 cm™
wavenumber position, a region with only a response from the solvent, for the 1000 ns time
point. Each holo-CaM measurement is subtracted from the corresponding spectrum for apo-
CaM. The resulting spectra are a double difference calculation as the T-jump spectra are the

difference caused by the T-jump. The results of holo-CaM minus apo-CaM for the selected
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measurements of To = 20 °C, To=40 °C, and To = 60 °C are seen in Figure 4-7. For the difference
between the 20 °C measurements (Figure 4-7(a)) no distinct spectral features are present at
any time point — highlighting that, for the To = 20 °C temperature, there is very little difference
between apo-CaM and holo-CaM. For 40 °C and 60 °C difference spectra (Figure 4-7 (b-c))
there is a negative peak at 1640 cm™ (red arrow) and a positive peak at 1670 cm™ (black
arrow). The negative peak with the frequency of 1640 cm™ suggests that there is a reduction
in amide | structure for apo-CaM compared to holo-CaM that corresponds to this frequency,
and subsequently, the positive peak suggests there is an increase in amide | structure for apo-
CaM compared to holo-CaM that corresponds to this 1670 cm™ frequency. The next section

will endeavour to assign what these structural changes are.
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Figure 4-7. Apo-CaM minus holo-CaM difference T-jump spectra from early times (orange) to late times (green)
for selected initial temperatures. a) is the 20 °C starting temperature which shows very little difference between
apo-CaM and holo-CaM, b) 40° C which has two distinct peaks, a negative peak at 1635 cm™ and a positive peak
at 1660 cmL, and c) with starting temperature of 60 °C has a similar two peaks as 40 °C spectra.

4.5 Discussion

4.5.1 Spectral assignment

From chapter (3) it was observed that heating of CaM resulted in a loss of spectral features
at 1640 cm™ and a gain of spectral features at 1660 cm™. These were attributed to a-helix
and random coil features, respectively. CaM is stable around 20 °C, and transitions in the
structure are not observed until around 46 °C. This is when the C-domain for apo-CaM
“melts”; the N-domain “melt” transition is at the higher temperature of 58 °C. Therefore, at
temperatures below 46 °C both apo-CaM and holo-CaM should have similar behaviour upon
heating. Holo-CaM, in comparison, does not undergo a transition until a higher temperature
of around 96 °C. Holo-CaM was used in chapter (3) as a reference for thermal heating without
a transition occurring, and subtracting from apo-CaM resulted in accurate changes in a-helix

structure for the heating of apo-CaM.
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Figure 4-7(a) shows there is no difference between apo-CaM and holo-CaM for the 20 °C T-
jump measurements. Following on from this, differences between apo-CaM and holo-CaM
become evident with the 40 °C measurement and the behaviour upon heating is different
between the samples, with the appearance of the loss of a-helix (1640 cm™) and gain of
random coil (1660 cm™) suggesting a transition in secondary structure that occurs in apo-
CaM and not holo-CaM. As the set temperature is 40 °C, the temperature after the T-jump
pulse is 49 °C; this is now above the temperature for the C-domain transition for apo-CaM.
As holo-CaM is significantly thermally stable and does not have a transition below 90 °C, it is
used as a control in the difference spectra and eliminates responses from the solvent and the
thermal effects on hydrogen bonding which do not result in a structural change. Therefore,
the response from the 40 °C to 49 °C difference spectra can be assigned to be a result of the

C-domain “melt” of the unfolding of the a-helix to random coil.

The To = 44 °C difference spectrum again shows the same spectral features as the To =40 °C
difference spectrum. As this is still within the C-domain transition window it is expected to
have similar results. The To = 54 °C measurements difference spectra show similar positive
and negative peaks indicating an unfolding transition from a-helix to random coil. This
temperature range is now within the N-domain transition for apo-CaM, so expect similar

results as for the C-domain transition temperatures.

The To = 60 °C measurement is now past both the C- and N-domain transitions, and less of a
change is observed in the difference spectrum compared to that of the To =40 °C, To =44 °C,
and To =54 °C measurements. However, as this is a comparison between post-transition point

apo-CaM and pre-transition point holo-CaM, there are expected spectral differences.

45.2 Peak-to-peak magnitudes
To give a direct comparison of the difference spectra for all temperatures, the 100 ps time

point for all has been plotted in Figure 4-8 (a). This time point has been selected as it is far
enough into the heating of the sample that no artefacts of heating will interfere with the
sample but still shows a protein unfolding response, even though the temperature increase
has dropped to ~35% of the initial value. The spectra were then normalised where the largest
peak-to-peak magnitude corresponds to an intensity value of one. Therefore, the signal size
in Figure 4-8 is not comparable to Figure 4-7. A clear difference can be seen between the 20
°C measurement, where the signal is close to the baseline, and all other measurements,

where distinct negative, a-helix peaks and positive, random coil peaks are present.
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Figure 4-8. a) Difference spectra, apo-CaM minus holo-CaM, for the 100 us time point for all temperatures
measured with a negative peak at 1635 cm™ and a positive peak at 1660 cm™, and b) the peak-to-peak magnitude
trend (black) from 20 °C to 60 °C for the peaks shown in a) and the DSC data for apo-CaM (red) which been selected
to only show the corresponding temperatures as the T-jump data.

The peak-to-peak magnitudes (Figure 4-8 (b)) for all temperatures for the 100 us second time
point have been calculated by simply subtracting the intensity of the negative 1640 cm™ peak
from the intensity of the positive 1670 cm™ peak. Plotting the magnitude for each
temperature produces a curve like the DSC curve for apo-CaM that was described in chapter
(3) and reproduced here in Figure 4-8 (b) for clarity, along with the T-jump peak-to-peak
magnitudes. The temperatures for the T-jump trend have been adjusted to reflect the
maximum temperature reached for each measurement, resulting in good overlap of T-jump

and DSC.

The maximum signal appears in the To = 44 °C measurement. The intensity has started to fall
with the T = 60 °C measurement which follows the trend of DSC. Therefore, the DSC results
have confirmed the spectral analysis allowing for the dynamics of the C-domain melting

transition of apo-CaM to be determined by T-jump spectroscopy.

4.5.3 Dynamics of melting
The laser system allowed for measurements to 1.9 ms and it is shown that the temperature

has returned to the initial starting temperature within this time scale as the signal has

returned to zero at ~1.6 ms (Figure 4-9).
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Figure 4-9. T-jump spectrum for apo-CaM with TO = 20 °C. Time axis displayed with a linear scale showing the
signal has returned to zero at ~1.6 ms, before the next pump pulse arrives at 2 ms.

Plotting of dynamics begins at 250 ns as prior to 250 ns there are oscillations in the data that
are the result of electronic noise from the pump laser at early times. It is known to be from
the pump laser as a blank measurement was collected with the probe laser blocked and no

sample included, and the oscillations were still present in the measurement.

The dynamics of the baseline (black line) have been plotted from the apo-CaM
measurements at 1600 cm™ where no contribution from the protein is present. Also plotted
is the 1641 cm™ a-helix peak from apo-CaM (green), and the same 1641 cm™ peak from holo-

CaM (red). All times are plotted using a logarithmic scale (Figure 4-10).
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Figure 4-10. Dynamic plots of time dependent absorbance change for baseline (black) from the apo-CaM
measurements at 1600 cm~1 where no contribution from protein is, apo-CaM a-helix peak (green), and holo-CaM
a-helix peak (red) for all temperatures 20 °C to 60 °C (a-e) from 250 ns to 1.9 ms.

The 20 °C measurement (Figure 4-10 (a)) shows that the amide | peak for apo-CaM and holo-
CaM decay at the same rate as the buffer, with a maximum signal change of approximately
1.2 mOD happening immediately for all dynamics. These plots decay back to zero and fitting
stretched exponentials to all signals gives a time of around 50 us. This lack of difference
between buffer, apo-CaM and holo-CaM is not unexpected as discussions above state that

CaM is stable over this temperature range for both apo-CaM and holo-CaM.

The 40 °C measurement (Figure 4-10 (b)) shows deviations for the apo-CaM and holo-CaM
plot from the baseline. Although holo-CaM is a stable protein with no changes in the
secondary structure below 80 °C and therefore no changes from the buffer in terms of
dynamics would be expected, the deviation from the baseline can be explained from what
was learnt from chapter (3). It was concluded that as holo-CaM was thermally perturbed it
resulted in changes in the H-bonding that did not result in a structural change. Therefore, the
deviation from the buffer is a result of this thermal effect and this is confirmed as the fitting
of stretched exponentials to the holo-CaM give the same time scales as the buffer of around
50 ps. The difference between the buffer and holo-CaM results is the amplitude of the signal
at the beginning of the plot. As a result of the noise, fitting would be inaccurate prior to 250
ns. H-bonding changes from thermal effects occur on very fast time scales of nanoseconds

and therefore the initial change due to H-bonding cannot be seen as it occurs quicker than
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can reliably be measured. By scaling the plots (Figure 4-11) it can visually be seen that holo-

CaM is behaving in the same manner as the buffer.

The apo-CaM plot for the 40 °C measurement has an even larger deviation from the baseline
compared to holo-CaM and the fitting results in different timescales - around 200 ps. This
trend of deviations from the buffer continue for apo-CaM and holo-CaM for the subsequent

higher temperature measurements which can be seen in Figure 4-10 (b-e).

The differences between apo-CaM and holo-CaM can further be accentuated by scaling
(Figure 4-11). While holo-CaM and the baseline provide a good overlap, apo-CaM deviates
from approximately 10 ps with a slower temperature relaxation rate. The maximum
difference occurs in the 44 °C measurement (Figure 4-11 (c)), highlighted by the black arrow.
The 60 °C measurement sees the difference decreasing again as both the C-domain and N-

domain transitions have occurred for apo-CaM.

The implication of these fitting results is that for the apo-CaM where measurements are
around the DSC transitions of 46 °C and 58 °C there is an additional dynamic component that
is not observed in the holo-CaM data. This additional component appears to lengthen the

decay timescale.
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Figure 4-11. Normalised dynamic plots for baseline (black), apo-CaM a-helix peak (green), and holo-CaM a-helix
peak (red) for all temperatures 20 °C to 60 °C (a-e) from 250 ns to 1.9 ms. Arrow in c) highlights that apo-CaM
dynamics are different than holo-CaM and baseline, which are the same upon normalising.
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As well as looking at the 1640 cm™ a-helix peak dynamics, the peak to peak magnitude
dynamics between the a-helix peak (1640 cm™) and the random coil peak (1660 cm™) have
been investigated. This has been determined by simply subtracting the random coil dynamics
at 1660 cm™ from the a-helix dynamics at 1640 cm™ for all measurements. Fitting stretched
exponentials to the peak to peak magnitudes gives the same cooling rates of approximately
50 us for holo-CaM. The resulting data is less noisy as random noise within the measurement

has been cancelled out by the subtraction.

The comparison of the dynamics of apo-CaM and holo-CaM across all the temperatures
measured can be seen in Figure 4-12. For the apo-CaM peak to peak dynamics (Figure 4-12
(a)), the 20 °C measurement (blue) is easily seen to be different from the rest with a much
smaller overall signal size (from around -0.6 mOD compared to around -2 mOD for the other
temperatures). The decay constants (Figure 4-12 (c)) show the 20 °C has a shorter timescale

(70 ps) than the other temperatures which have decay constants of 130 us to 200 ps.
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Figure 4-12. Plots of time dependent absorbance change for signals at 1640 cm™ minus signals at 1660 cm™L for a)
apo-CaM and b) holo-CaM for 20 °C (blue) to 60 °C (red) To. c) decay constants for apo-CaM (black) and holo-CaM
(red) from fitting stretched exponentials to the plots in a) and b). Decay constants for holo-CaM are shorter times
compared to apo-CaM.

Table 4-1. Stretched exponential 8 terms for each of the apo- and holo-CaM dynamics fittings in Figure 4-12.

Temperature (°C) B apo-CaM B holo-CaM
20 0.49 0.45
40 0.72 0.42
44 0.74 0.42
54 0.75 0.42
60 0.65 0.43
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For holo-CaM peak to peak dynamics (Figure 4-12 (b)) there is less distinction between the
temperatures — they only have increasing signal size from 20 °C (blue at -0.6 mOD) to 60 °C

(red at -1.2 mOD) which is the result of the fluctuation in H-bonding due to thermal effects.

This thermal effect on the H-bonding is also present in the apo-CaM data and in chapter (3)
it was discussed that to eliminate it from apo-CaM the holo-CaM spectra would be subtracted
from it. As with chapter (3) the difference between apo-CaM and holo-CaM reveals the
secondary structure changes that are obscured by the heating of the H-bonding. The
dynamics of this difference (Figure 4-13 (a)) shows that for the 20 °C measurement (blue)
there is no difference between apo-CaM and holo-CaM across all times. From 40 °C and
above there is a significantly revealing profile for the difference dynamics. There is a growth
(which appears negative due to the dominating a-helix peak in the peak to peak magnitudes)
which peaks around 20 us at -1.2 mOD before decaying back towards zero before the end of
the 1.9 ms measurement. No fitting was performed on the 20 °C plot but stretched bi-
exponential fitting was performed on all other temperatures which resulted in a short decay
constant for the growth portion, and a longer decay constant for the decay portion of the

plots (Figures 4-13 (b) and 4-14, Table 4-2).

0.5 50
a) b) I
® ® g
0.0 ®
®
] L 30 —~
e 30 )
£ .05 @ @
! £
< —20°C 20 F
| 40 °C
-1.0 5 0,
—44 0C 10
54 °C
| | | |
60 °C u u
-15 T T T T T T T T T 0
1000 10000 100000 1000000 40 45 50 55 60
Time (ns) Temperature (°C)

Figure 4-13. a) Time dependent absorbance change for difference spectra (apo-CaM minus holo-CaM) from the
1640 cm™ peak for 20 °C (blue) to 60 °C (red), and b) the resulting decay constants, t; (black) and t; (red), from
stretched bi-exponential fitting of the dynamics from a). The 20 °C time dependent absorbance change was
approximately zero across the complete time range, therefore no fitting occurred for this temperature plot.
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Figure 4-14. Stretched bi-exponential fittings to the apo- minus holo-CaM dynamics for a) To =40 °C, b) Ty = 44 °C,
¢)To=54°C, and d) To= 60 °C.

Table 4-2. Stretched bi-exponential 8 terms for each of the apo- minus holo-CaM dynamics fittings in Figure 4-
14.

Temperature (°C) B1 B2
40 0.46 0.36
44 0.46 0.35
54 0.53 0.39
60 0.53 0.35

The growth was on the timescale of ~5 pus which fits with previous literature of helical peptide
melting and hairpin unfolding. There is also no clear distinction in the growth timescales of
the C-domain unfolding and the N-domain unfolding of CaM. Reasons for this could be the

unclear distinction between the two domain transitions in the DSC which leads to an overlap
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of the unfolding which results in contributions of C- and N-domain unfolding for all
measurements with a growth profile. Another reason could be that unfolding kinetics are
usually activated, and as the two unfolding events occur at different temperatures, N-domain
at 58 °C and C-domain at 46 °C, they could have the same rate but the N-domain being

intrinsically slower.

Another factor is that this is believed to be only a partial unfolding of the a-helix. The
maximum signal size for the difference dynamics is roughly -1.2 mOD and is seen at around
20 ps, however, from the buffer dynamics in Figure 4-10 it is shown that the signal has already
begun to decrease back towards zero. This suggests that the temperature has started
decreasing back to the original set temperature before the maximum unfolding transition
has occurred, resulting in only a partial unfolding of the a-helix. The buffer signal has
decreased by about 45% at 20 us and it can be assumed the temperature has also dropped
by about 45%. This suggests that there is now only a 5 °C rise from the set temperature and

this is still falling.

A compromise had to be made to the experimental setup which affected the heat dissipation
out of the sample. The path length could have been increased from 6 um to ensure the
temperature remains in the sample for longer giving more opportunity for a larger degree of
unfolding to occur. This is because the heat conductivity of CaF, is more than ten times higher
than that of D,0*, therefore the heat dissipates quicker the closer it is to the CaF, windows.
However, if there was a longer pathlength then the sample would not have had enough time
to cool back to the original temperature before the next pump pulse. This would result in
heat build-up in the sample. An alternative strategy for this would be to chop the pump pulse,
reducing the repetition rate further, which allows for measurements past 2 ms, however, the
signal to noise would decrease and to compensate the acquisition time would have to
increase to average for longer. This would be detrimental for developing the setup into a 2D-

IR T-jump method as the acquisition time would drastically increase.

Even if the above setup changes were to occur, full unfolding of CaM would not be observed.
This is confirmed in chapter (3) which has shown that heating the sample from 20 °C to 80 °C
results in only a 13 to 15% a-helix secondary structure decrease out of over 50% a-helix
content, therefore not full unfolding even over the large temperature range. Consequently,

the best compromise in this case is the current setup of the system.

114



The ~5 us timescales observed in the T-jump melting experiments are comparable with fast
steps reported in the melting of ubiquitin®®, which were assigned to initial ‘burst phase’ or
downhill melting of the protein following T-jump perturbation of the potential energy surface
for some of the proteins. In those experiments, slower timescale dynamics on hundreds of
microsecond timescales were assigned to activated barrier crossing caused by proteins re-
equilibrating to the new temperature. In this current study, although the early processes are
visible, sample cooling competes with any activated barrier crossing such that the results are
dominated by the fast initial phase of the unfolding. This is supported by the lack of a Ty

dependence of the 5 us unfolding timescale.

The longer decay timescale is around 40 us which fits with the decay timescale which is seen
for holo-CaM and the buffer. The large decay constant suggests this is the re-association of

the a-helix as the protein cools down to the starting temperature.

Comparing with the one previous T-jump study of apo-CaM*!, where melting processes with
timescales of ~100 us were observed, would suggest a conflict in the results. However, based
on the information above, these are most likely to be assignable to the activated barrier
crossing processes such as those reported for ubiquitin®. Thus, by probing the fastest steps
in CaM domain melting, the new results from this chapter complement this prior study to
produce an overall picture of CaM domain melting. Taken jointly these two studies also
reinforce the need to observe protein dynamics over as wide a range of timescales as possible

to gain a complete molecular picture.

4.6 Conclusion and further work
Development of a new T-jump TRIR laser setup at RAL was performed with testing and

calibration of the temperature rise by the sample TFA. Through this calibration the T-jump
was determined to be 9 °C. After calibration of the system, CaM was measured in the first
TRIR T-jump experiment of CaM. Both apo-CaM and holo-CaM systems were measured at a
series of initial set temperatures, and, as with chapter (3), there was a large benefit of having
a reference sample (holo-CaM in both cases) as a control to measure the thermally-induced
changes in H-bonding without a secondary structure transition being present. This allowed
the extraction of unfolding timescales of a-helix to be separated out from non-transition
changes for apo-CaM, which gave a decay constant of 5 pus for thermal destabilisation of the
a-helix. These results are complementary to previous CaM T-jump results with long

timescales of hundreds of microseconds associated with activated barrier crossing processes.
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These fast timescales were only observed for T, values of 40 °C to 60 °C which correlated to
the C- and N- terminal domain transitions which were determined in chapter (3) from DSC as
being 46 °C and 57 °C, respectively. No short, unfolding timescale was observed for the room
temperature measurement of apo-CaM as expected due to no secondary structure transition
being present at this temperature. This T-jump experiment is complementary to DSC as both
can detect thermally induced transitions in secondary structure, with the T-jump experiment

having the added benefit of detecting unfolding dynamics.

The measurements of the well characterised protein have provided positive evidence that
accurate measurements of fast initial protein unfolding timescales from proteins with

unknown characteristics is possible using this current T-jump TRIR laser.

This setup is different from previous infrared spectroscopy T-jump lasers as it employs a
pump laser that is chopped at 500 Hz. This allows for typically quicker acquisition of data and
leads onto further development of the setup to become a 2D-IR T-jump laser. The ULTRA
laser where this T-jump setup operates has previously measured non-transient 2D-IR spectra
at the probe region of interest — the amide | 6 um region. However, these measurements
were collected using an interferometer setup which has limitations. Over long periods of time
data can undergo phase drift which would distort the spectrum. This would be a problem as
T-jump 2D-IR measurements involve long acquisition times — hence why it was imperative
that the acquisition time of the measurements in this chapter were kept at a minimum. The
implementation of a pulse shaper instead of an interferometer would increase the stability
of the laser over time and is a requirement for the development of a 2D-IR T-jump setup at
RAL. Chapter (5) begins this implementation and has a comparison of 2D-IR measurements

using an interferometer setup and a pulse shaper setup.
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5 Optimisation of detecting changes in
protein structure by IR spectroscopy in
protein-drug binding
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5.1 Abstract

Understanding changes in protein structure upon protein-drug binding is an important
consideration in determining if a biological response will be elicited. Small molecule binding
is expected to generate relatively small changes in IR signal compared to the previous
unfolding work in chapter (3). The development of data analysis for detecting changes due
to protein-drug interactions will be assessed using CaM as previous knowledge of binding to
a small molecule, trifluoperazine (TFP), is available from previous publications. TFP binds to
holo-CaM, resulting in a tightly compact structure, and is expected to bind to apo-CaM, albeit
via a different mechanism. In this chapter, the interaction of CaM with Ca?* and TFP in
different ratios will be analysed with FTIR and 2D-IR spectroscopy and processed using PCA
as a large dataset. The results show that PCA of FTIR measurements can separate the binding
of calcium and TFP to CaM into distinguishable groups. Analysis of spectral features from 2D-
IR confirms the changes observed to be a loss of a-helix with addition of TFP and small
changes in the electrostatic properties. Apo-CaM binds TFP also but requires a larger amount
of TFP to induce the same changes in electrostatic properties due to intra-domain binding
sites being inaccessible. Evidence from 2D-IR spectral features are able to corroborate the
separation by PCA that is observed by FTIR spectroscopy showing the requirement for both
techniques in determining changes due to binding. These results are probing small changes
in structure and the interferometer 2D-IR approach used in chapter (3) was deemed
unsuitable for detecting such small changes due to insufficiencies in phasing the spectra. This

problem was eliminated with the use of a pulse shaper approach.

5.2 Introduction

The importance of understanding protein-drug binding has garnered a large degree of
attention in recent years'™. Both Infrared (IR) spectroscopy and Two-dimensional Infrared
(2D-IR) spectroscopy have been previously utilised in examining protein-drug binding*°,
with FTIR spectroscopy showing that the secondary structure of proteins is altered upon
binding of a drug molecule, with particular focus on the amide | region. The 2D-IR
experiments focused on probing the structural changes of the drug molecule as opposed to

the protein.

This chapter will concentrate on analysing large sample sizes with measurements focusing
on structural changes of the protein in protein-drug binding, and again the protein of interest

will be calmodulin (CaM). CaM is involved in many processes and is targeted by several drug
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molecules'*?, An example of a process is the activation of phosphodiesterases (PDEs), which
are enzymes that break bonds in second messenger molecules and play an important part in
signal transduction?. This activity can be inhibited by certain drug molecules. One such drug
is trifluoperazine*2? (TFP) (Figure 5-1). TFP is a well-known drug, with many different uses,
including the inhibition of the activation of PDE?, as above, and its use in treating
schizophrenia?. Since its discovery in the 1980’s, it has been shown to inhibit many other
functions of CaM. This is done by restricting the access to hydrophobic binding sites within

CaM that are exposed upon binding of Ca®* to CaM.

S

h@‘\

Figure 5-1. Trifluoperazine (TFP) molecular structure.

The binding of TFP to CaM has been previously well studied and there is a wealth of
information proposed on the mechanics of the binding. As the structural changes of binding
TFP to holo-CaM have been well established, it provides a suitable starting point for testing
the capabilities of 2D-IR spectroscopy coupled to PCA analysis in detecting small effects
observed in the protein from protein-drug binding interactions. This chapter will also see
further development of the 2D-IR ULTRA instrument located at the Rutherford Appleton
Laboratory by progressing the optical setup from an interferometer approach used in chapter
(3) that involves manually “phasing data” in the data processing to the use of a more
automatic approach, a pulse shaper?. The benefits and limitations of both methods will be
investigated and compared to the capabilities of linear IR spectroscopy for both Ca** and TFP

binding analysis.

The sequence of structure changes for CaM binding to both Ca?* and TFP have been
determined from previous experimental studies. The sequence can be seen in Figure 5-2 and
is from apo-CaM (closed) to holo-CaM (open) to TFP bound to holo-CaM (closed), with each

additional equivalent TFP bound producing a more compact structure (Figure 5-2). These
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results from structural experiments provide insight into the binding of TFP to CaM!82>26, The
binding ratio of 1:1 holo-CaM to TFP shows TFP binding to the exposed hydrophobic pocket
of the C-domain. This binding of one equivalent TFP induces a structural change with
disruption to the central linker resulting in the open dumbbell-like structure of holo-CaM
becoming closed, similar to that of the apo-CaM structure. The binding ratio 1:2 (holo-CaM
to TFP) results in a more enclosed structure with TFP occupying sites in both domains. The

final structure available, the 1:4 ratio indicates a tightly compact state!®2>-28,

+TFP

+TFP

Figure 5-2. Sequential change in crystallography structure of CaM upon addition of Ca?* and TFP1825-28, PDB
references: 1CFD, 1CLL, 1CTR, 1A29, 1LIN.

There are two types of sites which TFP binds to, intra-domain sites for both the C- and N-
domains, and inter-domain sites within the central linker region'* and binding occurs both
electrostatically®® and by hydrophobic interactions between the CaM and TFP. Contrary to
earlier publications?*°, TFP can bind to apo-CaM, as demonstrated by small-angle X-ray
scattering and NMR experiments'>!°, However, as the binding sites are not exposed from the
extension of the central linker, the binding works in a different manner to that of TFP bound
to holo-CaM. The C-domain is semi-open in its apo-CaM form — it switches between semi-
open and closed which is suggested by MD simulations3! which show apo-CaM switching to
open briefly over the millisecond simulation. This semi-open state allows TFP to bind to the
intra-domain binding site of apo-CaM C-domain®®. However, the N-domain for apo-CaM is
closed and therefore TFP cannot access this intra-domain site. Binding can also occur in the

interdomain sites for apo-CaM situated in the central linker region.
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There is contradictory information about the number of equivalent TFP molecules that can
bind to a single CaM?%32, with up to seven equivalent TFP to one CaM suggested®. A value
that recurs often in the literature is four equivalent TFP binding to one CaM in the holo-
form41%21 With Ca?* bound to CaM, four binding sites are exposed, two in the C-domain and
two in the N-domain, with binding occurring preferentially to the C-domain first'®. Alongside
2D-IR method development, this chapter will endeavour to confirm how many TFP molecules

can bind to one CaM molecule.

In addition to binding TFP to holo-CaM, the effect on binding TFP to apo-CaM will be
examined to evaluate for different effects of binding and if IR spectroscopy has the

capabilities of detecting said changes or if there will be no distinction made.

5.3 Method

5.3.1 Sample Preparation
TFP, D;0O, Trizma base, DCl, and CaCl, were all purchased from Sigma-Aldrich and used

without further purification. The human CaM was expressed and purified by Daniel Shaw at
UCB. CaM was prepared at a concentration of 0.8 mM in deuterated 50mM Tris-DCl pD 7.4
and Ca?* added at ratios of 2, 4 and 10 per CaM. TFP was added at ratios of 0.25, 0.5, 0.75, 1,
2, 3,4, and 10 molecules per CaM. Temperature dependent measurements were performed
by heating the samples from 20 °C to 80 °C in 10 °C steps. All concentrations were doubled
for the 2D-IR pulse shaper measurements. Room temperature samples were housed in a
Harrick cell, and temperature dependent samples were housed in a temperature-controlled
Harrick cell. All samples were prepared between two CaF, windows separated by a PTFE

spacer with a thickness of 50 um.

5.3.2  FTIR Spectroscopy
All linear infrared spectra were collected on a Thermo Scientific Nicolet iS10 spectrometer at

a resolution of 1 cm™.

5.3.3 2D-IR Spectroscopy
2D-IR measurements were performed on the ULTRA instrument3* at RAL using both an

interferometer and a pulse shaper method, as described in chapter (2). Both interferometer
and pulse shaper data were measured with a 2" order diffraction grating for the detection
of the spectra. This gave comparable probe resolutions of 1.4 cm™. All 2D-IR measurements

were performed at a Ty of 250 fs.

125



5.4 Results and Discussion

5.4.1 Ca? ratios comparison

Prior to analysis of different ratios of TFP bound to CaM it is imperative to understand what
occurs when different numbers of Ca?* are bound to CaM as the binding of Ca%* ions to CaM
is important in determining how TFP binds to CaM. To summarise the results from chapter
(3), apo-CaM is a closed globular structure with a flexible central linker. Upon heating, apo-
CaM undergoes structural change with a loss of approximately 13-15% a-helix to random coil
with two melting transitions occurring at 46 °C and 58 °C for the C- and N- domains,
respectively. Upon excess binding of Ca?* (holo-CaM) the protein opens, and the central linker
becomes fully helical with the overall structure becoming more rigid, which is confirmed by

the lack of thermal unfolding below 80 °C for holo-CaM.

CaM can bind up to four Ca?* and chapter (3) aimed to highlight the gross changes from apo-
CaM to holo-CaM. However, this chapter focuses on analysing subtle changes between
different ratios of Ca?* ions to CaM. As binding occurs cooperatively with two ions binding to
the C-domain first and the following two to the N-domain, analysis on CaM bound to Ca% in
the following ratios has been performed by interferometric 2D-IR spectroscopy: apo-CaM,
1:2, 1:4, and 1:10 (holo-CaM, excess Ca?*) CaM:Ca?*. Both 1:4 and 1:10 were analysed to

understand if excess Ca?* would influence the structure differently than a 1:4 ratio.

The 2D-IR spectra for each ratio at 20 °C can be seen in Figure 5-3. The spectra are visually
similar with each comprising of a negative diagonal peak (red) attributable to the V=0-1

amide | transition and an off-diagonal peak (blue) from the v=1-2 transition.
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Figure 5-3 - Raw 2D-IR spectra for a) apo-CaM, b) 1:2 CaM:Ca?*, c) 1:4 CaM:Ca?*, and d) 1:10 CaM:Ca?*, all
measured at 20 °C.

To evaluate the differences in structure, difference spectra have been calculated by
subtracting the apo-CaM spectrum from all other Ca?* ratio spectra (Figure 5-4). The spectra
were normalised to the maximum point of the amide | bleach at around 1640 cm™ first to

account for slight variations in laser intensity and concentration of the protein.
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Figure 5-4. 2D-IR difference spectra performed using an interferometer approach at room temperature (20 °C).
Apo-CaM subtracted from a) 1:2 CaM to Ca?*, b) 1:4 CaM to Ca?*, and c) 1:10 CaM to Ca?*. All raw spectra were

normalised prior to subtraction.

Apo-CaM minus 1:10 (Figure 5-3, (c)) was previously described in chapter (3). The red peak
at 1640 cm™ (as indicated by the black arrow) shows a gain of a-helix structure, and the blue
peak at 1655 cm™ (orange arrow) shows a loss of random coil for the 1:10 CaM:Ca?* sample
compared to apo-CaM. This was explained by the change in the central linker from a mix of
random coil and a-helix to fully a-helical upon complete Ca**binding. The 1:2 difference
spectrum (Figure 5-3, (a)) and the 1:4 difference spectrum (Figure 5-3, (b)) show similar
features of a decrease in random coil (orange arrow) and an increase in a-helix (black arrow)
for the Ca®* bound proteins. The large difference in signal of the two secondary structure
features is explained by a-helix having a larger transition dipole moment than random coil,
and therefore dominating the signal, as described in chapter (3). Differences between the
1:10 and 1:4 results are minimal which is to be expected as a maximum of four Ca* can bind
to one equivalent CaM. It is therefore suggested that the use of excess Ca?* within holo-CaM
has no adverse impact on the results, and it is deduced that the results from 1:10 and 1:4 are

qualitatively the same.

The 1:2 result shows very little difference between itself and that of the 1:4 and 1:10
difference spectra, indicating that two Ca?* bound to CaM has a more similar structure to
that of holo-CaM compared to apo-CaM. This finding is not unexpected as previous studies
have indicated that Ca?* bind to the C-domain first3>, and this results in the protein structure
changing from a closed state to an open state with the central linker becoming fully helical®®

—as is observed in the structure of holo-CaM.
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An observation to note in all three difference spectra is the presence of a negative signal
across the diagonal. This is a result of light scattering reaching the detector after passing
through the sample. This is not observed in the raw spectra (Figure 5-3) as the signal size of
the amide | dominates this lower scatter signal. As the differences in secondary structure are

small (5-6%, from chapter (3)) this has enhanced the scatter signal.

Thermal measurements of CaM in the presence of different ratios of Ca* were also
performed by heating the protein samples from 20 °C to 80 °C, as in chapter (3). PCA, a
multivariate analysis method which extracts trends in datasets, was carried out on these data
with analysis performed individually for each ratio dataset. Two PCs were used to describe
the data for each analysis and PC spectra and trends for the 1:2 analysis are shown as an

example in Figure 5-5.

The PC1 spectra for each analysis consisted of two peaks, a negative peak on the diagonal
(Figure 5-5 (a), red peak) and a positive peak off the diagonal (blue peak). This correlated to
the average spectra for all spectra in the datasets, which is confirmed by the temperature
independent trend from PCA (Figure 5-5 (c), black) and comparison between the average

spectrum for the 1:2 dataset and the PC1 spectrum (Figure 5-6).
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Figure 5-5 PCA results for 1:2 CaM:Ca?* showing a) PC1 spectrum, b) PC2 spectrum, and c) trends for PC1 and PC2.
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Figure 5-6. Comparison between a) average spectrum, and b) PC1 spectrum for 1:2 CaM:Ca?*.

PC2 was temperature dependent (Figure 5-5 (c), red) with the spectra for all ratios showing
a peak pair at 1640 cm indicating a loss of a-helix, and a peak pair at 1655 cm™ indicating a
gain of random coil with increasing temperature (Figure 5-7). The results from these thermal
measurements will not be discussed in detail here in this chapter as they are comparable to
those achieved in chapter (3). Briefly, the 1:2 PC2 spectrum (Figure 5-7 (b)) shows more
similarities with the PC2 spectra of 1:4 (Figure. 5-7 (c)) and 1:10 (Figure 5-7 (d)) CaM:Ca*
than the PC2 spectrum of apo-CaM (Figure 5-7 (a)). This is determined by the position of the
random coil peak where is it positioned at higher wavenumber (~1660 cm™) for apo-CaM
compared to the Ca?* bound spectra (~1650 cm™). This is highlighted by the black arrows in

Figure 5-7.
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Figure 5-7. Individual PC2 spectra from 2D-IR thermal measurements (20 °C to 80 °C) of a) apo-CaM, b) 1:2 CaM
to Ca?, c) 1:4 CaM to Ca?*, and 1:10 CaM to Ca?*.

Analysis of the percent change in the 1640 cm™ signal amplitude over the temperature range
measured for the Ca?* bound CaM at different ratios was calculated using the transition
dipole moment, d(w)™ discussed in chapter (3). Briefly, a ratio of the linear IR spectrum and
the diagonal of the 2D-IR spectrum is calculated for each measurement using equation 5-1,
with each measurement multiplied by the maximum signal of the FTIR plot at 20 °C divided
by the maximum signal of the 2D-IR diagonal at 20 °C.

2DIRT (w) 0D?°

rel —
d(w) FTIRT (w) AOD20

(Equation 5-1)
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The resulting spectrum was fitted to two Gaussian functions and the amplitude of the 1640
cm™ peak was used to calculate the percentage difference in signal size from the lowest
temperature measurement (20 °C). The results of the percentage change in signal size
provided good agreement across all three ratios with a decrease in signal size observed of
approximately 65% (Figure 5-8). This is not an indication of predicted decrease in a-helix
content or helical population, but it does show that the changes in signal intensity from the

FTIR and 2D-IR diagonal data are comparable across the CaM bound to Ca?* datasets.
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Figure 5-8. Transition dipole moment, d(w)", calculations of percent change in signal amplitude over the 20 °C to
80 °C temperature range for the three different ratios of CaM to CaZ* measured: 1:2 (black), 1:4 (red) and 1:10
(blue).

These CaM to Ca?* ratio results suggests that binding of just two Ca?* to CaM produces a
similarly rigid structure to that of holo-CaM. This can be explained from not only the change
in the central linker but also from the findings from MD simulations of apo-CaM (reproduced
here in Figure 5-9 specifically the RMS-fluctuation (RMS-f) results which show that the C-
domain (residues 90-148) is the more flexible domain (Figure 5-9 (d)). The apo-CaM (black)
C-domain has higher RMS-f values than the holo-CaM C-domain (red). The N-domain, by
contrast, does not undergo a drastic change in flexibility upon Ca? binding. Binding of Ca?*
to the C-domain rigidifies it, bringing the flexibility of the domain to a similar degree as that
of the apo-CaM N-domain. Therefore, when the final two Ca%* are bound to the N-domain,
the degree of additional rigidification is minimal. Hence why little difference between the 1:2

CaM to Ca?" and the holo-CaM results are detected.
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Figure 5-9. MD simulation results of apo-CaM and holo-CaM over 1 millisecond with a) the average structure of
apo-CaM over the simulation, b) the average structure of holo-CaM over the simulation, c) the RMS-distance
results for both states indicating the degree of flexibility over the simulation, and d) the RMS-fluctuation indicating

the flexibility in individual residues in apo-CaM (black) and holo-CaM (red).

5.4.2 TFP binding to CaM
A series of FTIR spectroscopy measurements were performed with different ratios of TFP and

Ca?* bound to CaM (Table 5-1), resulting in 36 separate measurements at room temperature.
Analysis of the spectra was performed on the amide | region only (1600 cm™ to 1700 cm™),

with each spectrum normalised to the maximum of the amide I.

The spectra show a peak centred at approximately 1645 cm™ (Figures 5-10 (a) and (b)
showing apo-CaM and 1:10 spectra, respectively) with the peaks broadly similar across all
measurements, although when zoomed in, the amide | peak shifts to higher wavenumber
with increased binding of TFP (Figures 5-10 (c) and (d), brown to green). The shift is subtle
with only a 1.6 cm™ shift occurring for apo-CaM from zero TFP molecules present (peak

position 1644.6 cm™) to ten TFP molecules present per CaM (peak position of 1646.0 cm™™).
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Table 5-1. List of different ratios of Ca?* and TFP bound to CaM which constitutes the measurements by FTIR and

2D-IR, all performed at room temperature.

CaM:Ca?*[1:0] CaM:Ca?**[1:2] CaM:Ca?**[1:4] CaM:Ca?*[1:10]
0 0 0 0
0.25 0.25 0.25 0.25
0.5 0.5 0.5 0.5
TEP:CaM 0.75 0.75 0.75 0.75
*-a 1 1 1 1
2 2 2 2
3 3 3 3
4 4 4 4
10 10 10 10
1 ] —0 _CaM . —0
. 10 a) apo-CaM 095 b) holo CaM, 0.25
o' ' 0.75 0.75
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Figure 5-10. Normalised amide | region FTIR spectra for a) apo-CaM (zoomed (c)) and b) holo-CaM (1:10 CaM:Ca?*)
(zoomed (d)). Legend numbers are TFP:CaM ratios.

The 36 measurements (Table 5-1) were also performed with 2D-IR spectroscopy using a pulse

shaper approach. A pulse shaper does not require manual phasing — it uses predetermined

134



waveforms; therefore, no autocorrelation is needed to calculate time zero. All the

measurements were taken using the same waveforms.

Visually, the spectra are similar (Figure 5-11 showing representative spectra) with each
spectrum comprising of two peaks, a negative on diagonal peak (red) and a positive off
diagonal peak (blue). The diagonals were extracted (Figure 5-12) and it can be seen that, like
the FTIR spectra, the peaks are broadly similar and centred at approximately 1645 cm™ but
enhancing the peak highlights a shift to higher wavenumber with increasing TFP ratio (Figures

5-12 (c) and (d)).
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Figure 5-11. 2D-IR spectra from pulse shaper system for a) apo-CaM without TFP, b) 1:10 apo-CaM_:TFP, c) holo-
CaM (1:10 CaM:Ca?*) without TFP, and d) 1:10 holo-CaM:TFP.

135

0bx



1.0
a 0.8+
o
T 064
0
®
E 044
=
=
0.2
00.|a) Apo-CaM —*  |b) Holo-CaM " —
1600 1620 1640 1660 1680 1700 1600 1620 1640 1660 1680 1700
Wavenumber (cm™) Wavenumber (cm™)
0.2 \
a
(]
® 0
% — 025
05
E 075
= 1
2
3
0.0 4 JE—)
c) zoomed apo-CaM ——10 |d) zoomed holo-CaM  — o
1640 1644 1648 1652 1640 1644 1648 1652
Wavenumber (cm™) Wavenumber (cm™)
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543 PCA
PCA was performed on each of the FTIR, 2D-IR and 2D-IR diagonal CaM:Ca?*:TFP datasets.

The results of PCA were three distinct PCs which were responsible for describing the majority
of the variance within each dataset (99.99%, 99.82%, and 99.88% of the variance for the FTIR,
2D-IR and 2D-IR diagonals datasets, respectively). The results of each individual PC will be

discussed in detail later in the chapter.

The PC2 and PC3 components for each dataset have been used to separate the spectra into
groups based upon their binding of Ca?* or TFP to CaM to give an overview of the PCA results
(Figure 5-13). The five groups present are: apo-CaM (black), apo-CaM with TFP bound (apo-
CaM; TFP, red), Ca?* bound CaM (CaM:Ca?* in the ratios 1:2, 1:4 and 1:10, blue), Ca** and TFP
bound CaM (Ca%*-bound CaM;TFP, pink), Ca%* bound CaM with TFP present with a ratio of
less than 1:1 CaM:TFP (Ca?*-bound CaM/TFP < 1, green).
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The PCA groupings for the FTIR spectra provide good distinction between groups except for
Ca?*-bound CaM and Ca%*-bound CaM/TFP < 1 which were unable to be separated (Figure 5-
13 (a)). This is not surprising as a ratio of less than 1:1 CaM:TFP would suggest minimal
binding has occurred. Both PC2 and PC3 appear to contribute to the separation of the groups
with the biggest separation occurring between apo-CaM spectra and Ca** bound spectra. PC2
appears to contribute more to the separation between apo-CaM and TFP binding, while PC3

appears to contribute more to the separation between Ca?*-bound CaM and TFP binding.

The PCA groupings for the whole 2D-IR spectra can only provide good separation between
the Ca?* free and Ca?* bound spectra. This requires both PC2 and PC3 to completely separate
the groups. There is overlap between Ca?*-bound CaM spectra and Ca*-bound CaM bound

to TFP spectra which are not able to be separated.

The 2D-IR diagonal analysis can provide some separation of data, a clear separation of Ca?*
binding, with TFP binding of holo-CaM being unable to be separated completely. Separation

of apo-CaM and apo-CaM/TFP is minimal.

It initially appears that FTIR is better suited for protein-ligand analysis compared to 2D-IR
spectroscopy. However, the spectral features associated with PC2 and PC3 will now be
interrogated for each of the three analyses to comprehend how each contributes to the

understanding of protein-ligand binding.
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5.4.4 Principal Component one
The major component of the FTIR PCA (PC1, 99.26% of variance) was independent of changes

in concentration of TFP and Ca?* (Figure 5-14 (d)), with the corresponding spectrum showing
the average of the amide | peak in all measurements (Figure 5-14 (a)). Deviations in the trend
were seen for the 1:2 CaM:Ca?* set (red) at TFP ratios of three and ten due to bubbles in the

samples affecting the spectral features and therefore removed from analysis.

PC1 of the 2D-IR data accounted for 98.58% of the variance. This component is the average
spectrum of the 36 measurements, as with the results from the FTIR PCA and is independent

of changes in concentrations between the samples (Figures 5-14 (b) and (e)).

PC1 of 2D-IR diagonals accounts for a variance of 99.52%. As with the FTIR and 2D-IR results
it is independent of concentration of TFP and Ca?* (Figure 5-14 (f)) and the spectrum
represents the average diagonal spectrum (Figure 5-14 (c), inverted to show consistency with

the FTIR spectrum).
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Figure 5-14. PC1 spectra for a) FTIR, b) 2D-IR and c) 2D-IR diagonals (inverted), and their associated trends, d)
FTIR, e) 2D-IR and f) 2D-IR diagonals.

5.4.5

Principal Component two

The FTIR PC2 results describes 0.67% of the variance in the data. The spectrum shows two
distinct peaks, a positive peak at 1635 cm™ and a negative peak at 1655 cm™ (Figure 5-15 (a)).

The component is dependent on the concentration of both TFP and Ca?, as indicated by the
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trends (Figure 5-15 (d)). The apo-CaM trend (black line) is significantly different from the Ca%
bound trends, with an amplitude range of approximately -0.2 to -0.45, compared to all the

* bound trends which range from approximately 0.2 to -0.1. All Ca?* bound trends are
similar which is unsurprising after the results of the Ca? ratio measurement described earlier;
the central linker is fully helical in all three Ca?" states with the protein in an open

conformation, therefore exposing the TFP binding sites.

After the CaM:TFP 1:1 ratios the trends tend towards negative values with an apparent
levelling off at 1:3 CaM:TFP for the Ca* bound CaM (except for 1:2 which is still observing

the same bubble affects present in the PC1 data).
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Figure 5-15. PC2 spectra for a) FTIR, b) 2D-IR and c) 2D-IR diagonals, and their associated trends, d) FTIR, e) 2D-
IR and f) 2D-IR diagonals.

PC2 of the 2D-IR dataset accounts for 1.12% of variance. The spectrum comprises of three
horizontal peaks, a positive peak at 1640 cm™, 1600 cm™ (pump, probe), the second peak is
negative at 1640 cm™, 1640 cm™ (pump, probe), and the third peak is 1640 cm™, 1660 cm™
(pump, probe), (Figure 5-15 (b)). This series of positive-negative-positive peaks off the
diagonal suggests a shift to higher wavenumbers along the pump axis with binding of both
Ca?* and TFP to CaM. This is confirmed by simulating the difference spectrum between two
2D-IR spectra with peaks at different pump frequencies (Figure 5-16). Simulating the

difference spectrum was done by creating 2D-IR spectra by using a 2D-Guassian function
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(Equation 5-2), where A is amplitude of peak, xo, X1, Yo, and y1 are the centres of the ESA and

bleach peaks, and oy and o, are the spectral spread.

( (x—xo)z) ((y—yo)2> < (x—x1)2> ((y—yl)z)
2 2 2 2
f(x,y) = Ae' ?°x 2oy" J — Ae\ %%« 20y (Equation 5-2)

The spectra were simulated with different pump frequencies but the same amplitudes. The
spectrum of higher pump frequency was subtracted from the spectrum of lower pump
frequency, resulting in the simulated difference spectrum. This shift to higher wavenumber

is similar to what is observed for the PC2 spectrum of the FTIR data.

The trend for PC2 is nosier than the FTIR trend, however it does still separate out apo-CaM
from the Ca?* bound trends with a decrease in PC loadings for the Ca?* bound trends (Figure
5-15 (e)). The apo-CaM loadings, however, appears to have very little difference from 1:0 to

1:10 CaM:TFP ratios, remaining at approximately -0.2.
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Figure 5-16. a) Simulated difference spectrum between two 2D-IR spectra with peaks at different pump
frequencies, and b) the PC2 2D-IR spectrum.

PC2 of the 2D-IR diagonals accounts for 0.19% of the variance in the data. The spectrum
comprises of a positive peak at 1640 cm™ and a negative peak at 1660 cm™ (Figure 5-15 (c)).
The trend for the PC2 of the diagonals does not suggest a difference between apo-CaM and
Ca?" bound, unlike the FTIR and 2D-IR counterparts, however there does appear to be a shift

with increasing TFP (Figure 5-15 (f)).
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The positive peak in all three PC2 spectra, along with the associated PC2 loading plot,
corresponds to a loss of a-helix structure, and the negative peak corresponds to a gain in
random coil as the ratio of TFP increases. As the PC2 loadings for all of the Ca* bound 1:10
CaM:TFP is approximately the same as the apo-CaM 1:0 CaM:TFP PC loading, and it is known
that apo-CaM has less a-helix structure than holo-CaM, it shows that with TFP binding to
CaM, a loss of a-helix occurs. Holo-CaM bound fully to TFP has a similar amount of a-helix as
apo-CaM does. This loss of a-helix can be seen in Figure 5-2 where binding of TFP causes CaM

to close and become more compact with each TFP bound.

5.4.6 Principal Component three
A significant difference between this work and that of chapter (3) is there is a further PC from

this dataset highlighting the complexity compared to just the two PCs which are present in

chapter (3).

PC3 of the FTIR data accounts for 0.06% of the variance. This equates to a PC spectrum 90
times smaller in intensity than PC1. The spectrum is a series of positive (1630 cm™, 1645 cm"
! and 1664 cm™) and negative peaks (1621 cm™, 1637 cm™, 1652 cm®, and 1682 cm™?) (Figure
5-17 (a)). This suggests either red shifting or blue shifting of components underlying the
amide | band; however, it is not possible to determine which direction shifting is occurring as

there is approximately even spacing of seven or eight wavenumbers between the peaks.

The trends for the PC3 of the FTIR data show a steep increase in the PC loadings from 1:1 to
1:4 CaM:TFP for Ca?* bound CaM, then a levelling off to 1:10 CaM:TFP (Figure 5-17 (d)). In
contrast, the apo-CaM trend is a constant small gradient up until 1:10 CaM:TFP. These
differences in trends give a compelling argument that binding of TFP to apo-CaM and holo-

CaM is different.

PC3 of the 2D-IR dataset accounts for 0.11% of the variance. The spectrum comprises of a
series of negative and positive peaks along the diagonal (Figure 5-17 (b)) with the 1640 cm?
(positive) and the 1660 cm™ (negative) peaks notably more intense than the other peaks
present along the diagonal. Although PC3 for both FTIR and 2D-IR accounts for only a small
portion of the data, confidence in the results can be taken as both comprise of the same

spectral features.

The trends for PC3 of the 2D-IR data are again noisier than the FTIR PC3 trend and the clear
trend from 1:1 to 1:4 CaM:TFP is not present for the Ca?* bound spectra (Figure 5-17 (e)).
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Also, there is no gradual change for apo-CaM, it appears there is very little change with the
PC loadings remaining at approximately 0.2 across the different TFP ratios. The separation

between apo-CaM and Ca%* bound CaM is not as clear to see as in the FTIR PC3 trends.

PC3 of the 2D-IR diagonals accounts for 0.17% of variance and, again, the spectrum comprises
of a series of positive and negative peaks (Figure 5-17 (c)). As with the whole 2D-IR PC3
spectrum, the 1640 cm™ and 1660 cm™ peaks are more intense than the rest. The clear trend
from 1:1 to 1:4 CaM:TFP in the FTIR PC3 trends is not present again in the 2D-IR diagonal PC3,
however, there is a clear separation between apo-CaM and Ca?** bound CaM which was not

present in whole 2D-IR analysis (Figure 5-17 (f)).

Between the FTIR and 2D-IR diagonal trends changes in the Ca?* bound CaM froma 1:1to 1:4
CaM:TFP ratio are observed, with the levelling off from 1:4 to 1:10 indicating fully bound CaM
with four TFP molecules as previously suggested in the literature'*%21, The continued rise of
the apo-CaM from 1:1 to 1:10, albeit at a less steep gradient, suggests that binding occurs to
apo-CaM across this TFP concentration range, as the PC3 spectral changes are present, but a

larger quantity of TFP is required to result in the same binding effect.
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Figure 5-17. PC3 spectra for a) FTIR, b) 2D-IR and c) 2D-IR diagonals, and their associated trends, d) FTIR, e) 2D-
IR and f) 2D-IR diagonals.
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Although the 2D-IR trends do not provide distinction between binding as seen for the FTIR
trends, 2D-IR is able to confirm that the spectral features observed are the result of binding

through comparable PC3 spectral features and the presence of cross peaks.

A difference spectrum was calculated by subtracting the apo-CaM spectrum from the 1:4:4
CaM:Ca?":TFP 2D-IR spectrum (Figure 5-18 (a)). This difference spectrum was chosen as the
PC3 trends suggest that there is a distinct difference between these two spectra; apo-CaM
has a PC3 loading value of -0.2 and 1:4:4 has a value of 0.3. This resulted in a spectrum which

comprised of the series of positive and negative peaks which are observed in PC3.

Two slices from the pump axis correlating to the frequencies of two PC3 peaks, 1621 cm
and 1664 cm™ were examined (Figures 5-18 (b) and (c), respectively). Series of peaks were
present across both slices associated with the spectral features observed in PC3 which
confirm the presence of off-diagonal cross peaks in the 2D-IR difference spectrum (peaks
indicated on the 2D-IR spectrum by *). Seven peaks were observed from the PC3 and the
same seven frequencies were observed in both of the pump slices (including on-diagonal
peaks). Cross peaks confirm that coupling has occurred between difference vibrational
modes. Coupling arises when two chemical bonds are close enough that the vibrations from
one mode influence the other and as such cause the second mode to vibrate. This suggests
that the features observed in PC3 are the result of changes due to binding and not an artefact
of random noise, which is further evident by the series of peaks being present in other
difference spectra between multiple raw spectra (Appendix 2). Thus, the next step shall be

assigning the peaks.
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Figure. 5-18. 2D-IR difference spectrum of 1:4:4 (CaM:Ca?*:TFP) minus apo-CaM. Black dots indicating small cross

peaks present at frequency of electrostatic peaks.

These series of peaks in the PC3 spectra have been ruled out as individual amino acids
changes due to binding of TFP. This has been determined as only two amino acids have side-
chain absorption in the 1600 to 1700 cm™ region in deuterated solvents which correspond to
the wavenumbers of interest. These are glutamine (GIn) and Asparagine (Asn)3"3® (Figure 5-
19). There is a total of twelve of these amino acids in CaM which comprise 8% of the sequence
(Figure 5-19, 12 out of 148 residues). However, only one Gin residue is involved in TFP binding
(Figure 5-19) and therefore this series of seven peaks from PC3 are unlikely to be the result
of changes in one residue which only has side-chain absorption between 1635 cm™ and 1654

cm™.
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Figure 5-19. Amino acid sequence of CaM (top). Residues in red have side-chain absorption in the frequencies of
the PC3 peaks, with the bold residue involved in binding of TFP (only the second Gin in the sequence). Spectrum
(left) from37 showing amino acids with side chain absorption in the amide I region. Table (right) listing the amino
acids in CaM involved in TFP binding.

These types of peaks have been determined to be a result of changes in the protein structure
from the reorientation of the secondary structures present in CaM to accommodate further
TFP molecules. As it is a result of binding, and not just structure change, there is a bigger
difference between the FTIR trends of apo-CaM and Ca®* bound CaM than from the

difference in trends observed in PC2.

For both the 2D-IR and 2D-IR diagonals PC3 intense peaks at approximately 1640 cm™ and
1660 cm™ are observed (Figure 5-17 (b) and (c)). These can be assigned to a-helix and random
coil peaks, respectively, which show a change in structure with binding of both Ca?* and TFP

to CaM.

It is important, therefore, to have access to the whole 2D-IR spectrum for confirming details
via cross peak analysis and analyse both the whole 2D-IR spectrum and its diagonal to confirm
that structural changes are occurring. To get the complete understanding of the binding
effect of the Ca?* and TFP to CaM, analysis of both 2D-IR and FTIR is required, this follows
from one of the conclusions from chapter (3) that utilises both linear IR and 2D-IR in
calculating the relative transition dipole spectra for determining the structural change

occurring.
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5.5 Conclusions and further work
The effects of binding different ratios of Ca?* and TFP to CaM on the structure of CaM has

been investigated by both linear IR spectroscopy and 2D-IR spectroscopy, utilising PCA as a
method to elucidate the structural changes from the large dataset. 2D-IR was first used to
analyse the impact of binding different ratios of Ca?* to CaM would have on the structure of
CaM as it is known to occur in a two-step cooperative process. The results built upon those
from Chapter (3) where distinct differences between apo-CaM and holo-CaM (Ca?* saturated
CaM) were detected in the structure and stability. There was little difference between the
ratios 1:2, 1:4 and 1:10 CaM:Ca?* due to the fact that the more flexible domain, C, binds two
Ca?* first allowing this domain to become rigid, and the central linker becomes fully helical
which changes the tertiary structure from closed to open — exposing potential binding sites
for other molecules. Binding of two further Ca% to the N-domain does not induce as large of
a change as the N-domain was more rigid in the apo-CaM form, as indicated from MD
simulations. As a maximum of four Ca?* can bind to an equivalent one CaM, there is little

difference from binding four Ca?* as opposed to saturating with ten Ca?* ions.

Different ratios of Ca?* and TFP bound to CaM were investigated with FTIR and 2D-IR
spectroscopy. The large datasets were analysed using PCA and two binding dependent PCs
were extracted. FTIR measurements were able to be separated into distinct binding groups
for both calcium and TFP binding. 2D-IR and their diagonals produced less separations, with
only distinguishing between calcium bound and unbound spectra, however, were able to

provide evidence for the changes observed.

The PCA spectral features and trends were examined for each PC and comparisons were
made between FTIR, 2D-IR and 2D-IR diagonals. Two distinct changes with binding of TFP
were established in PC2 and PC3. The largest of the two changes was a loss of a-helix and a
gain of random coil with the addition of each equivalent TFP up to four equivalent TFP for
the Ca?* bound CaM. There was little change with less than one TFP bound. The second,
smaller change detected with TFP binding were changes in the overall structure of CaM
possibly due to reorientation to accommodate further TFP molecules, again up to four
equivalent TFP for Ca?* bound CaM. This confirms the maximum number of Ca?* that can bind
to holo-CaM which had been an area of uncertainty in previous publications. Binding to apo-

CaM was also confirmed, though as the trend differs from that of the Ca?* bound CaM data
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it confirms that the binding is performed by a different mechanism and suggests that the

binding affinity of TFP to apo-CaM is lower compared to Ca%.

PC3 which describes the changes in overall structure only contributed to a small amount of
variation in the data, however 2D-IR cross-peak examination confirmed that the spectral
features were real structural changes and not the result of noise in the spectra. Therefore,
the best approach of extracting maximum information of the protein-drug binding has been

shown to be with a combination of FTIR and 2D-IR spectroscopy.

5.6 Technical Note
The 2D-IR spectra presented in this chapter were originally performed using an

interferometer approach which was utilised in chapter (3). However, issues arose in the data
qguality when trying to analyse the small spectral differences that were present with TFP
binding to CaM. These issues and the reason why the implementation of a pulse shaper was

required will be discussed in this technical note.

The same set of 36 measurements were performed using a 2D-IR interferometer approach,
prior to the pulse shaper setup. The data was processed via the PCA method and three
distinct PCs were determined (99.54% of total data). As with previous results, PC1 was the
average spectrum of all measurements and accounted for 98.90% of variance and was
independent of concentration changes (Figure 5-20(a) and (d)). PC2 consisted of a series of
positive and negative peaks on the anti-diagonal. This PC accounted for 0.49% of the variance
(Figure 5-20 (b) and (e)). In comparison to the pulse shaper data, the trends for PC2 were
varied and showed no pattern from the measurements. PC3 consisted of two peaks on the
diagonal, a positive peak at approximately 1640 cm™, attributable to a change in a-helix
structure, and a negative peak at approximately 1660 cm™, attributable to a change in
random coil structure (Figure 5-20 (c) and (f)). This PC3 accounted for 0.16% of the variance.
The trend for PC3 in comparison to PC2 follows more of a pattern to the measurements, with
the same levelling off trend for the Ca?* bound CaM datasets at a CaM:TFP ratio of 1:4 that

was seen previously in the FTIR data and the pulse shaper data.
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Figure 5-20. PCA results of 2D-IR data collected using an interferometric approach with PC spectra (top) and trends
(bottom) for PC1 (left), PC2 (middle) and PC3 (right).

The spectra produced from PCA were noisy and the trends produced do not follow the same
pattern as FTIR, especially the PC2 trend. The PC2 accounted for more variance than PC3 but
appears to be a random trend that does not fit with the measurements. One of the benefits
of PCA is its ability to pick out trends from random noise, therefore it is assumed that the PC2
spectrum and trend are not the result of random noise. To further develop the accuracy of

the data, it is important to understand where this information is produced from.

Very small changes in the protein are now being detected with this dataset — electrostatic
properties are small changes therefore any inaccuracies in the processing of the data will

impact the results that are acquired through PCA.

The interferometric method used involves a processing step of “phasing” all the spectra
manually using the projection slice theorem?®%#, It is stated that the phase should be accurate
to 0.2 to 0.4 fs*, i.e. time zero must be determined to a high accuracy in order to get the
correct resulting 2D-IR spectrum. The method used to phase the interferometric data is
performed in a way that time zero is accurate to below 0.4 fs, therefore within the
recommended window. However, the differences that are currently being extracted are so

small that an accuracy of 0.2 to 0.4 fs for time zero is not enough.

149



A phasing test was performed on one spectrum where it was purposely phased incorrectly
by a small amount three times. These three spectra plus the predicted correctly phased
spectrum were analysed with PCA (Figure 5-21). The resulting PC1 spectrum was the average
spectrum of the four spectra as expected, however the PC2 spectrum was a series of three
peaks on the anti-diagonal, similar to the PC2 spectrum from the interferometer TFP dataset.

This suggests that there are errors in the phasing of this TFP dataset.
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Figure 5-21. Phasing test comparison of "real" dataset (PC3 spectrum from CaM:Ca?* 1.4, left) and the generated

spectrum from the test data (right).

There is difficulty is producing a more accurate time zero manually as the projection slice
theorem does not always have a “clean” spectrum to compare against a predicted spectrum
(Figure 5-22). This results in inaccuracies between the predicted spectrum and the
experimental spectrum. Therefore, a secondary check is made by examining the resulting 2D-
IR spectrum by eye. However, it is difficult to determine a more accurate time zero below 0.4

fs by eye as all the spectra at this level appear to be phased correctly.

150



ReFFT projected onto probe axis

1 Pump probe V]

Amplitude

flip phase

1 1
0 10 20 30 40 50 60 70 80 9 100 110
Pixel

1 1
120 130

Figure 5-22. Display from data analysis showing projected slice (white) against experimental data (red).

A method has been developed using PCA to reduce these discrepancies in phasing. The
absolute correct phase cannot be determined for the correct time zero, but a common phase
can be determined to ensure all spectra are phased to the same degree. This has been done
by “phasing” the data £ 0.05 rad and £ 0.1 rad from the predicted phase calculated by the
projection slice theorem. This change is still within the range of 0.2 to 0.4 fs and all spectra

appear to be correctly phased by visual inspection with no obvious distortion to the spectra.

This results in five plots of differently phased data for each of the 36 measurements, i.e. 180
spectra in total. PCA analysis was performed on these 180 spectra and the resulting PC2

spectrum showed a distinct phasing pattern (Figure 5-23).
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Figure 5-23. Resulting PC2 spectrum of PCA phasing elimination data.
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Where the loading value is closest to zero for each of the 36 measurements out of the five
“phasing” plots, i.e. the points closest to the horizontal line for each TFP ratio measurement
(Figure 5-24), this is deemed the common phase for all spectra. These spectra selected from

the zero loadings and are commonly phased for each measurement were processed via PCA.
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Figure 5-24. PC loadings of phasing data for each of the four datasets, a) apo-CaM, b) 1:2, c) 1:4, and d) 1:10.

Horizontal line demonstrates point of common phase.

The resulting PC2 spectrum from this commonly phased dataset (Figure 5-25 (b)) shows a
reduced phasing error compared to the previous PC2 of the interferometer 2D-IR data (Figure
5-25 (a)). The electrostatic peaks are now highlighted in this newly acquired PC2, however,
the trends as still poorly resolved suggesting phasing issues may still be affecting the data
(Figure 5-25 (c) showing old PC2 trend and (d) showing new PC2 trend). This method of
finding a common phase via PCA is also time consuming and does not eliminate the error of
not having the true time zero. It was for this reason that the decision was made to develop

the pulse shaper 2D-IR method, as this eliminated the ambiguity of phasing. The pulse shaper
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method also allowed for faster data acquisition (45 minutes versus 6 minutes per 2D-IR

spectrum) which would be beneficial if a T-jump 2D-IR experiment was to be conducted.
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Figure 5-25. Comparison of PC2 results for interferometer data before (left) and after (right) phasing elimination.
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6 Conclusions and Further Work

In chapter (1) 2D-IR spectroscopy coupled to the multivariate analysis method PCA to extract
changes in secondary structure of proteins upon perturbations, such as heating and ligand
binding, was introduced. The importance of understanding the structure of proteins was
presented along with the current methods of analysing secondary structure. Analysis using
the amide | vibrational mode from IR spectroscopy and the subsequent data processing was
reviewed with spectral features of the band encompassing information about a variety of
secondary structures. Extracting the assignments from the convoluted band was deemed to
be difficult and the technique of 2D-IR spectroscopy was introduced as a means of elucidating
information by spreading the spectral contents onto two frequency axes, a detection axis and
an excitation axis. The addition of 2D-IR spectroscopy’s ability to measure ultrafast dynamics
on the femtosecond to picosecond timescale was discussed as an advantage of the method
over conventional secondary structure techniques such as CD spectroscopy and X-ray

crystallography.

2D-IR spectra are complex plots which contain large amounts of information relating to the
sample and subsequently data processing to extract information on structural features is
desired. The multivariate analysis method of PCA has been proven to be an effective method

of extracting trends in datasets from linear IR spectroscopy.

In chapter (3) thermal studies on the previously well-characterised protein, calmodulin, were
investigated by 2D-IR spectroscopy with the use of PCA and results corroborated by other
techniques. CaM is a calcium binding messenger protein that is predominately a-helical in
structure with two globular domains separated by a flexible central linker. Upon binding up
to four Ca?* ions the structure becomes elongated and the flexible central linker rigidifies and
adopts a fully helical structure. Previous studies have reported the inherent thermal stability

of CaM, especially the holo-CaM state.

2D-IR in combination with PCA reproduces the temperature-dependent trends recovered
from CD spectroscopy. The results revealed a situation in that changes in the 2D-IR signal
caused by large changes in temperature included thermally induced alterations in coupling
as well as secondary structure transitions. Holo-CaM was used as a reference to extract only
information relating to secondary structure from the apo-CaM state. The 2D-IR results go

beyond conventional linear IR spectroscopy whereby the signal is not as sensitive to

158



thermally induced relaxation of coupling within the a-helices as 2D-IR and CD spectroscopy.
Combining the linear and 2D-IR measurements of apo- and holo-CaM via the transition dipole
approach and cross-referenced with DSC data suggested that the derived lower values for
the secondary structure change are likely to be closer to the actual values than numbers

derived independently from CD or 2D-IR obtained without comparing to a reference sample.

The structural change between apo- and holo-CaM was also probed by 2D-IR spectroscopy.
Without the thermal effects needing to be accounted for, an accurate change of a few
percent in a-helices was determined, proving 2D-IR spectroscopy to be a sensitive technique

for structural change determination.

In chapter (4), following on from the equilibrium measurements from chapter (3), the non-
equilibrium dynamics of CaM were probed with the development of a T-jump TRIR
experiment which was capable of measuring the initial processes of protein unfolding. The
system was calibrated with TFA and the temperature rise was determined to be 9 °C. As with
chapter (3), the use of a reference sample (holo-CaM) as a control to measure the thermally
induced changes in H-bonding without a secondary structure transition being present was
found to be of benefit. This allowed extraction of domain melting timescales beginning on
microsecond timescales with a-helix destabilisation. These observations enabled the
assignment of previously reported dynamics of CaM on hundreds of microsecond timescales
to thermally activated melting. Therefore, a complete mechanism for thermal unfolding of

CaM was produced.

This setup is different from previous T-jump TRIR experiments as it employs a pump laser
chopped at 500 Hz allowing for quicker acquisition of data. This would provide the basis for
developing a 2D-IR T-jump setup in the future. Although, future setups would benefit with a
pulse shaper approach as opposed to the interferometer approach utilised in chapter (3) due

to the long acquisition times required for 2D-IR T-jump.

In chapter (5) FTIR and 2D-IR measurements using a pulse shaper were obtained. CaM was
bound to a series of different Ca** and TFP ratios creating large datasets. PCA was able to
effectively separate the FTIR results into distinguishable group of different types of binding
to CaM. The 2D-IR whole spectra analysis and the diagonals did not provide separation to the
same degree, with only the calcium bound and unbound spectra split. However, the spectral
features of 2D-IR were able to provide evidence for the structural changes that were

observed with binding. With TFP binding and calcium binding a loss of a-helix structure was
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seen and a change in the electrostatic properties of the protein. Therefore, the complete

picture on protein binding was achieved by utilising both FTIR and 2D-IR spectroscopy.

The changes observed in chapter (5) were smaller than the large thermal transitions seen in
chapter (3). The 2D-IR laser system was developed further during this chapter from an
interferometric approach to the pulse shaper. This was a necessary development as the
manual phasing of the interferometer approach limits the accurate detection of small
changes in structure upon protein binding. This manual phasing issue was eliminated with

the pulse shaper approach.

This updated pulse shaper system is still a developing laser system and further work in
optimising the parameters to extract the best data is required. Factors of concern that can
be optimised to influence the data include the acquisition times, the bandwidth, smoothing
of data by different methods including apodization, and limiting the amount of atmospheric

water in the system.

Overall this project has shown PCA coupled to 2D-IR spectroscopy to be an effective method
for extracting and quantifying trends from protein datasets. Continued improvements on
laser systems will increase the effectiveness of PCA on detecting small changes in protein
structure. New laser setups have been developed through this project including a T-jump
TRIR system that has been shown to uncover fast initial unfolding dynamics on the
microsecond timescales. Future projects could include the development of a T-jump 2D-IR

experiment for the unfolding of proteins by utilising the findings from this project.
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Appendix
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Appendix 126. Example spectrum of apo-CaM at 20 °C showing full range of amide II' to amide I.
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Appendix 2. Additional difference spectra of CaM:Ca?*:TFP ratios highlighting the series of peaks observed in PC3
are present in multiple difference spectra (Chapter 5.4.6). Difference spectra are a) 1:10:10 (CaM:Ca?*:TFP)
minus apo-CaM, and b) 1:2:3 (CaM:Ca?*:TFP) minus apo-CaM.
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