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Abstract

In this thesis, the application of two-dimensional infrared (2D-IR) spectroscopy is evaluated
to provide a quantitative analysis of the protein content of blood serum. The foremost
challenge is obtaining protein measurements in physiologically relevant solvents as the most
informative infrared peak relating to protein studies, the amide | band, overlaps with the
bending mode of H,0, making label-free detection of the protein content in serum
challenging. This project demonstrates that 2D-IR can surmount the major obstacle to serum
protein analysis as the 2D-IR amide | signature of proteins is shown to dominate that of water.
Furthermore the link between protein secondary structure and the 2D-IR amide | lineshape
allows differentiation of protein signals in serum leading to clinically relevant measurements
of the biomedically important proteins. Detection limits for 2D-IR are also established

allowing projection of the sensitivity of 2D-IR for future applications.

Quantification of proteins is key for diagnosis and prognosis outcomes, however using 2D-IR,
standardisation of measurement protocols needs to be addressed in order to achieve this. A
new method is demonstrated for 2D-IR spectroscopy to internally normalise spectral signals,
allowing normalisation of the protein response to the thermal response of water which is
temporally separate from the protein signal, reducing the impact of measurement
fluctuations on the data. Furthermore, normalisation of sample signals enables calibration
curves of serum albumin to be produced allowing absolute protein concentrations to be

obtained using 2D-IR spectroscopy.

The application of 2D-IR is explored further and attempts to detect drug-binding at clinically
relevant levels to serum albumin are made. Changes in the secondary structure of albumin
are detected upon drug-binding however the complex nature of serum makes assigning

changes observed using 2D-IR challenging.



1. Introduction



1.1. Biofluids

A biofluid is a biological liquid that is either excreted (e.g. sweat), secreted (e.g. milk) or
obtained via a needle (e.g. blood) from the body. They contain information regarding the
human body that pertains to a patient’s health, which can be extracted and utilised to help
monitor health, aid in disease diagnosis, predict treatment outcomes and their studies have

the potential to develop personalised medicine.r

For certain diseases e.g. cancer, tissue biopsies are often required in order to formulate a
correct diagnosis however these procedures are invasive and can produce unappealing side
effects for patients.? This promotes the need for a minimally invasive procedure to provide a

diagnosis and to monitor disease progression.

Easily obtained, serum is a biofluid that can be routinely collected in the form of a
venepuncture procedure which collects a vial of blood from patients and the removal of
blood cells and clotting factors produces serum. Serum accesses virtually all parts of the body
and major organs, providing data from the circulatory system which contains a range of
potentially diagnostic chemical markers including the circulatory proteome and low
molecular weight peptidome as well as lipids, sugars and nucleic acids.»>® Serum is primarily
made up of water (~92%) and proteins (~7-8%)’ of which it contains > 20,000.8 The total
protein concentration ranges from 60-80 mg/mL%1® where the serum albumin (35-50 mg/mL)

and globulins (25-35 mg/mL) are the most abundant.!

Increases in the total protein concentration have been linked to breast cancer compared with
healthy patients and decreased albumin-to-globulin ratios have been linked to increased
mortality in cancer patients.!??* Often low levels of serum albumin in critical illness is
associated with a poor outcome?®. Studies have documented the association of low albumin
concentration to cognitive decline and chronic liver disease®™ ™ and chronic inflammations
typically result in the production of high globulin levels.1>*31° Protein concentrations such as
serum albumins, creatinine, immunoglobulins and prolactin are few of the many proteins

routinely tested in UK hospitals.?°

Current processes performed in clinics and hospitals throughout the UK for the analysis of
serum proteins typically involve the use of biochemistry and electrophoresis techniques.®
Immunoassays like the Biuret method is a common wet chemistry technique used for the

detection of total protein in solution however like many other wet chemistries, this



technique requires extensive sample preparation, large volumes (1 mL) of the biofluid being
assessed and can take up to several hours to achieve results. They also rely critically on the

availability of specific antibodies for proteins of interest.?%2

Electrophoresis involves the separation of molecules present in a biofluid via migration
through a matrix upon application of an electric field, separating the biofluid into various
fractions based on their molecular weight and electric charges.? Electrophoresis techniques
are also subject to interference with substances such as free lipids, drugs, haemoglobin and
bilirubin which can affect the results.?* Again this technique can often take several minutes
to hours to obtain results, requires lengthy sample preparation and the accessibility of

different support media depending on the type of test being performed.

In terms of developing a rival technique suitable for clinical environments, a robust, simple
and rapid approach is desired and efforts have been made to develop infrared (IR) absorption
spectroscopy techniques for the study of biofluids as IR absorption spectroscopy is especially

sensitive to the secondary structure of proteins.?>2®

1.2. Infrared Spectroscopy of Proteins

Infrared spectroscopy is a powerful tool used for structural determination of molecular
compounds including proteins. The absorption of IR radiation excites vibrational modes of
molecules, producing IR spectra with variations in intensity and frequency dependent on the

vibration of their interatomic bonds, orientation and their environment.?”?8

1.2.1. Molecular Vibrations

Molecular vibrations are a result of the balance between attractive and repulsive forces
between two covalently bonded atoms, and can be described using the Morse
oscillator.?®*%3% This balance is characterised by a minimum in the potential energy, V (1), of
the system which occurs at an atomic spatial separation that is equal to the natural bond

length, otherwise known as the equilibrium distance, ry.
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Figure 1.1: Morse potential of two covalently bonded atomic nuclei. Allowed vibrational

energy levels are shown.

Displacements from this equilibrium position are opposed by a restoring force, similar to that
of a mechanical spring, leading to oscillatory, vibrational motion. A Morse potential of a
chemical bond between two atoms is shown in Figure 1.1. With increasing displacement from
the equilibrium the bond can eventually be broken which is reflected as anharmonicity in the
Morse potential. With increasing displacements from 1, the potential energy between the

two nuclei tends to 0, resulting in an anharmonic potential well.

Bond vibrations are described quantum-mechanically and in doing so only specific vibrational
energy levels within the potential are permitted. The allowed potential energy of these
discrete levels in the potential well (E,,) is described below:

2 1 3

1 1 ,
E, = (v + E) Ve — (v + E) XeVe + (v + E) YeVe + higher terms (1.1)

where v is the vibrational quantum number, v, is the harmonic energy and x, and y, are the
anharmonicity constants of the Morse potential. The ground vibrational state, where v =0
has the non-zero energy of %ve as required by the Heisenberg uncertainty principle. The

anharmonicity of vibrational modes is vital in understanding 2D-IR spectra. With each

successive vibrational level the average bond length increases and so the energy required to



make the transition to the subsequent transition,v =1 — 2, (and so on) is also lowered

compared to the v = 0 — 1 (previous) transition.

The fundamental frequency (v = 0 - 1 transition) of a diatomic vibration can be described
as function of the masses of the atoms that make up that bond, known as the reduced mass,

K, and the electron distribution across the bond. The fundamental vibrational frequency is:

5 1 |k
V= |- 1.2)
2mc K
where 7, is the wavenumber (cm™) which is the frequency unit used in IR spectroscopy, c,is
the speed of light and k, is the interatomic force constant. The IR vibration selection rules
determine which transitions are allowed. For absorption of IR light to occur, the vibrational
excitation must induce a change in the transitional dipole moment, u, of the molecule:

3" 0 (1.3)

where q is the displacement from the equilibrium state along the aligned axis of the
molecule, these vibrations are known to be IR active.3¥*? For a harmonic potential, only
transitions between adjacent energy levels, Av = +1, produce a non-zero transition dipole
moment. However, using the better approximated anharmonic potential (Figure 1.1), higher
order transitions (Av = +2, 13, etc, known as overtones) can be accessed. In this regime,
their transition dipole moment is now non-zero, although it is weak which results in low
intensity peaks in comparison to the v = 0 — 1 transition under normal experimental

conditions (e.g. room temperature).?®

In general, bonds with a greater polarity have bigger dipole moment changes and result in a
stronger absorption of IR light.33 Stretching vibrations of completely symmetric bonds, e.g.

N,, do not result in a change of the transition dipole and therefore do not absorb IR light.

Molecular vibrations are also heavily influenced by their chemical environment including
neighbouring functional groups and the surrounding solvent molecules.?®3* This offers IR
spectroscopy the ability to differentiate between different parts of one molecular structure,
for example there are several vibrational modes of proteins however the most informative
when utilising IR is the amide | mode (~ 1650 cm™) which is comprised mainly of the C=0 and

N-H bend. Proteins in a deuterated solvent absorb light at slightly lower frequencies than



those in H,0 owing to the heavier deuterium atoms creating different molecular distributions
from the bound D atoms and fleeting solvent deuterium bonding, therefore red-shifting the
fundamental frequencies.®®> Molecular bonds can thus be identified by the frequencies at
which they absorb light allowing a molecular fingerprint of functional groups to be

established.

1.2.2. Protein Structure

Proteins have four different categories of structure known as the primary, secondary, tertiary
and quaternary, each contributing to the final complex three-dimensional arrangement. The
building blocks of every protein are amino acids and it is the unique ordering of these that
differentiate individual proteins. There are 20 naturally occurring amino acid species and
each contains a carboxyl and amino group as well as an ‘Ry’ group (Figure 1.2) which denotes
the amino acid functional group where n numbers the functional group along the chain.?®
Each amino acid is linked via a peptide (amide) bond between the carboxyl group of one
amino acid and the amino group of another. This is known as a proteins primary structure
and at this stage can be referred to as a polypeptide chain. The polypeptide chains can vary
vastly in length depending on the nature and function of the proteins.?” For example, human
serum albumin is comprised of 585 amino acids,*® it is a complex protein designed to take
part in many functions throughout the body, such as transporting fatty acids, drugs and
calcium, and regulating blood pressure and pH, in comparison to glucagon, whose sole
function is to stimulate conversion of stored glycogen in the liver to glucose, has only 29

amino acids.®

R, O R, O R, O R,
1 | Vi (I | V4
*HN-C—-C 4 *H;N-C-C —_ *HN-C-C—N-C-C + H,0
N [ N < I [ N
H O H O H H H O

Figure 1.2: Amide bond formation. Linking of the carboxyl group (blue) of one amino acid and
the amino group (purple) of another results in an amide bond (red) and the production of one
water molecule. The ‘R’ group denotes the side chain specific to each amino acid, of which

there are 20.



The secondary structure of a protein refers to the coiling or folding of this polypeptide chain.
There are many types of secondary structure that are observed in proteins, however the two
most common are known as the a-helix and the B-sheet (Figure 1.3).3” The a-helix is typically
a right handed helix, however left handed ones do occur but are rare in nature,* which is
shaped like a coiled spring where every N-H group is hydrogen bonded to the C=0 group of
the amino acid 3 or 4 residues along the polypeptide chain, resulting in a helical formation
(Figure 1.3(a)). It is sometimes referred to as the 3.613-helix, where 3.6 is the average number
of residues per helical turn and the number of atoms in the hydrogen loop is 13. The a-helix
is the most prevalent helical structure, however similar structures do occur, including the 34¢-

helix and mt-helix which contain 3 and 5 residues per turn, respectively.*
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Figure 1.3: The most common protein secondary structures of a polypeptide chain, a) a-helix
b) parallel B-sheet c) anti-parallel 8-sheet. Red dashed lines indicate hydrogen bonding

between N-H terminus of one amino acid to the C=0 of another.

B-sheet structures involve the folding of the polypeptide chain where the adjacent sections
are linked via hydrogen bonding between the N-H group of one chain and the C=0 group of
the adjacent section (Figure 1.3(b,c)).*” Two main types of the B-sheet structure exist and are
known as the parallel and antiparallel sheets and both structures are shown in Figure 1.3(b,c).

A parallel B-sheet is one where both sections of the polypeptide chain are pointing in the



same direction, i.e. when both ends are the C or N terminus, if the sections are pointing in
opposite directions then the sheet is anti-parallel. Irregularities in the B-sheet structure
known as bulges have also been documented, more commonly in the anti-parallel formation
and occur when two residues on one strand hydrogen bond with one residue of the opposite
strand often causing a change in the directionality of the chain.*? Other structures include
the B-hairpin and B-turns, the former utilises two B-strands oriented in the anti-parallel
direction which are linked by a loop containing 2 amino acids and cause a reversal in the
direction of the polypeptide chain and the latter utilises 4 residue loop and also effects the
directionality of the chain.** A polypeptide chain that lacks secondary structure is known as
a random coil, where the chain samples all possible confirmations randomly with the only
fixed relationship being the joining of adjacent amino acids via a peptide bond. Random coils

are often the result of protein denaturing.***3

The tertiary structure of the protein is the three-dimensional shape primarily due to the
interactions between the functional R groups of the amino acids that make up the protein.
The tertiary structure has a single polypeptide chain, known as the backbone, with one or
more protein secondary structures. The final stage involves the interaction between two or
more polypeptide chains, however not all proteins require the final quaternary structure as

many proteins exist as a single polypeptide chain.3”*!

1.2.2.1. Amide I vibrations

The amide | vibrations of the polypeptide backbone are one of the most commonly used in
IR spectroscopic studies as IR absorption spectroscopy has been shown to be sensitive to the
difference in a-helix and B-sheet protein secondary structures as their hydrogen bonds
patterns are different producing characteristic frequencies for each structure.®* The
production of the proteins secondary structure results in group vibrations of the backbone
which report on the protein secondary conformation. Isolated proteins typically display an IR
absorption at ~1650 cm™ and this peak originates largely from the backbone C=0 stretch
with smaller contributions from the NH bending mode and is referred to as the “amide I”
vibration. Other amide group modes are also produced however the correlation between

secondary structure and frequency is less straight forward.33

The hydrogen bonding created from the secondary structure gives rise to the interaction of

vibrational modes along the polypeptide chain in a highly fixed geometry (Figure 1.3) via



4446 As the amide | vibrations are all at near-resonant

through space mechanisms.
frequencies with one another, this results in a highly delocalised vibrational component along
the three-dimensional polypeptide chain, which is known as transition dipole coupling (TDC),
ultimately producing large absorption features.3® This leads to the characteristic amide |
resonances that result from secondary structure elements, making amide | studies highly

valuable to the study of proteins.®*

As a-helices have on average 3.6 residues per helical turn, adjacent amino acid couplings
along the polypeptide chain are not the only prominent coupling terms. As a result of the
intramolecular hydrogen bonding throughout the helix which renders the structure very
stable, there are two allowed amide | modes of an a-helix: one that lies parallel to the helical
axis, the A mode, and the E mode which lies perpendicular.3>4”*8 The energy separation of
these modes depends on the number of oscillators per turn on the helix which results in a
different separation for different helix types. The parallel A mode is more intense than the E
mode which is not easily observed in IR spectra and involves in the in-phase oscillation of all
residues along the peptide chain; this local mode frequency occurs at around 1650 cm™.
However the frequency at which an a-helix will absorb is dependent on the solvent, chain
length, environment and long range disorder of the structure. Studies have shown that for a
helix made of only 5-10 residues, the mode frequency is red shifted (to ~1660 cm™)

compared to helices composed of more than 20 residues (1650 cm™).3947

For the case of B-sheet structures, a parallel and perpendicular mode are present.3%3*47 For
anti-parallel B-sheets the perpendicular vibration is a result of the in-phase oscillation of the
amide | modes on adjacent strands which produce a strong transition dipole that lies
perpendicular to the B-strands. The parallel mode has a lower intensity than the
perpendicular mode and this is because it involves the in-phase oscillations of the residues
along each strand which are in turn out-of-phase with respect to the hydrogen bonded
neighbouring reside on the adjacent strand. The perpendicular mode is the lower frequency
vibration and appears as a narrow band between 1620-1640 cm™, the parallel mode is
centred near 1670 cm™, however the frequencies at which the B-sheet will absorb are again
dependent on the solvent environment, chain length, and long range disorder of the
structure. Studies have observed that with an increasing polypeptide chain length, the higher
frequency parallel peak does not change frequency position but the intensity of the peak

does increase. The lower frequency perpendicular mode intensity also increases with

10



increasing size and experiences a red shift of up to ~20 cm™. The lower frequency mode has
been established as a good indicator of B-sheet structure, with larger and well-ordered B-
sheets having a typical absorption frequency situated at 1640 cm™.% Table 1.1 lists the

common secondary structures and their amide | IR absorption peaks.30313443,47.49,50

Table 1.1: Common protein secondary structures found in the amide | vibrational modes of

molecular vibration.

Secondary IR absorption Secondary IR absorption
Structure Wavenumbers Structure Wavenumbers
(em”) (em”)
B-sheet 1620-1640 B-sheet 1620-1640
(parallel) 1660-1670 (anti-parallel) 1670-1695
a-helix 1648-1660 B-hairpin 1635-1645
1665-1680
310-helix 1660-1666 B-turns ~1680
Random coil 1645-1655

As aresult of this, amide | modes are effectively probes of the secondary structure of proteins
as the hydrogen bonding defines the unique amide | oscillations allowing the unique
absorption features to be obtained and used to assign structures within a protein, which can

lead to protein identification and changes that occur during different processes.3%3¢37
1.3. Applications of Vibrational Spectroscopies to Serum Analysis

Biomedical applications of vibrational spectroscopy investigations have already been
performed to study disease diagnostics®™°, treatment monitoring,*®>” molecular
pathologies®® and pharmaceutical applications.>® IR spectroscopy provides a broad chemical
coverage, typically measuring a few thousand wavenumbers at any time. Owing to the
heterogeneous nature of disease,™ the broad bio-molecular fingerprint obtained from
vibrational spectroscopies of biofluids can be preferential over single biomarker detection by

producing spectral signatures which reflects the total biochemical composition of the

sample.
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1.3.1. Overcoming Water Absorptions: Current Spectroscopic Methods

As biofluids are composed primarily of water and the IR absorption of the O-H bend of water,
~1645 cm, overlaps the amide | band of proteins, ~1650 cm™?, making their study
challenging. In a bid to overcome this problem a variety of IR absorption spectroscopic

methods and techniques have been explored.

Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy is a
common technique used for the analysis of biofluids. ATR allows spectroscopic interrogation
of solid samples as the beam is no longer dependent on being transmitted through the
sample but instead the attenuated reflection of the IR beam is recorded. The fraction of light
penetrating the sample is known as an evanescent wave and only enters a few um into the
sample, as the sample absorbs energy the wave is attenuated. After one or multiple internal

reflections the IR beam leaves the reflective element (Figure 1.4) and is directed towards the

detector.
ATR Transflection Transmission
Detector
Evanescent wave ' I,
| I, I
Sample A ' | I
t I
T Reflective substrate
I, IRE I Detector
Detector

Figure 1.4: Schematics of attenuated total reflectance (ATR), transflection and transmission
modalities of FTIR spectroscopy. ATR uses an internal reflective element (IRE) shown in yellow,
to reflect the beam back to the detector. 1, and I indicate the incident and reflected or

transmitted, depending on modality, IR beams, respectively.

The intensity of the evanescent wave decays exponentially with distance from the surface of
the internal reflective element (IRE), as only a few um of the sample is tested, this technique
is not affected by the sample thickness provided that the sample thickness is greater than

the depth of penetration of the wave. This has resulted in the use of ATR towards dried
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biofluids in an effort to overcome the competing absorptions from both the serum
constituents and water, as drying the sample prior to investigation reduces the signal from
the serum water.®® However inhomogeneous drying patterns are observed from dried
samples which can introduce experimental difficulties. The application of serum droplets to
an artificial surface (the IRE) results in the Vroman effect, this is the competitive adsorption
of serum proteins to the surface which results in the chemical and physical inhomogeneity in
the deposited dried layer.6¥% Many studies have demonstrated the effects of sample drying,
including the Vroman and coffee-ring effects, cracking and gelation patterns produced as well
as the development of optimum sample preparation steps, including sample filtration and

>364-67 Despite the analysis of dried

drying conditions to help overcome these problems.
biofluids being negatively affected by inconsistencies in droplet drying, ATR-FTIR has shown
clear discrimination between healthy and non-healthy patients among increased sensitivities

to detection limits when compared to other IR absorption modalities.*>>66:68:69

Steps towards high-throughput analysis have also been made. The development of
disposable internal reflectance elements (IRE) for ATR-FTIR modalities combined with an
automated slide indexing unit allows accurate movement of the IRE across the spectrometer
for high-throughput analysis.”® The use of an automated FTIR combined with robotically
spotting of serum samples onto a 384 multi-well titer plates have also been established
allowing high-throughput spectroscopic analysis of serum.”® The robotic spotting was also

found to produce more homogenous droplets once dried.

FTIR experiments in the transflection geometry have also been used to analyse serum as
samples can be dried prior to use thus reducing the water content of the sample. This mode
detects the absorbed IR light after it has passed through the sample, reflected off a substrate
and passed back through the sample, essentially doubling the thickness (Figure 1.4), allowing
analysis of thin (1-4 um) samples which is beneficial for biofluids.”>”* However, spectral shifts
and distortions are often noted with this modality due to the production of electric-field
standing waves at the sample-substrate interface, and when using dried samples the effects

of droplet drying need also be considered.”%°

Transmission mode FTIR experiments of wet serum are typically obtained alongside a
background water spectrum in order to subtract the strong water contribution however this
process is subjective.®! Difficulties in reproducing optical pathlengths less than 10 pum have

also been documented, making the analysis of serum using transmission mode challenging
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as larger path lengths leads to the absorption of all of the IR beam.®? Transmission mode FTIR
measurements of proteins have also been made in deuterated solvents which involves
exchanging solvent hydrogens for deuteriums. This H/D exchange provides a clearer
observation of the protein amide | band by shifting the overlapping water peak to lower
wavenumbers. This has allowed a more detailed study of the structural and conformational
changes in proteins to be monitored as a function of disease states or drug binding.3%83-8¢
However the use of D,0 also leads to the practical issue surrounding incomplete proton
exchange due to the complex nature of serum and elevated sample preparation and
costs.33®! Deuteration has also been shown to alter or disrupt physiological processes again

making it unsuitable for use of biofluid diagnostics.8”-%

High brightness quantum cascade lasers (QCLs) are tuneable semiconductor lasers that can
emit discrete frequencies across the mid-IR spectrum, with tuning ranges around 1000
wavenumbers having been reported®°! with the high spectral power of QCLs allowing
thicker samples to be analysed.’®*? QCLs are often combined with microscopy techniques
allowing full hyperspectral datasets covering large areas, over 1000 cm™, to be obtained in a
matter of seconds.?? Synchrotron based light sources have also been utilised for biomedical
analysis and are often combined with imaging modalities. Synchrotron sources produce light
up to 1000 times greater than benchtop IR spectrometers and thus have the ability to
produce a superior signal-to-noise ratio and allows greater spatial resolutions to be obtained
when compared with traditional globar techniques.” Although transmission measurements
of aqueous protein solutions are possible, the difficulties of analysing these samples in water

based solvents remain with this methodology.

Protocols have been established within the biomedical applications of IR spectroscopy
community in order to standardise sample pre-treatment, measurement methods and

procedures, as well as data pre-processing techniques.>647493

Applications of Raman spectroscopy have also been utilised to interrogate biofluids. Raman
spectroscopy is an inelastic scattering technique based on the Raman effect and is specifically
well suited to working in water based solvents due to the relatively low scattering that is
produced from water molecules, allowing signals from the analytes in solution to be
obtained.**> However the Raman effect is generally quite weak as only a small proportion
(around 1 in 10 million) of incident photons are Raman scattered with a corresponding

change in frequency and approaches are often combined with imaging, labelling or signal
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enhancement strategies.®*%*°%9’ Due to the different fundamental theory of both IR and

Raman they are generally considered complementary techniques. %%

Sample protocols in the form of filtration have also been investigated to help improve
sensitivity to low molecular weight (LMW) disease markers in serum which involves the
removal of high molecular weight (HMW) species by centrifugal filtration.6%66:67.100 Although,
with the filtration methodologies the unintentional removal of LMW components may occur
as serum albumin (MW = 66.5 kDa) have been well documented as a transport protein of low
molecular weight species and thus removal of albumins during the filtration process could

also result in the concomitant removal of the LMW peptidome.20%:102

1.3.2. Molecular and Disease Applications

The analysis of serum using IR spectroscopies have been successful in detection of specific
molecular targets. The detection and quantification of 8 major constituents of serum (total
protein, glucose, cholesterol, high and low density lipoproteins, triglycerides, urea and uric
acid) has been made from a study containing 247 patients using Raman and IR
spectroscopies.’?>1%% Concentrations of the analyte concentrations are compared to
concentrations determined via typical laboratory methods. Although accuracies are not yet
better than laboratory based techniques, strong advantages of IR techniques lie in the small
volume of sample required, comparatively less sample preparation and thus associated costs
as well as the ability to gain information on many parameters from a single spectroscopic

measurement compared to eight different laboratory methods.

Studies by Bonnier et al. have shown the use of filtration methodologies to increase the
sensitivity of low molecular weight (LMW) species by the removal of the high molecular
weight (HMW) fraction of serum, namely the serum albumins and globulins.'® Using ATR-
FTIR spectroscopy, glycine has been detected in the LMW fraction up to 50 times lower than
whole serum.®® The detection of glucose in the absence of the HMW using multivariate
analysis tools produces a linear relationship between glucose concentrations in patient
samples and the intensity of spectral features; an improvement of the root mean square
error of the validation set by a factor of 5 was noted when compared to whole unfiltered

serum.®’

Mahmood et al. have shown the ability of Raman spectroscopy combined with multivariate

analyses to identify patients infected by the dengue virus and distinct features in the Raman
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spectra assigned to different immunoglobulin proteins allowed monitoring of the disease
progression. Results attained were comparable to the specificities and sensitivities achieved
using traditional enzyme linked immunosorbent assay and polymerase chain reaction
techniques, however on a much quicker timescale and with lower associated costs.% Using
similar analytical techniques, Sahu et al. have predicted the recurrence of oral cancers from
serum collected before and after surgery.?” Colorectal cancers have also been classified from
control patients in serum using Raman spectroscopy coupled with principal component
analysis, where decreases in spectrum peaks associated with tryptophan, phenylalanine and

beta carotene were noted.'®®

Applications of vibrational spectroscopies as a potential tool for disease diagnostics have
been demonstrated due to their high specificity and ability to cover a broad range of
molecular species.®9>10%110 Advanced analytical techniques allow pattern recognition and
changes in the broad spectral fingerprint associated with disease to be detected. An FTIR
study of 389 patients with acute chest pain was shown to diagnose acute myocardial
infarction from patients with minor chest pains of other origins allowing therapeutic
attention to be given to those in need of it most. This transflection mode study led by Petrich
et al. conceives a diagnostic pattern recognition method that has the potential to aid the
diagnosis within the first 6 hours after the onset of chest pain and suggest spectral changes
due to an increased role of carbohydrates. The produced spectral results were found to be

comparable to routine cardiac laboratory markers on the same dataset.'!

In the field of oncology, proof-of-principle methods have been established for the detection
of brain tumours using ATR-FTIR spectroscopy and further identification of tumour types
using a study of 433 patients, achieving sensitivities and specificities greater than 80%.%*!2
ATR-FTIR has also been shown to quantify protein concentrations in serum using diluted and
dried serum samples.%® Backhaus et al. demonstrated the use of transflection and
transmission FTIR combined with cluster analysis and artificial neural network analysis to
distinguish between breast cancer patients and controls. Spectral comparisons with 11 other
diseases, covering a total of 3119 patients, assured spectral changes were in fact from breast
cancer.!3 Sheng et al. have shown the ability of FTIR spectroscopy to diagnose gastric cancer
from healthy controls from a ratio of amplitudes provided by the stretching vibrations of RNA

and DNA found in serum.***
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However the studies discussed utilise a broad range of the IR absorption spectrum as little
variation is often seen between the overlapping amide | peak of proteins in serum,>116
Despite the advances made with IR absorption spectroscopy for serum analysis, the
overlapping water absorptions across the IR spectra is still a notable issue, either directly
through absorptions or indirectly through inhomogenous drying patterns of protein

solutions.

Ultrafast 2D-IR spectroscopy offers increased structural information of the biomolecules
being studied by utilising short pulses of IR light to excite molecular vibrations of a system.
By spreading the information obtained over a second frequency axis a correlation map of
excitation versus detection frequency is produced. This gives rise to unique spectral patterns
via intramolecular couplings of proteins, which allows the unravelling of convoluted protein
structures,'”118 resulting in a 2D-IR signal that is sensitive to protein secondary structure to
a greater degree than IR absorption spectroscopy.3® The ultrafast duration of IR pulses used
in 2D-IR provides the ability to observe molecular processes occurring on the femtosecond
timescale; examples include hydrogen bond fluctuations, protein folding and energy transfer
between vibrational modes within a sample.3%11%12% The theory and methodology of 2D-IR
spectroscopy will be discussed in the following chapter. Until now, the absorptions
associated with the overlapping water contributions of the protein amide | have also been
met with sample deuteration. However in this thesis, 2D-IR is shown to bypass the water
absorption signals owing to its signal dependence on the transition dipole moment and time

resolution offered by the ultrafast pulses.
1.4. Application of Two-Dimensional IR Spectroscopy to Protein Studies

Since the development of 2D-IR there have been many studies of biological molecules,
providing structural information that is currently not possible using IR absorption
methods.>%12>7131 The ultrafast timescale of 2D-IR provides observation of dynamics on a
femtosecond timescale which combined with the dispersal of both the pump (excitation) and
probe (detection) frequencies reveals coupling and the transfer of energy between
vibrational modes presenting as off-diagonal peaks on the 2D-IR spectrum. The theory and

instrumentation of 2D-IR will be discussed in the following chapter.

Several 2D-IR studies have been made to understand the unique 2D-IR signatures of protein

secondary structure. 2D-IR signals are dependent on the 4™ power of the transition dipole

17



moment (compared to the 2" for IR absorption spectroscopy) allowing enhancement of the
strong amide | mode of biological molecules and assignment of proteins into varying degrees
of a-helix and B-sheet content.’'” 2D-IR spectral signatures of B-sheets have a characteristic
‘2’ shaped pattern, compared with the double peak seen in IR absorption, resulting from the

0132 g-helical structures have

formation of cross-peaks between the two IR active modes.
been shown to produce a flattened ‘figure of 8 signature , while random coil features tend
to be unstructured diagonally elongated peaks.’® These typical a-helical and B-sheet

structures are shown in Figure 1.5.

a) b)

1650

Pump Frequency (cm!)

1650 Probe Frequency (cm) 1650

Figure 1.5: Typical 2D-IR lineshapes observed for a) a-helix and b) 8-sheet secondary protein
structures. a-helical structures typically show a flattened ‘figure of 8’ signature and the 8-
sheet shows a characteristic ‘Z’ pattern from the low frequency perpendicular and higher

frequency parallel modes.

Isotopic labelling of the protein backbone has been shown to alter the amide | vibration
frequency, shifting the new labelled amide | vibration to a spectral region where no other
absorptions occur, allowing the characterisation of the dynamics of proteins, enzymes and
protein-water interactions.’3313¢ Works led by Zanni have shown insights into amyloid
aggregates, in particular the observation of fibril formation which have been linked to many
diseases including type 2 diabetes and Alzheimer’s disease.*13¢713% protein dynamic studies
have reported lifetimes of vibrational modes that differ depending on protein secondary
structure. By modifying the 2D-IR pulses to increase the time between excitation and
detection pulses, suppression of signals from the fast decaying isotopically labelled random

coil modes of amyloid fibrils has been reported, leaving only B-sheet vibrational features.4
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The ultrafast time resolution of 2D-IR has also been utilised to observe the misfolding of
proteins into B-sheet rich amyloid fibrils, the production of which has been associated with
multiple diseases including those related to cognitive decline, and capturing the secondary
structural changes during this process.!31% This isotopic labelling approach, while powerful,
is not desired for biofluids as the label used has the potential to interact with the sample

which could in theory alter protein structure thus altering the spectrum produced.

2D-IR has also been shown to be sensitive to small structural changes, by using the ratio of
the 2D-IR amide | band to that of IR absorption spectroscopy the transition dipole moment
can be measured which demonstrates the extent of coupling within a molecular
structure.'?>14! Studies of the messenger protein calmodulin have shown the ability to
quantify protein secondary structural changes affecting only 7 of the 150 residue protein
upon calcium binding, and provide comparable results to circular dichroism techniques which

currently sets the standard for protein secondary structural determination.??

Studies of protein-ligand binding have shown how 2D-IR can map the migration of ligands
between sites on a protein, as well as the ability to couple 2D-IR with powerful analytical
techniques. #*1%3 Label-free 2D-IR has been used to study the effects of drug binding on
protein structure and dynamics in InhA, an enzyme which is in part responsible for cell wall
integrity in the Myobacterium tuberculosis bacterium. Changes upon drug-binding induced
enzyme inhibition were noted in the off-diagonal region of the amide | 2D-IR band.*
Quantification of ligand binding has been shown via the labelling of peptides with IR active
amino acid side chains which act as probes of local structure. Observation of the labelled
peptide binding to a domain within the protein tyrosine phosphatase 1E formed calculation
of dissociation constants comparable to isothermal titration calorimetry techniques.'®®
Instrumental techniques have also been employed to implement fast scanning times and the
reduction of scattering and phasing issues to produce a lower detection limit of ~100 uM of

the labelled peptide.

Using both the off- and on-diagonal 2D-IR features, studies of ex-vivo porcine cataracts and
human lens tissue was shown to reveal amyloid B-sheet-like secondary structures where the
current standard technique, transmission electron microscopy (TEM), failed to resolve them
when the fibres were too short.'¥1% Comparisons made between juvenile and mature
human lenses with no diagnosed cataracts suggests that the amyloid structures begin

formation prior to onset of cataracts, establishing a link between formation and structure
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with disease pathology and progression. This highlights the possible use of 2D-IR to
understand how diseases are manifest, potentially allowing more accurate and effective

treatments to be explored.

Experimental and theoretical investigations into the structure and dynamics of the stretching
and bending modes of H,O, HOD and D,O have also been studied allowing population
relaxation of the modes examined to be calculated.’*-**! Apart from the results published
from this thesis, 2D-IR studies of the amide | mode of proteins have all been characterised in
D,0.1*® However deuteration has been shown to alter or disrupt physiological processes
again making it unsuitable for its use in biofluid diagnostics.8” The 2D-IR studies presented
here show the potential of 2D-IR to gain an insight into the fundamental mechanisms that
dictate the behaviour of proteins, among other biological molecules. Despite the advances
made with 2D-IR spectroscopy, the amount of structural information obtained is largely

gualitative and challenges regarding the complexity of biofluids are still prevalent.
1.5. Aims & Objectives

This thesis aims to expand the use of 2D-IR to date by exploring its ability to detect, identify
and quantify proteins in physiologically relevant H,O solutions, e.g. biofluids. In Chapter 3,
the spectroscopic differences between water and deuterated water is explored, and the first
2D-IR spectra of the amide | band of proteins in water are shown. Analysis of individual
proteins and water alone allow establishes the ability of 2D-IR to measure proteins in water
without the background water signal, allowing the detection of clinically relevant proteins in
serum. The aim of this chapter is to determine whether the two most dominant proteins
present in serum, albumins and globulins which are have different secondary structures (a-
helix and B-sheet, respectively) can be distinguished. Attempts are also made to identify and
ratio-metrically quantify structurally similar proteins (Immunoglobulin A, G and M which are
all primarily B-sheet proteins) within serum. Chapter 4 aims to study the low molecular
weight fraction of serum to determine whether smaller and less abundant proteins can still
be detected in the presence of the heavy and dominant protein fraction. By using glycine as
a model low molecular weight protein, the detection limits of 2D-IR are evaluated. The aim
of this chapter is to assess which physiologically relevant proteins could be detected within
serum using their typical concentration ranges for future 2D-IR measurements. In Chapters

3 and 4, the use of ratios within a dataset are implemented due to the minimal control of the
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sample thickness which does not allow direct comparability between spectra. The aim of

Chapter 5 is to overcome this problem and sees the introduction of a new method to

normalise 2D-IR spectra which has been devised and is explored. This takes the analysis of

2D-IR to the next level, allowing cross dataset evaluation to be performed without the need

for ratio metrics. In the final chapter, Chapter 6, the major objective is to employ this

normalisation method in order to detect allosteric changes of serum albumin during drug

binding. Several common drugs are utilised to determine whether 2D-IR is suitable to detect

drug binding with albumin at clinically relevant concentrations.
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2.1. IR Spectroscopy

IR spectroscopy is often used to identify the chemical composition of molecules and utilises
the fact that the frequency and intensity of IR light absorption is indicative of, or influenced
by, molecular structure.! Interatomic bond vibrations and the surrounding solvent
environment all contribute to the frequencies of IR light absorbed and are thus important in
understanding the behaviour and function of a given molecular species. Each experimental
chapter in this thesis utilises infrared spectroscopy techniques and how they can be used to
investigate protein structure and their dynamics. This chapter will focus on describing the

methods used, their theoretical basis and experimental setups.

2.1.1. Infrared Absorption Spectroscopy Theory

The absorption of light by a molecule depends on the frequency of the electromagnetic
radiation and fundamental vibrational frequencies of the molecules that make up the sample
being studied.? The frequency of the excitation field must be resonant with the difference in
energy between two vibrational energy levels in order to induce a polarisation of charges
within a dielectric medium. This induced macroscopic polarisation creates an oscillating
dipole moment in the sample being studied at a frequency matching that of the excitation
radiation. This oscillation of the polarisation results in the emission of a signal from the

molecule which recombines with the excitation field.

The resulting signal will experience a /2 shift in phase relative to the polarisation of the
excitation field, producing destructive interference between the two fields corresponding to
the bond frequencies.* The polarisation, P(t), induced by an incident electric field, E(t), in a

dielectric medium is described as:
P(t) = gogxE(®) = &(x VE®) + xPE®? + xPE@®)?® + - xWEWDO") (2.1

where g is the permittivity of free space and x is the optical susceptibility of the dielectric
medium. The first susceptibility term, sox(l)E(t), is only considered for the case of linear
optics. The higher order terms require higher intensity electric fields to make these terms
substantial, and so as they are significantly smaller than the first term they are ignored for

the linear case.
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As y is directly related to the polarisability of the medium, in turn it is also associated with
the transition dipole moment corresponding to the fundamental transitionv = 0 — 1 (pos).?
Thus following interaction with the excitation field, the macroscopic polarisation is

dependent on the excitation of molecules from the ground to first excited vibrational states.

The resulting emission of the signal field can be described by both the classical and quantum
mechanical descriptions of light-matter interactions. Classically, it is the absorption of light
resonant to the vibrational bonds resulting in the vibration of oscillating charges that
produces the emission of the phase shifted signal field, Eg,(t). This in turn causes
destructive interference with the excitation field, E(t), at the frequencies specific to the

bond vibrations allowing an absorption spectrum to be produced.?

However in the quantum description when the excitation field interacts with the sample
ensemble of oscillators, the ground and first excited states become coupled by excitation of
the bra or ket which creates a coherent superposition between these two states. This
produces the macroscopic polarisation in the medium which oscillates at the frequency
corresponding to the fundamental transition frequency resulting in the emission signal at
that frequency. Similar to the classical description, the emitted signal is phase shifted 90°
relative to the polarisation field which causes the signal to destructively interfere with the
excitation field at the fundamental transition frequencies of the molecule.® The macroscopic
polarisation, P(t), is time dependent and evolves according to a molecular response
function, R(t). This response function contains the unique information on the molecular
structure being studied and the Fourier transform of R(t) can extract the complex signal in
the frequency domain, S(w), containing both real and imaginary components. The real
component contains information on the absorptive part of the lineshape, A(w), where the

imaginary component provides information of the dispersive vibrational lineshape D (w).*
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The phase of D(w) and A(w) is such that only A(w) interferes with E (t). The dispersive and

absorptive vibrational lineshape components are given by the following equations:

w — (l)01
(0 = wo1)? + (0.5¢)?

D(w) < — u3, (2.2)

0.5y
(w — wy1)? + (0.57)2

A(w) o« pd, (2.3)

where w is the frequency of the emitted light, wo: is the frequency of the fundamental

transition and y is the natural linewidth of the vibrational transition.
2.1.1.1. Spectral Lineshapes

The natural linewidth of a vibration is intrinsic to that vibration and cannot be narrower than
dictated by its vibrational lifetime; this takes shape of a Lorentzian frequency distribution

(Figure 2.1) and is known as the homogeneous linewidth.*®

Absorbance

Wavenumber (cm)
Figure 2.1: A Lorentzian frequency distribution showing the natural homogeneous linewidth

Y.
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The population of the first excited state is evolving with a finite lifetime so as the Heisenberg

uncertainty principle dictates, there will be a linked uncertainty in its energy:

h
OF -9t 2 o~ (2.4)

where 0F is the uncertainty in the energy of the excited vibrational energy level, dt is the
time spent in the excited state (vibrational lifetime) and h is Planck’s constant. The frequency
of the oscillator is directly related to the difference in energy between the initial and excited
states and so an uncertainty in the energy will have a direct impact on the oscillation

frequency uncertainty:
O0E = hc-0v (2.5)
Substitution of this definition of JF into equation (2.4) yields:

1

ov =
v 4mcot

(2.6)

Therefore the error in the frequency of vibration is directly associated with the vibrational
lifetime” and as such the vibrational frequency of a single oscillation may occupy a narrow
range of frequencies. The induced macroscopic polarisation evolves with a characteristic
lifetime and is subject to dephasing. The process of dephasing is a loss of coherence in the
oscillations of the molecules which were excited at the same time, and this causes a loss in
the macroscopic polarisation.® This process is known as ‘pure-dephasing’ and occurs at a
timescale of T, .*° This combined with the lifetime of the vibration, T;, dictates the minimum

homogeneous linewidth of a vibrational transition:

1,11 2
Yoo, T T T, '

where, T, is the total homogeneous dephasing time. If the linewidth of a vibrational
transition is determined solely by T, then the distribution is said to be ‘homogeneously

broadened’.1%1!

However this is not typically the case and other contributions to the linewidth are often

present meaning that a much broader linewidth is observed in real spectra.*%?

Samples in solution phase, which are used throughout this thesis, are subject to the effects

of their local environment which plays a significant role in the molecular dephasing.
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Interactions such as hydrogen bonding from the solvent molecules offers a wealth of
potential conformations available which would alter the oscillator’s potential well and in turn

adjust the frequency of the fundamental v = 0 — 1 transition.>13

For each individual oscillator, its instantaneous frequency will therefore fall within a
probability distribution with a Gaussian profile computed from the many structural
conformations available from solvent interactions (Figure 2.2). When considering a molecular
ensemble of oscillators it is likely that each of these many conformations are occupied
producing a range of vibrational frequencies. The resulting effect is absorption across this
range of frequencies that is significantly broader than the natural linewidth of the oscillators.
In solution phase samples, the resulting Gaussian spectral profile is principally made up of
many overlapping Lorentzian distributions from each individual oscillator in the molecular
ensemble. This Gaussian profile linewidth is known as being ‘inhomogeneously

broadened’. #1014

Absorbance

Wavenumber (cm-?)

Figure 2.2: A Gaussian frequency distribution of a molecular ensemble showing a series of

individual oscillator Lorentzian profile contributions.

The environment surrounding single oscillators however is constantly changing with the rapid
creation and breaking of hydrogen bonds from water molecules meaning that as oscillators
experience a change in their surroundings they experience fluctuations in their fundamental
transition frequency with time.!* Thus, the molecular ensemble is subject to intrinsic

variations in frequency which affects all molecules in the same way (homogeneous
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broadening) and a range of oscillation frequencies caused by the environment of which each
molecule may experience differently (inhomogeneous broadening). This evolution of
vibrational frequencies with time is what is known as ‘spectral diffusion’ and cannot be
measured using continuous wave IR absorption techniques.® This process of spectral
diffusion will be discussed in more detail when discussing 2D-IR lineshapes later in this

chapter.

2.1.2. Fourier Transform Infrared Spectroscopy

An Infrared spectrum depicts how IR light interacts with matter. Fourier transform Infrared
(FTIR) spectroscopy employs a blackbody radiation source, a Michelson Interferometer and
a He:Ne laser to record absorbance as a function of IR frequency. Production of the mid-IR
radiation is done by passing a current through a silicon carbide element resulting in heating
and continuous emission of IR radiation in the frequency range 16.7-1.4 um (600-7000 cm™?).
In order to create an IR beam, as light from the source is emitted in all directions, it is passed
through an aperture and collimated via a parabolic mirror before being directed through a

Michelson interferometer,®® as shown in Figure 2.3.

e Static
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Figure 2.3: Schematic of the He:Ne (red) and MIR (pink) progressing through the Michelson

interferometer used in FTIR spectroscopy.

The collimated light is incident on a potassium bromide (KBr) beamsplitter which is used to
split the IR beam into two paths set 90° to one another. One path of the interferometer has
a stationary mirror while the second path utilises a motorised delay stage to change the path
length of the second beam. The light beams from the two arms are then recombined at the

beam splitter and the intensity profile of this recombined beam is directly dependent on the
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exact path difference between the two interferometer arms at any given time. Different
frequencies will interfere either constructively or destructively thus creating a time
dependent amplitude profile of the IR light - an interference pattern (or interferogram) which
is measured at the detector.>!>® To correctly transform this signal into the frequency domain
the exact difference in path length between the two beams must be known and is calculated
via the use of a He:Ne laser. The He:Ne is also propagated through the Michelson
interferometer, experiencing the same optical path difference as the IR light and upon
recombination generates a series of ‘fringes’. These fringes can be counted by the
spectrometer providing a reference for the path difference thus producing the frequency

axis.

Samples studied in this thesis were housed between two calcium fluoride CaF, windows prior

to IR investigation, as shown in Figure 2.4.

El Fastener

Bcel

@ Rubber O-ring
CaF,
I Sample

Figure 2.4: Cross section of a typical cell set-up. The process of controlling the sample
thickness is done by slowly tightening the fastening ring onto the cell body while taking FTIR

measurements.

The relative intensity of the IR light before and after passing through the sample is used to
calculate the absorbance, (4), and is calculated as follows:

I

A= log]_oT (29)

where I, and I are the intensities of light before and after interaction with the sample,
respectively. As the absorbance is a ratio of the amount of light before and after it interacts
with the sample it is unitless. In practice, the light intensity before sample interaction is taken

as a ‘background’ or reference spectrum when no sample is in place.
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Absorption from the sample is further calculated using the Beer-Lambert law:
A = ecl (2.10)

where ¢ is the molar extinction coefficient (L mol™ cm™), ¢ is the concentration of molecules
(mol L) and [ is the path length or thickness of samples used (cm).®%' An example FTIR

spectrum of water, is shown in Figure 2.5.

N
1

Absorbance
i

N EAN

1500 2500 3500
Wavenumbers (cm)

o
1

Figure 2.5: An example FTIR spectrum obtained for H,0.

2.2. Non-linear Spectroscopy

So far only linear spectroscopy has been discussed, where the polarisation and response
functions produced have linear dependence with the excitation field and thus only requires
consideration of the first order optical susceptibility term, y(*)(Equation 1.3). However, the
vibrational dynamics of proteins occur rapidly, on a femtosecond (fs) to picosecond (ps)
timescale,® meaning that laser pulses with durations faster than these dynamics are
required. As a consequence of using such fast laser pulses, strong laser fields are produced
which results in non-linear optical responses.’* Thus the macroscopic polarisation can no
longer be considered linear and now contributions from the higher order terms must be
considered, resulting in production of a non-linear polarisation. A discussion of the theory
and experimental techniques for pump-probe and two-dimensional infrared spectroscopies

will follow an introduction to non-linear spectroscopy.
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The measured response function, R(t), will now primarily contain contributions from the
first (y() and third (y®) terms, other higher order odd-power terms are insufficient
enough to not be considered here. The even power terms do not contribute to this response,
as the sample does not contain a point of inversion symmetry (the samples are not

centrosymmetric crystals) and so the even terms of R(t) are equal to zero (e.g. y*™ = 0).

Typically, the 3™ order signals are extracted from a medium via a ‘four-wave mixing’
interaction.* This involves three excitation fields (laser pulses, E;, E, and E3) incident on a
material (the molecular ensemble) which are separated in time by the intervals t4, t, and t5.
As a result of using three different pulses, the response function produced from these
interactions must account for the multiple orderings in which the pulses may interact with
the ensemble. Thus, a more complicated response function (Equation 2.11) is observed when
compared to linear spectroscopy and becomes convoluted with each field to produce the

following macroscopic polarisation.

PO (t) J:U Ei(t—ty —ty —t3)E(t —t; — t5)E3(t — t3)R(3)(t1,t2,t3) dt,dt,dt; (2.11)
0

The three laser excitation fields and the emitted field are often referred to by their

wavevectors, E, which describes their rate of change of phase along the direction of

21

n ) The fields are therefore referred to as El, Ez, 53, and E4 denotes the

propagation (
emitted signal, where the numbered subscript indicates the order in time of each field. Each
of the excitation fields interacts with the ensemble independently and imprints a polarisation
with their wavevector, this dictates the direction of the emitted field, E4 through the

following equation.***9%°

Deconvolution of the 3™ order response from the excitation fields can be done using phase
matching of the pulse sequence.*?° This technique allows specific pathways of the molecule
to be measured depending on the geometry of the excitation fields. However, phase-
matching of the pulse sequence requires both statistical and quantum mechanics to describe
the molecular ensemble of oscillators and so the ensemble is represented by a density matrix

describing its statistical average. When one of the excitation pulses interacts with the
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ensemble, the transition dipole operator, |, is applied to the density matrix. Feynman
diagrams can be used to represent the temporal evolution of the density matrix with the
three excitation pulses (Figure 2.6).%?! The excitation and de-excitation of the bra and ket
states of the ensemble for a series of three excitation pulses creates many different possible
pathways through which the density matrix may evolve. Positive and negative wavevectors
(+ I_E) excite the ket and bra states of the ensemble, respectively. The wavevectors can also
de-excite the opposing bra or ket terms, meaning that positive and negative wave-vectors

de-excite the bra and ket states, respectively.?
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Figure 2.6: Feynman diagrams of both the rephasing and non-rephasing pathways for a four

wave mixing interaction.

There are two types of pathways that can be produced and these are known as ‘rephasing’
and ‘non-rephasing’ pathways (Figure 2.6).* A ‘rephasing’ pathway requires excitation of
either the bra or the ket state of the ensemble and the signal field, IE, must be emitted by
de-excitation of the opposite state. So if El causes excitation of the ket (bra) state of the

ensemble and the signal field E4 is emitted by de-excitation of the bra (ket) state of the
ensemble, resulting in a rephasing pathway. A 3" order response function that contains a

rephasing pathway is able to restore the macroscopic polarisation induced by the initial

excitation field, El, and so emits a ‘photon-echo’ signal, which occurs whenever
inhomogeneous broadening occurs. A ‘non-rephasing’ pathway is one that does not fit the

criteria for a ‘rephasing’ pathway and after excitation of either the bra or the ket state of the
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ensemble, the signal field, l_c)4, is emitted by de-excitation of the same state. These Feynman

diagrams will be used to help describe pump-probe and 2D-IR measurements below.

2.2.2. Pump-Probe Spectroscopy

Pump-probe (PP) spectroscopy is an absorption-difference technique and is carried out with

only two interaction pulses.* However it can fully be described as a ‘four-wave mixing’
interaction where both l_c)l and l_c)z pulses are overlapped temporally and are degenerate. This
combined pulse is referred to as the ‘pump’ pulse and E3 is known as the ‘probe’ pulse. As

the El and Ez pulses now overlap in time during this four wave mixing interaction, t; = 0
and separation of these excitation pathways is not possible and so the interaction of the
pump pulse with a molecular ensemble automatically creates a population state. Figure 2.7

shows the pulse sequence utilised.

The probe pulse, E3, can therefore interact with either a |0){0| or a | 1)(1]| population state
following the time between the pump and probe pulses, t,, known as the pump-probe delay
time. As t, increases the probability of relaxation of the molecules back into the initial ground
state, |0)(0], increases. During a PP experiment the pump and probe pulse separation, t,,
can be controlled and altered throughout the experiment allowing measurement of
vibrational lifetimes. When t, = 0 the pump and probe pulses are temporally overlapped,
any molecules that were excited from the ground to the first excited state by the pump pulse
will still be there as relaxation will not have yet occurred. When t, is lengthened the
probability of spontaneous relaxation from the first to the ground excited state is increased
and so the absorption difference will become smaller with increasing t,. '° The final coherent
state in the ensemble created by interaction with the probe pulse is therefore dependent on
the amount of relaxation that has occurred during t, thus allowing for direct measurements

of the vibrational lifetime of a given vibrational transition.
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Figure 2.7: The pulse sequence used for IR pump-probe spectroscopy, the pump pulse (1, blue)
is temporally separated from the probe pulse (3, green) by the delay time t,. The emitted
signal (4, orange) is heterodyned with the residual probe light and dispersed by a grating prior

to detection.

The wavevectors of the three interaction pulses dictates the direction of the emitted field,

34. As only one pump pulse is used such that El = Ez, both the rephasing and non-rephasing

pathways are emitted in the same direction, simplifying the experimental setup in order to
detect the complete signal.*'! A further benefit of this geometry is that the signal field, E4,
is emitted collinearly with E3, which allows E3 to act as a local oscillator and self-heterodyne

the signal. Self-heterodyning is the convolution of the emitted signal Ia with E3, the field
responsible for the signal emission.?? This allows the signal to be detected much more readily

as the isolated signal itself is weak.

PP spectroscopy is an absorption-difference technique, meaning that for every pump-probe
measurement taken another measurement is acquired when the pump pulse is blocked,
essentially taking a background reading for each measurement. The difference between the
probe in the presence and absence of the initial pump pulse results in the change of
absorption due to the pump. The ‘pump-off’ result is subtracted from the ‘pump-on’
measurement yielding the final PP spectrum resulting in the change of absorption due to the

pump (Figure 2.8).4?3

As a result of the initial excitation created by the pump, the probe pulse experiences a
reduced absorption for the v = 0 — 1 transition owing to the depleted population of
molecules occupying the ground state. The probe pulse may also cause population of the
second vibrational level through excitation of the first excited state. Where the potential is

anharmonic, the higher v = 1 — 2 transition will occur at a slightly lower frequency to the
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v = 0 — 1 vibration potentially allowing for both transitions to be resolved separately (Figure
2.8 (blue)). Once t, is sufficiently large enough to allow complete relaxation then no

absorption differences are measured (Figure 2.8 (red)).
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Figure 2.8: An example dataset showing a) pump-probe spectra of bovine serum albumin.
Each pixel collects data as function of t,. Spectra shown from 0-1 ps in 0.1 ps increments
(blue) to 2-10 ps in 1 ps increments (yellow-red). The separation of thev = 0 — 1 (grey
dashed line) and v = 1 — 2 (green dashed line) transitions of a molecule are clearly visible
due to the anharmonicity. b) Shows the peak height at 1648 cm™ (grey dashed line) as a

function of the pump-probe delay time, t;.

2.2.3. Two-Dimensional Infrared Spectroscopy

Two-Dimensional Infrared (2D-IR) spectroscopy builds on PP spectroscopy by utilising the
three interaction pulses and controlling their sequence, allowing frequency resolution of the
pump axis to be achieved. Spreading this information obtained from the molecular response
over a second frequency axis provides a much more detailed picture of the molecule being
examined when compared to both PP and IR absorption spectroscopies. Creation of the
pump frequency axis in 2D-IR can be achieved using either the ‘frequency-domain’ or the
‘time-domain’ methodologies. The simpler experimental approach is the frequency-domain
technique which utilises narrow bandwidth pulses where the centre frequency is scanned to
generate the second frequency axis.?* However as a result of the narrow bandwidth, the

duration of the pulses is increased which in turn reduces the temporal resolution. With
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biological systems having short-lived responses, ~1 ps,* the ideal approach must have short
durations in order to extract more information; this is where acquisition in the time domain
becomes the better approach for biological systems and has been used in all experiments

throughout this thesis.

The time-domain method measures the third order response function of the ensemble using

the four wave mixing approach and utilises broadband pump pulses.**

Interaction of the pulses with the molecular ensemble is as follows and the pulse sequence

is shown in Figure 2.9:

e Initially the ensemble is in the ground vibrational state.

e Thefirst pulse, l_c)l, interacts with the ensemble, exciting either the bra or ket, this creates
a coherent superposition of the ground and first excited states, which oscillates with a
frequency wgq.

e During t; between the first and second pulses, the macroscopic polarisation created by
El, decays as a result of dephasing between the molecules.

e The second pulse, EZ, converts the coherent superposition into a population state by
either de-excitation of the previously excited bra or ket or excitation of the opposite
state to that initially excited.

e During t, between the second and third pulses, the population state evolves in time.
This can be due to vibrational relaxation, spectral diffusion or energy transfer between
coupled modes.

e The third pulse, I_<)3, induces a second coherent superposition of states, restoring the
macroscopic polarisation of the system. For rephasing pathways, the coherence
between the molecule returns after a time t5, this time is approximately equal to the
time t;, as the time taken to restore coherence of the molecules is equivalent to

reversing the initial dephasing.

e Following t; the signal field E4 , is emitted from the ensemble.
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Figure 2.9: The pulse sequence used for 2D-IR spectroscopy, the pump pulses (1,2, blue) are
separated by time delay, t;, and are temporally separated from the probe pulse (3, green) by
T,,- The emitted signal (4, orange) is heterodyned and dispersed by a grating prior to

detection.

The second frequency axis is constructed through control of the temporal delay between the

first two excitation fields, 751 and 752. This can be done through the use of a Michelson
Interferometer, which uses a variable optical delay line between the pump pulses or
alternatively the more recently developed ‘pulse-shaper’. The pulse-shaper utilises acousto-
optical modulation to replicate the effects of an interferometer on a much shorter timescale.
Both methods are used throughout this thesis and will be described in more detail under the
2D-IR instrumentation section later in this chapter. It is by recording the emitted signal field
as a function of the time delay, t;, and performing a Fourier transform that the frequency

domain data can be recovered.

The wavevectors of the three interaction pulses dictate the direction of the emitted field, E4.

As in PP spectroscopy, the resulting signal, E4, is emitted collinearly with7<)3, allowing I_c)g to

act as a local oscillator and self-heterodyne the signal. The PP geometry is used such that

El = Ez, which results in both the rephasing and non-rephasing pathways to be emitted in
the same direction. Collection of both the rephasing and non-rephasing pathways is
necessary for separation of linewidths and for preventing distortion of lineshapes. They
produce a ‘purely absorptive’ 2D-IR spectrum which preserves the sign of the measured

response function. The phase and time dependence of the signal is required to perform the
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Fourier transform needed to obtain 2D-IR spectra and so by self-heterodyning this phase
information is retained when the signal is collected, ensuring that spectra produced can be

correctly phased. Phasing of 2D-IR spectra will be discussed in detail later in this chapter.

2.2.3.1. 2D-IR Spectrum Peaks

The linear absorption spectrum (Figure 2.10(a)) of an example molecule with two coupled
vibrational modes is shown and is accompanied by a 2D-IR spectrum (Figure 2.10(b)), of
which it is clear that significantly more peaks appear in the 2D-IR spectrum. In order to allow
possible excitation of multiple modes the bandwidth of the laser pulse must be large enough
to excite both modes. Assignment of the peaks is done with reference to the energy level
diagram (Figure 2.10(c)) where the ground state is denoted as |00), the first excited state of
each of the two modes as [01) and |10), the two second excited states as |02) and |20) and

the combination band between the two modes as |11).
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Figure 2.10: a) A schematic IR absorption spectrum of a molecule with coupled vibrational
modes b) A schematic 2D-IR spectrum of the same molecule collected at an arbitrary value
of t,. The red on-diagonal features denote the v = 0 — 1 transition and the v=1-—2
transition is shown in blue. c) Energy level diagram indicating excitation pathways of the

molecule to create the features in the example spectrum.
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In the example spectrum shown, there are two regions that must be considered — the on-
diagonal region and the off-diagonal region. The spectrum diagonal is where the probe
frequency equals the pump frequency (Figure 2.10 (b, grey line) and the off-diagonal is

anywhere else in the spectrum.

Firstly the on-diagonal red peaks labelled (1+7) and (2+8) will be considered. In terms of the
Feynman pathways discussed, these features are the result of a pathway which contains the
same coherence between the ground and first excited vibrational states (i.e. |00){(01]| or
[01)(00]) during both t; and t3. As a result of recording the absorption difference the probe
pulse records a reduced absorption from the v = 0 — 1 transition which results in a negative
peak on the 2D-IR spectrum diagonal.**! These diagonal peaks belonging tothe v =0—1

transitions are also seen in the linear IR absorption spectrum (Figure 2.10(a)).

Accompanying each on-diagonal feature is a second feature with opposite sign to the on-
diagonal feature and is shown by blue peaks labelled (3) and (4) in Figure 2.10(b). These
features are the result of pathways that create a population state of the v = 1 vibrational
energy level during t, (i.e. |10)(10] or |01){01|) allows the probe interaction to generate a
coherence between v =1 — 2 during t3 (i.e. |20)(10]| or |01)(02]|). For an anharmonic
coupled system this feature has a lower vibrational frequency, as previously discussed in
Section 1.2.1. If the system investigated were to be completely harmonic, the v = 0 — 1 and
v =1 — 2 transitions would overlap and cancel out, resulting in a featureless 2D-IR
spectrum. As mentioned, the sign of this peak is the opposite to that of the on-diagonal v =
0 — 1 red peak. This is owing to the fact that the Feynman diagram carries a (—1)" term,
where n is the number of interactions acting upon the bra (right hand side of the diagram).*
Using the phase-matching geometry described for 2D-IR, this results in a positive response
for the v = 0 — 1 transition as this transition results from an even number of interactions
with the bra while features from the v =1 — 2 transitions have an odd number of
interactions with the bra and thus yields a negative response. Thus the spectrum diagonal
hosts a pair of peaks, one negative and one positive, separated by the anharmonicity of the

transitions.?®

The off-diagonal features originate from coupling between vibrational modes, this occurs
when two oscillating chemical bonds are close enough either mechanically or through space,

so much so that the vibrational potentials of one molecule influences another.**° If the two
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modes are coupled they can be thought of as sharing a common ground state, |00), as shown
in the energy level diagram (Figure 2.10(c)). As a result, excitation of the |00)—|01) depletes
the now shared ground state and so a negative off-diagonal feature is observed at the
|00)->|10) transition frequency labelled as peak (1). Peak (2) arises for the reversed case
where excitation of the |00)— | 10) produces a negative off-diagonal feature observed at the
|00)>|01) transition frequency.*?” Again, accompanying the negative peak is a positive
feature which is due to the transition from |01) or |10) to the an-harmonically shifted
combination band, |11), peaks (5) and (6). The anharmonicity here is not equivalent to that
of the v = 0 — 1 transition and instead the off-diagonal features produce the off-diagonal

anharmonicity.

By recording a series of spectra at a range of different waiting times between the pump and
probe pulses, dynamic information from the system can be obtained. On-diagonal features
will decrease in amplitude with increasing waiting time as the probability of the molecules

decaying back to the ground state increases.*

When modes are coupled, the same decay is seen in the off-diagonal features however other
processes can occur. One of these is energy transfer and occurs when energy from one
vibrational mode is transferred to another resulting in new off-diagonal peaks appearing.
These new peaks corresponds to transitions between the excited mode and modes that were
not accessible from the IR pulses. After excitation of |10), population transfer results in the
| 10)->]01) transition made possible. Subsequently, intramolecular vibrational population
transfer between |01)->|02) which leads to a peak, that is situated between peaks (6) and
(1), to grow into the spectrum. Studies to investigate the energy transfer between modes can
employ laser pulses centred in two different spectral regions, where the pump is used to
excite vibrational motion in one part of the molecule and the probe to detect the energy

transfer within a different part of the molecule.?

At short waiting times, on-diagonal modes will appear elongated along the diagonal (Figure
2.11(a)) and have a narrow anti-diagonal linewidth. If the anti-diagonal linewidth is much
narrower than the diagonal linewidth, as shown, then the transition is said to be
inhomogenously broadened. If homogenous broadening were the only contribution
however, the two linewidths would be equivalent. At short waiting times the oscillator

experiences a ‘static’ environment as the measurement time is not long enough for the
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system to have evolved appreciably between the pump and probe pulses and as such the

solvent molecules are not yet fluctuating and changing their interacting with the oscillator.

a) b)

Pump Frequency (cm)

Probe Frequency (cm™) Probe Frequency (cm™)
Figure 2.11: Example 2D-IR spectra of a single vibrational mode at a) T,, = ~ 0 ps and b)
T,y > 0 ps. Increasing T,, results in broadening of the vibrational modes (v = 0 — 1 shown
in red and v = 1 — 2 shown in blue). Black dashed line denotes the CLS used to calculate

spectral diffusion, see text for explanation.

By extending the waiting time, the instantaneous frequencies of each oscillator becomes
increasingly likely to fluctuate because of changes in its environment. As a result of this, the
anti-diagonal linewidth becomes larger in the later waiting time spectrum (Figure 2.11(b))
and the spectral features becomes broadened and circular. At the longer waiting times the
oscillator will experience a range of frequencies owing to the constant re-orientation of
surrounding solvent molecules. This gives rise to a greater probability of the oscillator having
a different detected vibrational frequency from that of which it was initially excited. This is

known as spectral diffusion.?%2°

The rate at which spectral diffusion occurs can be quantified by measuring the change in the
lineshapes from multiple waiting time spectra. Chapter 3 sees the comparison of spectral
diffusion of serum albumin in both H,O and D,0 solvents and the central line slope (CLS)
method was used to attempt quantification of the spectral diffusion.3®3! The CLS method
extracts the probe frequency where a maximum negative amplitude is found for a given
range of pump frequencies and a straight line can be drawn through the feature (Figure 2.11,

black dashed line). At early waiting times where little to no spectral diffusion has occurred,
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the CLS will lie parallel to the 2D-IR spectrum diagonal and have a gradient of 1, relative to
the pump and probe frequencies. As the waiting time is increased and the molecule
undergoes spectral diffusion, the CLS will become gradually vertical and result in a gradient
approaching infinity. By calculating the gradient of the CLS for each waiting time, the
correlation between the initial and final vibrations can be mapped and the rate of spectral

diffusion can be calculated.

2.3. 2D-IR Instrumentation

The data acquired throughout this thesis was generated on two different instruments housed
at the Rutherford Appleton Laboratory (RAL) in Oxfordshire, England. Both instruments result
in the production of a pump pulse pair and a probe pulse and are discussed in detail. The
main differences between the two instruments are the repetition rates of the laser pulses
which influences the length of time required to obtain a 2D-IR spectrum, and the bandwidths
of the IR laser pulses used which limits the range of frequencies accessed. Comparing the
results between the two instruments is vital as 2D-IR spectrometers are custom built and
resulting signals may vary significantly. It is important to know if results from one instrument
are repeatable on a different instrument with different properties. Chapter 5 focusses on
comparing results between the two instruments. The data collected in Chapters 3 and 4 were

carried out using the ULTRA set up. Experiments in Chapter 6 were recorded on LIFEtime.

2.3.1. ULTRA Instrument

Initially a titanium sapphire (Ti:Sapph) oscillator produces pulses with a repetition rate of 65

MHz, centred at 800 nm, each with a duration of ~20 fs.32:33

The pulse train is then sent through a regenerative amplifier to increase the average pulse
energy (Figure 2.12). Amplification of short pulses leads to high peak intensities, and so the
pulses are stretched prior to amplification which helps prevent damage to the Ti:Sapph gain
medium and optics. The Ti:Sapph is pumped by two Nd:YAG lasers, each producing 55 W of
power. To help prevent heat damage to the crystal, it is cryogenically cooled to -10°C.3* Once
the pulses have gained sufficient energy they are compressed before leaving the amplifier.
This stage produces pulses with an average energy of 0.8 mJ at a repetition rate of 10 kHz,

centred at 800 nm, each with a duration of ~50 fs.
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Figure 2.12: Schematic diagram of the ULTRA system employing the Michelson

interferometer for pulse pair generation.

The next stage is to convert the wavelength of the pulses to produce light resonant with the
molecular vibrations being studied. This is achieved through the use of an optical parametric
amplifier (OPA). 3>3¢ The OPA splits the incoming pulses using a 50:50 beamsplitter,
producing two identical beams known as the pump beam and the seed beam. The seed is
then passed through an optic limiting its intensity to 10% and then focussed onto a sapphire
crystal to generate a white light continuum. At the point of focus on the sapphire plate, the
now high intensity light is sufficient enough to modify the refractive index of the crystal which
causes self-focussing, this creates multiphoton ionisation which produces free electrons in

the crystal, decreasing its refractive index and thus opposing the self-focussing effect.

As the refractive index is intensity-dependent, throughout the duration of the Gaussian
shaped pulse the seed beam will encounter a change in refractive index. This produces an
intensity-dependent phase shift as the light passes through the crystal which in turn changes
the frequency of the light. As the temporal profile of the pulses pass through the crystal the
light is broadened to both higher and lower frequencies. The leading half of the Gaussian

pulse increases in intensity causing an increase in the refractive index, which in turn induces
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broadening to lower frequencies. The latter half of the Gaussian decreases in intensity
causing a decrease in the refractive index which in turn induces broadening of the light to
higher frequencies. Balancing these two effects allows the production of a high intensity

white light spanning ~1000 nm (400-1400 nm).

The white light pulses are then temporally stretched before focussed onto a barium borate
(BBO) crystal where it meets the 800 nm pump beam and optical parametric amplification

occurs, converting 800 nm light to lower frequency ‘signal’ and ‘idler’ beams:
Wy = ws + w; (2.17)

where the idler beam, w;, is a by-product of the conversion of energy from the pump, w,,, to
the signal, ws, conserving photon momentum.?® Selection of a specific signal wavelength can
be reached by altering the time delay between the pump beam and the temporally dispersed
white light pulse. In order to achieve efficient energy conversion, the group velocities of both
signal and idler beams need to be well-matched and so the angle of the BBO crystal may need
to be adjusted to achieve this.*® Following this, the pump and idler beams are dumped onto
a non-reflective surface and the signal beam is collimated before entering a second optical
parametric amplification stage to increase the signal power. The only difference between the
second and first OPA stages is that in the second stage the pump and signal beams propagate

collinearly, producing a collinear idler beam.

Mid-IR light is produced by difference frequency generation (DFG) of the signal and idler
beams resulting from this second optical parametric stage.3®3” This process involves
separating the signal and idler beams in order to control phase matching during their
recombination. A silver thiogallate (AgGaS;) crystal produces light at a frequency which is
equal to the difference between the signal and idler beams; a range of 2.4 — 12 um is

achievable using this method.3®

In this thesis, all experiments employ pulses centred at 6 pm (1650 cm™). The ULTRA system

results in an output with a temporal duration of ~50 fs and a bandwidth of ~400 cm™.

Once the pulses are at the desired wavelength they progress through a 90:10 beamsplitter
to produce a high intensity pump pulse and a low intensity probe pulse, as seen in Figure

2.12, red and green paths respectively.
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The pump beam is then passed through a Michelson interferometer (as shown in Figure 2.12)

to produce the pump-pulse pair, El and Ez. The moving arm of the interferometer is
controlled by a variable delay stage which moves during the data acquisition and defines the
time period, t;, between the two re-combined collinear pump pulses. Displacement of the

interferometers moving arm by a distance, Ax, varies the inter-pulse timing as follows:

2Ax

where c is the speed of light. As the light travels from the beamsplitter to the mirror and back
again, the total path difference is 2Ax for every increment of Ax the delay stage moves. The
path difference between the two pump pulses gives rise to interference when t; # 0 and as
the stage is scanned the frequency components of the recombined light from the two arms
of the interferometer shift in and out of phase depending on the path difference caused by
the moving arm. Scanning this time delay during data acquisition allows the excitation
frequency to be controlled in a way parallel to the scanning of the narrowband pump pulse

in the frequency domain.**®

The step sizes taken by the variable delay stage, as well as the maximum recorded value of
t1, help define the pump frequency axis of the 2D-IR spectrum after Fourier transform. The
spectral resolution, Aw, of the pump frequency axis is related to the maximum value
recorded for t;, thus for a high resolution 2D-IR spectra many points are typically collected

for t1.4

1
Aw = (2.15)

tl max

The step size, At, dictates the maximum frequency that can be detected from the Fourier
transform of the time domain data, known as the Nyquist frequency, w.

wy 1

A smaller step size allows detection of higher frequency components and larger values of
t1 max provides a higher pump frequency resolution after the Fourier transform. For the data
acquired in this thesis using the interferometer set up, step sizes of the interferometer arm

of 3 fs (~0.45um) with a maximum recorded t; value of 4ps were used.

56



The probe beam, Eg, encounters the probe delay stage prior to reaching the sample. This
delay stage controls the waiting time, T,,,, between the pump and probe pulses. This stage is
set prior to the experiment and does not change during data acquisition. Following the
interferometer, both the pump and probe pulses are focussed and directed towards the

sample by a gold parabolic mirror. After interaction with the sample the pump pulse is

dumped onto a non-reflective surface. The emitted signal, E4, and the probe pulse, E3, are
re-collimated by a second gold parabolic mirror before being spectrally dispersed via a
diffraction grating and then onto liquid nitrogen cooled mercury cadmium telluride (MCT)
pixel detector array which yields the probe frequency axis of the 2D-IR spectra. With this set

up a spectral resolution of ~1.5 cm™ for the probe frequency axis was achieved.

As the signals are recorded by referencing against no interaction of the pump pulse with the
sample, otherwise known as ‘pump-off’, the pump pulses are modulated by a beam chopper
which is synchronised to the regenerative amplifier output (10 kHz) at half of its repetition
rate, 5 kHz. This blocks alternative pump pulses allowing the probe spectrum to be recorded

both with and without the pump.

Each data point collected is averaged for 0.4 seconds to help increase the signal to noise
ratio. The final signal is also averaged over three scans of t1, again to help increase signal to

noise and to help compensate for any long term drift effects in the alignment of the laser.

2.3.2. LIFEtime Instrument

The LIFEtime laser instrument is comparable to that described for the ULTRA set up, however
there are a number of differences which have a significant impact on the performance of

LIFEtime set-up when measuring 2D-IR spectra.®®

Initially, one oscillator feeds two ytterbium potassium gadolinium tungstate (Yb:KGW)
regenerative amplifiers which are then used to seed two OPAs: one for the pump beam and
another for the probe beam (Figure 2.13). A third OPA can also be used to produce a second
probe beam at different frequencies (two-colour experiment)*®*! however for the work in
this thesis a second probe pulse was not used. The pump amplifier produces pulses centred
at 1032 nm with a pulse duration of 260 fs at a repetition rate of 100 kHz.*° The probe
amplifier also generates pulses centred at 1032 nm at a reputation rate of 100 kHz but have
a shorter duration at 180 fs. The total power output of the pump and probe amplifiers is 15

and 6 W, respectively. The pump amplifier drives OPA1 (Light Conversion Orpheus-HP) which
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is a similar OPA and DFG process as described for ULTRA and produces pump pulses tuneable
within the range of 2100 - 13000 nm. The probe amplifier drives OPA2 (Light Conversion
Orpheus-One) and the additional OPA3 if required. This provides one (or two) separate probe
pulse output that is tuneable from 4000 - 13000 nm. The two separate probe OPAs (OPA2 &

OPA3) allow probing of two different spectral regions simultaneously.
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Figure 2.13: Schematic diagram of the LIFEtime system employing a pulse shaper for pulse
pair generation (grey box). As OPA 3 was not used for the experiments it has not been included

here.

One of the major differences between the ULTRA and the LIFEtime set up is the use of a MIR
pulse shaper instead of a Michelson interferometer to produce the pump pulse pair (Figure
2.14).%2% The use of a pulse-shaper results in a programmable pump beam frequency

meaning that the phase relation of the two pumps is always known.*?

The output of OPA1, a single pump pulse, is aligned to enter the pulse shaper which results
in the production of a pump pulse pair (Figure 2.14). As the pump beam enters the pulse
shaper it is dispersed by a grating before being collimated by a cylindrical mirror. This
collimated light is then allowed to pass through a germanium acousto-optic modulator

(AOM). This modulator is coupled to a waveform generator which is programmed to pass an
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acoustic wave along the crystal in order to re-shape the incoming pump pulse to the desired

output.*

Figure 2.14: Pulse-shaper schematic. One pulse enters the pulse shaper and is dispersed by a
grating, the parabolic mirror creates a cylindrical beam which passes through the Ge crystal.
The beam is then incident on another parabolic mirror before being dispersed again and

leaving the pulse shaper as two pulses separated by t;.

The use of the pulse shaper allows exact modulation of the pump pulse to produce the pump
pulse pair with known phase and intensity. With each programmed acoustic wave producing
a pulse pair, the AOM is varied to alter the timing between the pulse pair. Resulting in a train
of pump pulse pairs with different time delays, ti, between the two pump pulses. Each
resultant pump pulse pair is identical to those created using the interferometer except now
time zero and the phase of the two pump pulses are always known and no longer need to be

calculated, allowing more accurately phased 2D-IR spectra to be obtained.**34°

The new pump pulse pair, Eland EZ, is then sent through a computer-controlled delay stage

to set the time separation between the pump and probe, Eg, pulses, the waiting time. Both
the pump and probe pulses are focussed and directed towards the sample via a gold
parabolic mirror (Figure 2.13). Again, after interaction with the sample the pump pulse is
dumped onto a non-reflective surface. The emitted signal, E4, and the probe pulse, §3, are
re-collimated by a second gold parabolic mirror before being spectrally dispersed via a
diffraction grating and then onto liquid nitrogen cooled MCT pixel detector array which yields

the probe frequency axis of the 2D-IR spectra. With this set up a spectral resolution of
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~1.5 cm for the probe frequency axis was achieved. If OPA3 is in use a second MCT pixel

detector array can be set up to detect a different wavelength region.

The signal frequencies detected at each pixel on LIFEtime are collected as a function of t; and
Fourier transformed with respect to t; to obtain the pump frequency axis of the 2D-IR

spectra.

The LIFEtime system utilises pulses with a central frequency of 1650 cm™ with a pulse

duration of ~200 fs with a bandwidth of ~100 cm™.%°

Due to the fast repetition rate of the laser, a high rate of production of data points is acquired
which may result in memory capacity issues within the computers used and the pulseshaper
cannot carry enough waveforms to scan a large pump frequency range in small steps. One
way to help minimise the number of data points collected without compromising the spectral
resolution and range is to under-sample the interferogram which leads to aliasing.* Under-
sampling allows much larger step sizes to be taken between the pump pulses whilst covering
the same frequency range. As fewer points are recorded to determine the frequency of the
signal, the frequency components higher than the Nyquist frequency are aliased.* An

example of aliasing is shown in Figure 2.15 below.

Amplitude

Time
Figure 2.15: An example of aliasing. Black trace shows ‘correct’ sampling of the signal and

the red trace shows the under-sampled signal. Blue points denotes where the amplitude of

the two traces are identical.
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The correct frequencies for features found can be retrieved given that the measured
frequencies are dictated by the frequency laser spectrum. Data presented in this thesis using
the LIFEtime and pulseshaper upgraded ULTRA instruments utilised 12 fs step sizes compared

to the 3 fs step sizes used for the ULTRA Interferometer.

Furthermore, the pulseshaper set-up makes use of phase cycling, which is a technique
employed to aid in reducing the volume of background noise and scattering effects in 2D-IR
spectra by measuring additional data points at each value of t; with different phases (+ m) of
the pump pulse pair. This additional data is subtracted from the original in phase data

allowing reduction of background noise and scatter.
2.4. 2D-IR Data Processing

The beam geometry was chosen in order to emit both the rephasing and non-rephasing
pathways in the same direction and so with an accurate derivation of time zero the rephasing

and non-rephasing pathways are summed correctly producing absorptive 2D-IR spectra.

Where El and Ez overlap exactly is important to establish the pump frequency axis and
phasing of the 2D-IR spectra, this position is known as ‘time-zero’. As the pulse shaper
provides a pump pulse pair where the phase is always known between the two pulses, time-
zero is automatically known and does not need to be calculated. Once time-zero has been
established, measurements prior to time-zero are not included in the 2D-IR spectra as they
can cause distortion in the observed 2D-IR line shapes and so the measured signals in t; are
truncated to remove the negative delay times. This can only be achieved once time-zero is

known and hence why accurate measurement of time-zero is necessary. *

Zero-padding is also implemented in order to increase the apparent spectral resolution of
the obtained pump axis after Fourier transform. Prior to the Fourier transform, the number
of data points in time is increased by adding data points with an intensity equal to zero. This
process involves extending the maximum value of t1 maxin the Fourier transform which in turn

produces a higher frequency resolution of the obtained pump frequency (equation 2.5).

An example of the signal recorded by each pixel in the MCT array is shown in Figure 2.16(a).
Fourier transform of the interference pattern of the heterodyned signal with respect to t;

produces a spectrum of all of the frequency contributions to the signal for each pump
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frequency (Figure 2.16(b)). Fourier transform of this on each probe pixel allows compiling of

the 2D-IR spectrum.
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Figure 2.16: a) Time domain signal from one of the pixels in the MCT array. The time (ps) is

truncated at 1.5 ps however t; max continues until 4 ps. b) The frequency domain signal of a)

after Fourier transform.

An example 2D-IR spectrum using the pulse-shaper LIFEtime set-up, with automatic time zero

calculation and with zero padding applied is shown in Figure 2.17. A resolution of ~4.2 cm™

is obtained for the pump frequency axis.
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Figure 2.17: An example 2D-IR spectrum of bovine serum albumin in H,O using the LIFEtime

instrument.
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However for the case of the ULTRA interferometer setup the phase is not known and must

be calculated in order to produce correctly phased data. This process will now be discussed.

After propagation through the interferometer, a weak reflection of the pump beam is
isolated and sent to a single element detector where the intensity of the recombined pump
pulses is measured as a function of t;, this is known as a pump auto-correlation and is crucial
for proper phasing of 2D-IR spectra. An example of an auto-correlation is shown in Figure

2.18.

A Absorption

0 0.5 1.0 1.5
Time (ps)
Figure 2.18: Pump auto-correlation, acquired during 2D-IR measurements on ULTRA. Insert

shows ‘centre-burst’ of the auto-correlation between -0.2 and 0.2 ps. At = 3 fs.

The maximum pump-pump intensity is recorded at t;=0, meaning that the pump pulses are
completely in phase and interfere constructively. In order to record the full interference

pattern, and to ensure time-zero is collected, negative time delays are also recorded.

A small window of the auto-correlation between -0.2 and 0.2 ps is known as the ‘centre-
burst’ (Figure 2.18) and is used to accurately determine time-zero and phasing of the 2D-IR
spectra. The centre-burst is the temporal region in which the measured intensity is defined

by the relative phase of the two pump pulses.
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Accurate derivation of time-zero is achieved through analysis of the phase slope (d¢/dt;) of
the analysed pump auto-correlation.? At time-zero, where all the frequency components are
in phase, the phase slope, d¢/0t,, gradient is zero. This point is then adjusted by
interpolating the auto-correlation signal to get a more accurate result, allowing fine-tuning
of the spectral phase in each of the probe signals. Finally, the projection slice theorem is used
to establish the final value for time-zero.*3® A projection of all 2D-IR pump slices onto the
probe axis is overlaid with a pump-probe spectrum, when the spectrum is phased correctly

the two should overlap perfectly (Figure 2.19(a)).
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Figure 2.19: Phasing of the 2D-IR spectra using the Projection Slice Theorem. a) the overlap
of the projected slice with the pump-probe spectrum. The correct time-zero has been selected
and the two spectra overlap closely, as a result the 2D-IR spectra (c) is properly phased. b)
the overlap of the projected slice with the pump-probe spectrum, an incorrect time-zero has
been selected and the two spectrums do not overlap, as a result the 2D-IR spectra (d) is not
properly phased. 2D-IR spectra that have not been phased correctly have dispersive

components that distort the 2D-IR lineshapes, splitting the spectral features into quadrants.
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Accurate derivation of time zero allows both the rephasing and non-rephasing pathways to

be summed correctly which results in absorptive 2D-IR spectra. Incorrectly phased spectra

contain contributions from the dispersive component derived from the negative time delays,

causing a split of the 2D-IR into quadrants (Figure 2.19(d)).

Developments in ULTRA were performed throughout the measurement access time. This

included the replacement of the Michelson Interferometer with a pulse shaper. As the

pulseshaper data is automatically correctly phased, the techniques described for the ULTRA

interferometer set up are not require

d 4,46
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3. Measuring Proteins in H,O Using

2D-IR Spectroscopy
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All 2D-IR serum data acquisition and analysis was performed by myself.
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3.1. Abstract

The amide | infrared band of proteins is highly sensitive to secondary structure, but studies
under physiological conditions are prevented by strong, overlapping absorption bands of
water which motivates the widespread use of deuterated solvents. Exchange of solvent
hydrogen for deuterium (H/D) raises fundamental questions regarding the impact of
increased mass on protein dynamics and is impractical for biomedical or commercial
applications of protein IR spectroscopy. In this chapter, it is shown that 2D-IR spectroscopy
can avoid this problem as the non-linear optical nature of the 2D-IR signal suppresses the
water response allowing, the amide | signature of proteins to dominate that of water even

at sub-millimolar protein concentrations.

Infrared spectroscopy is sensitive to molecular structure, but its application to proteins is
hindered by the broad nature of the amide | band, essentially the C=0 stretching mode of
the peptide link. 2D-IR spectroscopy overcomes this problem by measuring vibrational
couplings between peptide units in macromolecular structures and the 2D-IR amide | signal

is diagnostic of secondary structure content and ligand binding.

Using equine blood serum as a test system, the spectroscopy and dynamics of proteins in
water is investigated. Measurements of vibrational relaxation dynamics of serum proteins
reveals that deuteration slows down the rate of amide | vibrational relaxation indicating a

dynamic impact of isotopic exchange in the proteins studied.

The unique link between protein secondary structure and 2D-IR amide | lineshape allows
differentiation of signals due to albumin and globulin protein fractions in serum leading to
measurements of the bio-medically important albumin to globulin ratio (AGR) over a

clinically-relevant range.

Additionally, this study demonstrates that 2D-IR spectroscopy can enable differentiation of
the structurally similar globulin proteins IgG, IgA and IgM, which opens up a straightforward
spectroscopic approach to measuring levels of serum proteins that are currently only
accessible via biomedical laboratory testing, the potential exists for more detailed

characterisation of the protein content of serum.
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3.2. Introduction

Successful treatment of disease is often critically dependent upon obtaining an early and
accurate diagnosis and the production of new enabling technologies for healthcare is an
ongoing scientific challenge.»? Label-free testing strategies based on minimally-invasive
sampling methods are desirable, being preferred by patients while delivering results quickly
and economically is important. For these reasons spectroscopic interrogation of biofluids,
such as blood serum, are particularly attractive targets for new analytical methods. Blood
serum is easily obtained with minimal patient discomfort and provides data from the
circulatory system which contains a range of potentially diagnostic chemical markers by
virtue of contact with most of the major organs.> Current technologies use antibody assays
to enhance the signal associated with a target biomolecule, relying critically on the
availability of specific antibodies for proteins of interest and requiring significant sample

preparation.®

Moreover, the heterogeneous nature of disease means that single-metabolite detection may
be inferior to a broad bio-molecular fingerprint of metabolic function as an early warning of
deteriorating patient health®* or, for example, to indicate the presence of cancers.” The
protein content of blood serum represents an ideal substrate for holistic analysis. Human
serum contains ~70 mg/mL of proteins composed of albumin (~¥35-50 mg/mL) and the
globulins (~25-35 mg/mL).21° Diagnostically, measurement of the albumin to globulin ratio
(AGR) is valuable.®#'*** The AGR of blood serum is a widely-used clinical marker and
knowledge of this ratio is sufficient to provide important insights into general health.
Changes in the AGR are associated with liver and kidney disease as well as with the presence
of infection, inflammation, autoimmune disease and some forms of blood cancer.*™** The
presence of an inflammatory response is indicated by increased globulin levels thus a low
AGR. An indication of the ability of the patient to survive cancer therapy can also be indicated
by higher AGR values but threshold limits vary depending on the cancer type. Despite the
importance of the AGR, the globulin fraction is currently obtained indirectly using wet
chemistry techniques and taking the difference between the concentration of albumin and

the total protein content of serum rather than by a direct measurement.®

Beyond the AGR, a more detailed breakdown of the globulin composition enables deeper
insights into specific health problems, however the globulins encompass a huge number of

proteins. The y-globulins constitute the bulk of the serum globulin fraction. Of these,
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immunoglobulin-G (IgG) is the most abundant, accounting for ~80% of the y-globulins, while
IgA (~13%) and IgM (~6%) are the next most abundant.'®'’ As well as bulk changes in globulin
concentration, changes in serum levels of each of these individual globulin components are
associated with health-related issues.'” IgG levels are found to increase in cases of liver
disease or chronic infection,*® IgA is linked to cirrhosis!® and diabetes mellitus?® while changes
in IgM levels can warn of antibody deficiency syndrome.?! There is therefore considerable
benefit in a straightforward spectroscopic measurement that can not only deliver the AGR

directly but also differentiate between the major globulin components.

Water is an obstacle common to both IR absorption and 2D-IR spectroscopy. The biological
solvent absorbs widely across the mid-IR, but the H-O—H bending mode (65_g—_pg, 1644 cm”
1) directly obscures the protein amide | transition, motivating the widespread use of
deuterated solvents (D,0) for protein IR spectroscopy (Figure 3.1). As deuterated water is
heavier than H,O, the bending mode is shifted to lower wavenumbers allowing observation

of the protein amide | band in solution without the overlapping water contribution.

0.6
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Figure 3.1: The IR absorption spectra of D;0 (red), H,0 (blue) and serum (black).

However, deuteration is an imperfect solution as D,O is non-physiological, which raises
fundamental questions regarding the impact of solvent isotope exchange on the ability to
measure natural protein structural dynamics. The kinetic isotope effect is well known while

changes in vibrational coupling between solvent and protein in deuterated systems arising
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from the removal of spectral overlap between the amide | band and the §;_o_y mode may
alter energy transfer dynamics and impact upon function in ways currently unknown.?? The
use of D,O also leads to practical issues surrounding incomplete proton exchange and
elevated cost. These severely limit applications of protein IR spectroscopy in the biomedical
or commercial sector where a hydrogen/deuterium (H/D) exchange is either impractical or

viewed as economically unfeasible.

IR absorption methods are fast, label-free and provide broad chemical coverage however
current IR spectroscopic studies of blood serum employ dried samples to avoid the problem
of water absorption, which can introduce artefacts from the drying process.?®* Drying or
filtering samples takes time and has been linked to measurement uncertainties from sample
processing.?* Water spectra can also be obtained alongside serum spectra and subtracted,
but this can be inaccurate and is a subjective process.?®> Attenuated total reflection (ATR)
methods enable studies in aqueous liquids have been used to detect ovarian cancer and the
severity of brain cancers however such linear spectroscopic methods cannot separate
albumin and globulin signals or identify contributions from individual globulin proteins.?6?”
Thus, a practical, fast spectroscopic method capable of measuring AGR without the need for
serum pre-processing alongside the ability to clearly differentiate key proteins would offer a

major step forwards in healthcare technology.

In this chapter, measurements of the first 2D-IR measurements of proteins in water are
explored. Using blood serum as an exemplar system, it is evident that H/D exchange is not
necessary for label-free protein studies in H,O using 2D-IR spectroscopy. Typical serum
protein concentrations in humans are in the sub mM range (35-50 mg/mL albumin
corresponds to 0.5-0.7 mM; 25-30 mg/mL y-globulins ~0.15-0.25 mM), which correspond
closely to those used for 2D-IR spectroscopic studies of proteins in D,0.2 Measurements of
proteins in both H,0O and D,0 solvents show that deuteration slows down the vibrational
relaxation dynamics of serum proteins. The enhanced spectral resolution of 2D-IR relative to
IR absorption and the unique 2D-IR lineshapes enable accurate differentiation of protein
signals of proteins with different secondary structures in the complex aqueous serum
environment, allowing quantification of the AGR, and even when their secondary structure

composition is similar for the cases of the y-globulins sub groups IgG, IgA and IgM.
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3.3. Experimental Techniques

3.3.1. Sample Preparation

Pooled equine serum, serum albumin (bovine), y-globulins (bovine), IgG, IgA and IgM
(human) were obtained from Sigma Aldrich and used without further purification.
Measurements of individual proteins were performed using aqueous Tris buffer (pH ~7.5) to
mimic the pH of the serum samples. To study the spectroscopy of serum samples at a range
of AGR values, y-globulin was spiked into pooled horse serum at concentrations of 30, 15,
7.5, 3.8, 1.9, 0.9 and 0.5 mg/mL. Yielding a total of 8 samples (7 spikes and pure serum).
These concentrations cover a clinically relevant range and encompass large variations (>10

mg/mL) which are typically seen in the globulin fraction.®°

To measure IR spectra in water using transmission mode, the sample thickness was carefully
controlled in the cell set-up to avoid saturation of the §,_,_y mode of water at 1650 cm™.
The same cells (Figure 2.4) are used in the 2D-IR experiments after FTIR data collection and
so in order for the sample absorbance not to saturate both the FTIR and 2D-IR array
detectors, an FTIR absorbance less than 0.6 is required. This is typically achieved by using a
polytetrafluoroethylene (PTFE) spacer of known size, however the smallest available spacer,
6 um, produced an absorption amplitude that was greater than 0.6. As a result of this, no
spacer was used and instead the FTIR instrument was used to regulate the sample thickness.
As the combination band of the bending mode and librational modes of water, situated at
2130 cm’, is also present undisturbed in the serum samples studied in this thesis, it was used
to closely monitor the sample thickness. This was achieved by slowly tightening the fastening
ring on to the cell body to gradually reduce the sample thickness and measuring the sample

absorbance (Figure 3.2) at each stage.
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Figure 3.2: FTIR spectra of a serum sample in the process of tightening the cell fastening ring
and gradually reducing the sample thickness until the desired sample thickness (black) is

achieved.

An absorption of 0.1 at the combination band results in a serum amide | peak less than 0.6

and so this value for the combination band (+ 0.01) was achieved for each sample. In order

to calculate the thickness this water combination band absorption corresponds to, the linear

relationship between absorbance and path length is exploited here using a reference

measurement of water taken at a sample thickness of 6 um:
Arer _4s

= (3.1)
lref ls

where the subscripts ref and s denote the absorbance and path length of the 6 um reference
and serum samples being measured. Based on the molar extinction coefficient of water, the

absorbance of 0.1 + 0.01 at 2130 cm™ corresponds to a sample thickness of 2.75 + 0.25 um.

3.3.2 IR Absorption Spectroscopy

IR absorption spectra were measured using a Thermo Scientific Nicolet iS10 Fourier
transform spectrometer. Spectra were the result of 20 co-added scans at a resolution of 1

cm? in the spectral region 400—-4000 cm™. A background spectrum was measured before
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each sample and subtracted following scaling to the amplitude of the 8y_o_g+ V5 mode.

Each measurement was made in triplicate.

3.3.3. PP and 2D-IR Spectroscopy

PP and 2D-IR spectra were recorded using the ULTRA laser spectrometer?>%® at the Central
Laser Facility using the Fourier transform 2D-IR method employing a sequence of three mid-
IR laser pulses arranged in a pseudo pump—probe beam geometry, as described in Chapter
2. Comparable results were obtained irrespective of the use of a scanning interferometer or
pulse shaper to deliver the sequence of two pump pulses. Mid-IR pulses with a temporal
duration of <50 fs; a central frequency of 1650 cm™ and a bandwidth of ~400 cm™ were

obtained.

All 2D-IR spectra were recorded at a waiting time (T,,) of 250 fs between pump and probe
pulses. Each measurement was made in triplicate using identical sample conditions

(described above) to those used for IR absorption measurements.

3.4. Results and Discussion

All 2D-IR spectral processing and analysis was carried out using a custom made script on the
statistical analysis software programme, R.3! Prior to the analysis described in the text, a 2™
order polynomial baseline subtraction was performed. Normalisation to the albumin peak
was done for illustrative purposes however ratios within datasets are acquired and remain
unchanged before/after normalisation. For the data in section 3.4.3.3 vector normalisation

was carried out.

3.4.1. Blood Serum Spectroscopy

Infrared absorption spectra of equine serum samples spiked with 0-30 mg/mL of y-globulins
are shown in Figure 3.3(a). The dominant feature of serum is near 1650 cm™ and is assignable
to overlapping contributions arising from the §,_,_y mode of water (Figure 3.3(a, black))
and the amide | mode of the serum protein component. The water contribution is accounted
for by spectral subtraction (Figure 3.3(b)). The resulting amide | band of the serum proteins

is largely featureless, but gains in amplitude as the added quantity of y-globulins is increased.
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Figure 3.3: (a) IR absorption spectra of serum samples spiked with y-globulins, pure H;O is
shown in black. The inset shows an expansion of the tip of the peak due to the H—O—H bending
mode of water and the protein amide | band at 1650 cm™. (b) IR absorption spectra of serum
spiked with y-globulins from (a) following subtraction of the H,O spectrum. The strong overlap
of their respective amide | bands prevented quantitative determination of the AGR from IR

absorption data.

The IR absorption spectra of the individual serum albumin and y-globulin protein
components are shown as black and grey dashed lines in Figure 3.3(b), respectively. These
individual protein spectra indicate that the amide | absorption lineshape below 1650 cm™ has
a greater contribution from the y-globulin proteins while the lineshape above 1650 cm™ has
a larger contribution from the serum albumin. The strong overlap of the amide | absorptions
with water prevents quantitative determination of the AGR using IR absorption spectroscopy.
However works demonstrating the effectiveness of second order derivatives have shown
promise in protein identification and could be utilised to help resolve overlapping peaks and
isolate signals.3? For fair comparison to 2D-IR spectra, second derivatives were not utilised

here.

By contrast to the IR absorption spectra (Figure 3.3 and 3.4(a)), the 2D-IR spectrum of pure
serum shows considerable structure (Figure 3.4(b)). The negative feature (red) located on
the 2D-IR diagonal near 1650 cm™ is assigned to the v = 0 - 1 transitions of modes observed
in the IR absorption spectrum and contains two distinct contributions with pump frequencies
of 1639 and 1656 cm™ (arrows). Positive (blue) peaks due to the accompanying v =1 —

2 transitions are shifted to lower probe frequencies by the vibrational anharmonicity.
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Figure 3.4: (a) IR absorption and (b) 2D-IR spectrum of pure serum in the amide | region. (c)
IR pump—probe spectrum of H,O at a pump—probe time delay of 300 fs, black arrows show 2
distinct peaks at 1639 and 1656 cm™. (d) 2D-IR spectrum of H.0, magnified 50x. The spectra
in (b) and (d) were both obtained with a waiting time (T,,) of 250 fs and are plotted on the

same scale, see colour bar.>?

However unlike the IR absorption data, the 2D-IR signal of water is significantly weaker than
that of the serum under the same sample conditions. Comparison of 2D-IR spectra of serum
and water is shown in Figure 3.4(b,d)). Although weak, the measured 2D-IR response of water
was found to be in good agreement with previous observations.3*3¢ The corresponding IR
pump—probe spectrum at a pump-probe delay time of 300 fs is also shown for comparison

(Figure 3.4(c)) and is in good agreement with previous work.*’

As 2D-IR signals are dependent upon the 4th power of the vibrational transition dipole
moment, this leads to enhancement of the strong amide | mode of the biological
macromolecules relative to the more plentiful, but weakly absorbing, water molecules.3¥%2
The extinction coefficient for the serum proteins is approximately 15,000 times larger than
that of the water®® at 1650 cm™ and so despite the large absorbance of the §5_,_y mode of
water, the 2D-IR response of proteins is the dominant feature in the serum spectrum. This

results in a spectrum showing only the protein signature without the overlapping water

contribution.
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Comparison of the IR absorption and 2D-IR spectra of pure serum (Figure 3.5(a,d)) to the
spectra of serum albumin (Figure 3.5(b,e)) and y-globulins (Figure 3.5(c,f)) when obtained
individually in water under the same conditions, allows assignment of the two peaks seen at
1656 and 1639 cm™ in the serum spectrum. These two features are assigned to the albumin

and the globulin components respectively.
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Figure 3.5: IR absorption spectra of (a) serum (b) serum albumin (c) y-globulins. 2D-IR spectra
of (d) serum (e) serum albumin (f) y-globulins. Dashed grey horizontal lines show peak

positions of albumin and y-globulins. The colour scale is as shown in Figure 3.8.33

The difference in frequency of the two protein signals arises from the fact that serum albumin
has a largely a-helical secondary structure while the globulins have a higher proportion of -

sheet, which shifts the centre of mass of the amide | band to a lower frequency.*®

The fact that these peaks are separable in the 2D-IR spectrum, whereas they were poorly-
resolved in the IR absorption spectrum is due to the non-linear nature of the 2D-IR signal.
While each mode appearing in the IR absorption spectrum is visible on the diagonal of the
2D-IR plot, the higher-order dependence of the 2D-IR signal upon the transition dipole
moment means that the lineshapes appearing on the diagonal of a 2D-IR spectrum are
narrower than those found in the IR absorption spectrum. This leads to the appearance of
two well-resolved peaks along the diagonal of the 2D-IR plot (Figure 3.5(d)), where only one

broad signal was observed in the IR absorption spectrum (Figure 3.5(a)).
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3.4.2. Protein Dynamics

As all 2D-IR protein studies to date have been investigated in D,0, it is important to establish
the impact of solvent isotopic exchange on the vibrational dynamics of the serum proteins.
To do this, IR pump—probe data were obtained for bovine serum albumin, the y-globulins and
the y-globulin protein IgG in both H,0 and D,0. The case of serum albumin will be discussed
first followed by the y-globulins and IgG and a table (Table 3.1) summarising the results can
be found at the end of this section. Single measurements are shown however lifetimes

calculated are the average of the measurement in triplicate.
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Figure 3.6: IR pump—probe spectra of (a) serum albumin and (b) H,0. Pump-probe delay times

range from 0 ps (blue) to 10 ps (red). Horizontal dashed line indicates 0 change in absorption.
Vertical dashed lines indicate peak positions at 1635 cm™ (dark grey) and 1656 cm™(light

grey) respectively.

The IR pump—probe spectrum is equivalent to the 2D-IR response projected onto the probe
frequency axis*® and Figure 3.6 shows the pump-probe response of BSA (a) and H,0 (b) for a
range of pump-probe delay times. In the case of BSA in H,0, the amide | v = 0-1 peak is
overlapped by the bleach of the v = 0-1 transition of the §;_y_y mode of water and so
must be accounted for in the protein dynamics. The H,0 signal is significantly smaller in
amplitude than the protein response (<20% of the total amplitude at T,,= 0 ps) and is well-
represented by a bi-exponential function featuring a 0.22 + 0.04 ps decay and a 1.21 + 0.19
ps rise-time due to the effects of residual sample heating, which persists to T;, values up to

10 ps (Figure 3.7(a)). This behaviour of the water band is in agreement with previous work,*
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and this fast decay of the water O-H bending mode is due to rapid depopulation of the v =
0 — 1 vibration allowing the transfer of energy into intermolecular modes. This in turn
produces a heated ground state, where the temperature rise of the sample causes a red-shift

in the peak frequency (Figure 3.6).
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Figure 3.7: Temporal variation of the amide | v = 0- 1 bleach signal observed in the IR pump—

probe spectrum of a) H,0 b) BSA in H,O c) BSA in D;0 . d) The water response (black) has been

subtracted after scaling the signals of water to the BSA (blue) at a frequency of 1650 cm,

resulting in only the protein dynamics (green). Solid lines show fits to the data using

exponential functions.

The peak dynamics of the amide | v = 0 - 1 transition of BSA in H,O (Figure 3.6(a) light grey
dotted line) are investigated using two different methods. The first is well-represented by a
tri-exponential decay. This encompasses the bi-exponential result from the water dynamics
with t; and t, fixed within error, and the third exponential gives a vibrational relaxation time
of 0.78 ps (Figure 3.7(b)). In the second approach, shown in Figure 3.7(d), the water response
has been subtracted after scaling the signals of water and the protein to the T, signal at 5 ps

where no protein contribution is observed. Using this method, the water signal is subtracted
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and so a single exponential vibrational relaxation time of 0.81 ps is observed for the amide |
v = 0 -1 transition for the serum albumin in water. In the case of the serum albumin in D,0,
the dynamics of the peak of the amide | v = 0 - 1 transition were well-represented by single
exponential decay with a lifetime of 0.89 ps (Figure 3.7(c)). Both methods result in a reduced
vibrational relaxation time, approximately 10%, when the protein is surrounded by H,0

compared to D;0.

The dynamics of the peak of the amide | v = 0 - 1 transition of y-globulins and IgG are also
investigated using the two methods mentioned above. The first approach using the tri-
exponential fit yields a third exponential with a vibrational relaxation time of 0.75 and 0.76

ps for the y-globulins and IgG (Figure 3.8(a,d)), respectively.
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Figure 3.8: Temporal variation of the amide | v = 0 -1 bleach signal observed in the IR
pump—probe spectrum for the y-globulins (a-c) and IgG (d-f) a) y-globulins in H;O. b) H,0O
(black) and y-globulins in H;O (blue). The water response has been subtracted after scaling
the signals of water to the y-globulins at the frequency of 1650 cm™, resulting in only the
protein dynamics (green). c) y-globulins in D;0. d) IgG in H2O. e) H,0 (black) and IgG in H,O
(blue). The water response has been subtracted after scaling the signals of water to the y-
globulins at the frequency of 1650 cm™, resulting in only the protein dynamics (green). f) IgG

in D;0. Solid lines show fits to the data using exponential functions.
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In the second approach, shown in Figures 3.8(b,e), where the water response has been
subtracted, a single exponential vibrational relaxation time of 0.74 and 0.78 ps is observed
for the amide | v = 0 -1 transition of the y-globulins and IgG in water, respectively. In the
case of y-globulins and IgG in D,0, the dynamics of the peak of the amide | v=0-1
transition was well-represented by single exponential decay with lifetimes of 0.9 and 0.93

(Figure 3.8(c,f)) ps, respectively. A summary of these results is shown in Table 3.1.

Table 3.1: Summary of the vibrational relaxation times of the three proteins studied in both

D,0 and H:0.
Vibrational Relaxation Times BSA y-Globulins 1gG
D,0 0.89 ps 0.9 ps 0.93 ps
H,0 tri-exponential 0.78 ps 0.75 ps 0.76 ps
H,0 subtraction 0.81 ps 0.74 ps 0.78 ps

It is important to note that the vibrational relaxation time of the amide | band of a large
protein is, by definition, a weighted average over a large number of coupled amide |
oscillators.® In the case of the y-globulins, this is a mixture of proteins. It has been shown
previously using fibrillar aggregates of short chain peptides that the lifetime of the amide |
band is sensitive to secondary structure and to the level of solvation of a given residue.*
However, the consistent observation of a reduction in vibrational lifetime by around 10%
using both methods upon moving from D,0 to H,O for each of the three proteins studied
indicates that the average lifetime of the amide | mode of these proteins is being reduced.
These findings are consistent with previous studies of solvent isotope-dependent vibrational

dynamics, suggesting that isotopic exchange of the solvent may be responsible for altering

the observed protein dynamics.*’
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Figure 3.9: 2D-IR spectra of BSA in H,0 (a,b,c) and DO (d,e,f) at the waiting times 0.25 ps
(a,d), 1 ps (b, e) and 5 ps (c,f). All H,0 spectra have been plotted on the same scale and the
later waiting times have been magnified to reflect this. All D,O spectra have also been plotted
on the same scale and magnified as shown. Black crosses denote the centre line slope of each

spectra.

In addition to pump—probe data, spectral diffusion of the 2D-IR amide | lineshape of the
serum albumin in water was compared to that in DO (Figure 3.9). A series of waiting times
studies for BSA (30 mg/mL) in both H,0 (~2.75 um spacer) and D,0 (25 um spacer) solvents
were studied to compare the spectral diffusion dynamics of BSA in the two different solvents.
The centre line slope (CLS)*® was utilised to attempt to extract these dynamics. Indications of
changes in linewidths and spectral diffusion processes in H,O were present in the data. The
amide | lineshape in H,O appears more circular in nature (Figure 3.9(a)) compared to the
more elongated peak in D,0O (Figure 3.9(d)), suggesting different inhomogeneous broadening
or changes in the spectral diffusion dynamics. However the CLS analysis did not clearly reflect
this trend (Figure 3.9, black crosses). At late waiting times the water response due to heating
dominates the 2D-IR signal and thus obscures any measurement of the protein CLS.
Indications of this can be seen in the PP dynamics of each of the three proteins in H,O (Figures
3.7 and 3.8) where the dynamics do not tend to zero but instead exceed zero and level off

with a positive signal. This response is due to the redistribution of energy within the sample
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eventually leading to energy transfer to the solvent which induces a red-shift of the
absorption.” In relation to analytical studies of complex protein mixtures such as serum, the
relative dynamics of the signals due to water and proteins can be utilised to optimise the
difference between the 2D-IR protein response and that of water. Figure 3.10 shows the
faster relaxation time of the 65 _o_y mode (blue) than the protein amide | response of serum
(black), which has a vibrational lifetime of 0.83 + 0.09 ps at 1650 cm™. This means that at a
waiting time of 250 fs, the water signal is at a minimum prior to the onset of the small rising

signal due to water heating.
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Figure 3.10: Temporal variation of the bleach signal observed in the IR pump—probe spectrum
of H,0 (blue) and serum (black) at a frequency of 1650 cm™. Solid lines show fits to the data
using a single exponential function with a decay time constant of 0.22 ps (H,0) and 0.83 ps

(serum) respectively.

This results in a spectrum showing only the protein signature at this waiting time and on this

basis, the following spectral analysis of protein samples is carried out using a T;,, of 0.25 ps.

3.4.3 2D-IR Biofluid Analysis

Having now measured proteins in water, the focus is turned to quantify the relative

concentrations of the two major components of serum, the serum albumin and globulins.
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3.4.3.1 AGR Scaling Factor

The two peaks observed in the serum 2D-IR spectra (Figure 3.5(d)) have been assigned to the
albumin (1656 cm™) and y-globulins (1639 cm) fractions. However, the non-linearity of the
2D-IR signal intensities means that additional factors to the simple Beer-Lambert terms must
be taken into account. The relative molecular weights of these two proteins are very different
(albumin of ~66 kDa and y-globulins of ~150 kDa) and their differing secondary structural
elements gives rise to changes in vibrational coupling of amide | oscillators, which in turn
influences the amplitude of the 2D-IR amide | band via the transition dipole moment.*! The
guantitative ratio of the serum albumin and y-globulin 2D-IR signals were obtained by
measurements of known concentrations of the two proteins under as close as possible to
identical conditions (Figure 3.11). Measurements were taken at a concentration of 30 mg/mL
for the y-globulins and 50 mg/mL for the serum albumin. These concentrations were chosen
to maximise the 2D-IR signal within the solubility limit of the protein. From the relative
maximum amplitudes of the 2D-IR spectrum diagonals of serum albumin and y-globulins it
can be established that, per unit concentration (mg/mL), the albumin signal is 1.8 + 0.1 times

larger than the y-globulin response.
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Figure 3.11: Diagonal slices through 2D-IR spectra of 50 mg/mL of serum albumin (black), 30
mg/mL of y-globulins (red). Blue dashed lines shows the slice due to the y-globulins scaled to

reflect a 50 mg/mlL concentration.®
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3.4.3.2 Using 2D-IR to Measure the AGR

Using 2D-IR spectra of a range of serum samples spiked with differing quantities of y-

globulins (Figure 3.12), an attempt was made to utilise the spectral differentiation of the

peaks assigned to the albumin and globulin protein components (Figure 3.5) to quantify the

AGR directly from 2D-IR spectra.
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Figure 3.12: 2D-IR spectra of serum spiked with y-globulins in the following concentrations

mg/mL): a) 0 b) 0.5¢c) 0.9d) 1.9 e) 3.8 f) 7.5 g) 15 h) 30. Dashed grey horizontal lines show

the peak positions of albumin and y-globulins discussed in the preceding text. All spectra have

been plotted on the same scale, see colour bar.3

Three separate approaches were employed to determine the AGR values of the serum

samples:

(i) the 2D-IR spectrum diagonal,

combination analysis of 2D-IR spectra.

(i) pump-frequency slices and (iii) linear
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(i) The 2D-IR spectrum diagonal approach extracts the diagonal of each 2D-IR spectrum,
resulting in two distinct peaks at 1656 cm™ and 1639 cm™, which were assigned to the
albumin and globulin fractions respectively (Figure 3.13 (a, b)). In this approach, the ratio of
the absolute values of the amplitudes assigned to the albumin and globulin fractions were
used to determine the AGR (Figure 3.13(a)). Scaling of the globulin amplitude by the scaling
factor of 1.8 was implemented to account for the measured differences in signal amplitude

between albumin and the y-globulins per unit concentration.
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Figure 3.13: AGR of serum samples from 2D-IR spectroscopy obtained using the 2D-IR
diagonal method. (a) the solid black line indicates the actual AGR of the samples. Error bars
show 2¢ variation from triplicate measurement. Dashed lines show linear fits to the
experimental AGR values. (b) The spectral basis of the method where the albumin and

globulin signals are indicated with vertical dashed grey lines.
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(ii) The pump-frequency slice method utilises horizontal slices through the 2D-IR spectrum at
1656 cm™ and 1639 cm, assigned to peaks of the albumin and globulin signals respectively
(Figure 3.14(a, b)). Using the amplitudes of the v = 0- 1 peaks due to albumin and globulins,
the ratio of the absolute values of the maximum amplitudes of the globulin pump slice, at a
probe frequency of 1639 cm™, and that of the albumin slice at 1656 cm™ was used to
determine the AGR (Figure 3.14(a)) following application of the scaling factor (1.8) to the

globulin signal.
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Figure 3.14: AGR of serum samples from 2D-IR spectroscopy obtained using the 2D-IR pump-
frequency slice method. (a) the solid black line indicates the actual AGR of the samples. Error
bars show 20 variation from triplicate measurement. Dashed lines show linear fits to the

experimental AGR values. (b) The spectral basis of the method where the albumin and

globulin signals are indicated with vertical dashed grey lines.
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(iii) Linear combination analysis fits the serum 2D-IR spectrum to the linear sum of the
independent 2D-IR spectra obtained for the serum albumin and globulins (Figure 3.15(a, b)).
All 2D-IR spectra were normalised to the albumin peak at 1656 cm™ before the analysis and
the coefficients of the relative contributions of the two protein spectra were then used to

evaluate the AGR (Figure 3.15(a)), following scaling of the globulin fraction by 1.8.
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Figure 3.15: AGR of serum samples from 2D-IR spectroscopy obtained using the 2D-IR linear
combination analysis method. (a) the solid black line indicates the actual AGR of the samples.
Error bars show 20 variation from triplicate measurement. Dashed lines show linear fits to
the experimental AGR values. (b) The spectral basis of the method where the albumin and

globulin signals are indicated with vertical dashed grey lines.

The AGR values were measured from the 2D-IR spectra of the spiked serum samples using all
three approaches while the variation over triplicate measurements was used to reflect the
repeatability of each method. The values obtained are compared to the real value of the AGR
(Figures 3.13(a), 3.14(a) and 3.15(a), solid black line). The ‘actual’ AGR value was determined
via sending a sample of the as-received equine blood serum for standard laboratory testing
at the University of Glasgow School of Veterinary Medicine (Glasgow, UK) and adding the
quantity of the known y-globulin spike to the globulin component. The total protein
concentration was assayed using the Biuret method®!® and the albumin concentration was
assayed using the Bromo cresol green (BCG) method.* However this technique assumes the

difference between the total proteins and serum albumins is globulins. This non-
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spectroscopic AGR measurement of the neat serum was repeated on three individual batches

of serum to ensure repeatability.

All three methods for determining the AGR spectroscopically produced a linear relationship
when the measured value (Figures 3.13(a), 3.14(a) and 3.15(a), points and dashed lines) was
plotted against the actual AGR, over a clinically relevant concentrations. Ideal agreement
between the actual and 2D-IR-measured AGR values is represented by the solid black line in
Figures 3.13(a), 3.14(a) and 3.15(a), which denotes where the predicted and actual AGR

values are identical, with the aim for the 2D-IR AGR values to lie along this line.

Of the three 2D-IR methods used, the pump slice approach (Figure 3.14) was the most
accurate at the higher values of the AGR, which correspond most closely to the expected
human clinical range of 1-2.8° The equine serum test samples showed a somewhat higher
globulin concentration (40 mg/mL) than is typical for humans (between 25-35 mg/mL). At
lower AGR values, the agreement obtained with the pump-slice method was less effective,
which could be caused by to the very large y-globulin spike distorting the albumin response.
The results obtained from the 2D-IR diagonals were good across the full range of the samples
studied (Figure 3.13), with most 2D-IR-derived values being within the measurement error of
the actual AGR value, though a constant offset from the actual AGR value was noted. As the
spectrum diagonal selects the centre frequency of the albumin peak, it can be seen in Figure
3.12 that the globulin signal lies slightly to the right of the diagonal and this is accredited to
differences in the anharmonicities of the proteins. Finally, the linear combination (Figure
3.15) yielded excellent agreement over the mid-range of the spiked samples (AGR = 0.5 —

0.7), but was less effective at the extremities.
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Importantly, all three analysis methods are superior to direct IR absorption spectroscopy,
which did not produce a reliable value of the AGR. Taking an average of the three analysis
approaches (Figure 3.16) produced agreement with actual AGR values across the full range

of samples, within the experimental uncertainty and is the best approach.
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Figure 3.16: AGR obtained from averaging the results in Figure 3.14(a, c, e). The AGR is
predicted for each data point using leave one out tests, as shown by the solid black dots. The
solid black line indicates the actual AGR of the samples. Error bars show 2o variation. The

dashed line shows a linear fit to the experimental AGR values.

The accuracy of the method is tested using leave one out cross validation tests.>° This involves
removing an AGR result and repeating the linear regression and using it to predict the AGR
of the removed data point. This is repeated for every AGR value and in all cases the results

gave an accuracy to within the expected error of the measurement (Figure 3.16, black dots).

Overall, the 2D-IR measurements tested here show accuracy over a clinically-relevant range.
Based on sample-to-sample variation, the accuracy of the 2D-IR derived AGR measurement
was + 0.03 (+ 4%). Direct comparisons with the current wet assay technique are not possible
because these tests derive the AGR value from the difference in total protein and albumin

concentrations and so do not directly measure globulin content, however typical quoted
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accuracies are ~1%.°! Although the spectroscopic approach is less accurate than current
technologies, it is important to note that these are the first measurements of proteins in
water using 2D-IR spectroscopy and this first demonstration holds promise for considerable
scope for improvement of the accuracy through engineering approaches to sample path

length repeatability and improved data collection protocols.
3.4.3.3. Using 2D-IR to measure Immunoglobulins in Serum

In principle, 2D-IR offers the possibility of going beyond the AGR measurement by virtue of
the information-rich 2D lineshape of the proteins, which gives the opportunity to resolve
more than albumin and the y-globulins. The major protein constituents of the y-globulins are
IgG (80%), IgA (13%) and IgM (6%) and so represent realistic and clinically relevant test

targets.!6:’

2D-IR spectroscopy is used here to attempt to differentiate changes in the signal from the
immunoglobulins from that of the albumin and y-globulin contributions to a spectrum of a
serum sample. The fact that IgG, IgA and IgM all have similar B-sheet rich structures to the y-
globulins is challenging and so it is necessary to identify regions of the 2D-IR spectrum where
the response due to IgG, IgA and IgM proteins can be differentiated from the generic y-
globulin response. Figure 3.17(a, b, c) shows the 2D-IR amide | signal of IgG, IgA and IgM

proteins, respectively.
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Figure 3.17: 2D-IR spectra of a) IgG, b) IgA and c) IgM in H-O. (d, e, f) Difference spectra
obtained by subtracting the 2D-IR response of the spectra in (a, b, c) from that of the y-

globulins. The spectral features have been magnified by a factor of 10 for clarity.
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As expected, the spectral features all appear very similar due to their comparable secondary
protein structures and compositions. In order to highlight the subtle discrepancies between
the signals, difference 2D-IR spectra (Figure 3.17(d, e, f)) were constructed by subtracting the
average of triplicate measurements of IgG, IgA and IgM at a concentration of 30 mg/mL from

the spectrum of the 30 mg/mL of y-globulins.

The results of the difference spectra show that there is little variance between the spectrum
of 1gG and that of the y-globulins (Figure 3.17(d)). Although somewhat trivial, this result is as
expected due to IgG accounting for ~80% of the y-globulins and acts as an effective control

for the process. Owing to this, a concentration study of IgG with serum was not carried out.

By contrast, the difference spectra obtained for IgA and IgM do show regions of spectral
differences with the y-globulins. IgA in particular (Figure 3.17(e)) shows clear regions of
decreased negative (red) spectral density in the diagonal region near ~1640 cm™ and
increases in the diagonal part of the amide | band (blue) near 1657 cm™. IgM also shows
spectral differences to the y-globulins in the diagonal region of the spectrum (Figure 3.17(f)),
though the effect is less than for IgA and the amplitude of the difference signal is reduced. In
order to determine whether the signals observed in the difference spectra are sufficient to
guantify changes in serum levels of IgA and IgM, measurements were carried out on a range
of serum samples spiked with additional quantities of IgA and IgM. The 2D-IR spectra of

serum samples spiked with concentrations of IgA from 0—15 mg/mL are shown in Figure 3.18.
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Figure 3.18: 2D-IR spectra of serum spiked with IgA in the following concentrations (mg/mL):
a)0b)0.25¢c)0.5d)1e)2.5f)5¢g)7.5h) 15. All spectra have been plotted on the same scale,

see colour bar.®
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It is important to note the positions of the peaks in the y-globulins—IgA difference spectrum
(Figure 3.17(e), 1640 and 1657 cm™) are not the same as those used to measure the y-
globulin fraction for the above AGR analysis (Figures 3.13, 3.14 and 3.15). Furthermore, the
opposing sign of the two components gives two points of reference that can be used to
separate the contributions from IgA and y-globulins. To determine the ability of the 2D-IR
spectrum to determine the IgA content, the ratio of the amplitudes on the spectrum diagonal
at 1657 : 1640 cm™ (the positive and negative peaks in the (y-globulin—-IgA) difference
spectrum) is plotted as a function of IgA concentration (Figure 3.19(a)). A linear increase in

the negative signal shows a correlation with increasing IgA content.
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Figure 3.19: a) The variation in 2D-IR signal at the peak of the difference spectral response
for IgA as a function of added protein for the experimental data. The linear increase in the
negative signal shows a correlation with protein content. b) Results of the ratio of calculations

of serum with added IgA or y-globulins.

However, the analysis is difficult because the IgA and y-globulin signals overlap strongly and
there is no portion of the spectrum that is unique to either the y-globulins or to IgA. In order
to anticipate what to expect from the addition of IgA to serum, calculation of the spectra
expected from this experiment using reconstructions from the individually-measured serum
and IgA spectra (Figure 3.19(b)) are performed. The results show that if IgA is influencing the
signal, the 1657 : 1640 cm™ amplitude ratio should decrease as the IgA concentration is
increased. Importantly, the gradient of the decrease in this ratio would be significantly
shallower than that observed if just the generic y-globulin response increased (Figure

3.19(b)).
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It can be seen from a comparison of the measured (Figure 3.19(a)) and calculated (Figure
3.19(b)) data that the 2D-IR response recovered matches well with that expected for an IgA-
specific signal increase. The gradient of -0.015 from the experimental data is close to the
value of -0.012 derived from calculated data. Furthermore, the gradient of the measured
amplitude ratio is much closer to that predicted for a change in IgA levels than for a change
in y-globulin fraction. The fact that the correlation with IgA levels persists down to ~1 mg/mL
compares well with expected serum levels of IgA, which are in the range of 13% of 30 mg/mL

(4 mg/mL).

Repeating this analysis to determine the ability of the 2D-IR spectrum to determine the
content of IgM in serum and also showed a linear relationship between the measured 2D-IR
signal at the peaks of the (IgM—y-globulin) difference spectrum and the IgM concentration
(Figure 3.20(a)). The IgM-y-globulin difference spectra peaks shown in Figure 3.17(f) and the
ratio of the amplitudes along the spectrum diagonal at the positions 1645 : 1629 cm™ are
used. Itis again important to note the positions of the peaks in the y-globulins—IgM difference
spectrum are not the same as those used to measure the y-globulin fraction for the above

AGR analysis (Figures 3.13, 3.14, 3.15 and 3.19).

3.2- a) 2.9/ b)
< e
Q281 -y
g - 3 2.7- ;
5 R > < 18M Spike
z Fee % |m=-0.041
=244 -1 = .
~~1 VG Spike
1 m=-0.049 55| m=-0.032
0 2 4 6 8 0o 2 4 6 8
IgM Concentration (mg/mL) IgM Concentration (mg/mL)

Figure 3.20: a) The variation in 2D-IR signal at the peak of the difference spectral response
for IgM as a function of added protein for the experimental data. The increase in the negative
signal shows a correlation with protein content. b) Results of the simulations of serum with

added IgM or y-globulins.3

However the smaller magnitude of the spectral differences between IgM and y-globulins

(Figure 3.17(f)) leads to a significantly noisier correlation when compared to the IgA result.
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The calculated differences shown in Figure 3.20(b) show that a less clear separation of the
IgM and y-globulin responses would be anticipated. The gradient of -0.049 from the
experimental data matches well with the value of -0.041 derived from calculated data
compared to the value of -0.032 for the y-globulin increase. Furthermore, the gradient of the
measured amplitude ratio is closer to that predicted for a change in IgM levels than for a
change in y-globulin fraction. It is noted that a linear fit may not be the most appropriate
given the result shown in Figure 3.20 however the use of spectral noise reduction techniques

may help reveal this linear change more clearly.

3.5. Conclusions

2D-IR spectroscopy has demonstrated the capability to measure the molecular dynamics of
proteins in water, without the need for H/D exchange of the solvent, thus increasing the
physiological relevance of 2D-IR studies. 2D-IR instrumentation can perform accurate relative
guantitative measurements of proteins in H,O by probing the molecular system at a waiting
time of 250 fs. The 2D-IR response obtained from the water background is negligible allowing
isolation of the protein signal and clear separation of aloumin and globulin signals in serum.
These experiments have revealed that 2D-IR can measure the amide | band of protein
samples at sub millimolar concentrations in water and confer a ‘simple’, robust approach to
determining the AGR of serum using a single spectroscopic measurement, without the need
for time consuming sample preparation or complex data analysis. In addition, 2D-IR offers
the scope to go beyond the AGR measurement by virtue of the information-rich 2D lineshape
of the proteins. The reported proof of concept experiments illustrate the promising potential
for development of 2D-IR as a tool for differentiating IgA and IgM protein contributions from

albumin and y-globulins based on their 2D-IR responses.

Improvement in the accuracy could be achieved via the development of more advanced data
analysis tools, spectral derivatisation, principal component analysis and partial least square
regression techniques have all seen promising applications to serum analysis and can aid in
maintaining spectral features while minimising noise.%3? Further work to standardise data
collection protocols including the recent advances in pulse shaper technologies could also

help improve the accuracy of data collection.

Whilst acknowledging that applying this approach to samples of unknown protein levels

would be challenging, achieving absolute protein concentrations from 2D-IR spectra, as
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opposed to relative ratios, is not possible using these methods. One of the main issues arises
from repeatability of the thickness of the sample, meaning that, although relative peak
heights within a spectrum are obtainable with high accuracy, as demonstrated, sample to
sample variations in absolute concentrations are harder to achieve. In Chapter 5, the issue of
sample to sample measurement repeatability is explored and a method has been devised to
create an internal normalisation standard, allowing quantitative protein concentrations to

be obtained.
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4.1. Abstract

Vibrational spectroscopic analysis of the protein content of blood serum is a powerful
biomedical diagnostic tool, providing a broad molecular fingerprint of metabolic activity
encompassing both the high molecular weight circulatory proteome and the low molecular
weight (LMW, < 25 kDa) peptidome. Current applications of infrared spectroscopy to blood
serum analysis are however complicated by the strong overlapping absorption of H;0 in the
amide | band region, while bands due to low molecular weight serum components or species
present at low concentrations are obscured by those from larger or more numerically
dominant constituents.

Building on Chapter 3, where ultrafast 2D-IR spectroscopy is used to analyse the protein
amide | band in liquid serum, the evaluation of the ability of 2D-IR to detect the lower
molecular weight content of blood serum, such as amino acids and peptides is now studied.
Studying samples of blood serum supplemented with the amino acid glycine shows that the
information-rich off-diagonal region of the 2D-IR spectrum can be used to facilitate
separation of the glycine component from the spectrally dominant high molecular weight
protein fraction in liquid serum samples without sample filtration or drying. This approach is
used to establish a 2D-IR detection limit for glycine of ~3 mg/mL and provides a platform for
a critical assessment of the sensitivity and utility of 2D-IR for future molecular analysis of
serum samples. The results show that, in the case of some clinically-relevant diagnostic
molecules, the potential exists for 2D-IR to complement IR absorption methods because the
benefits of the second frequency dimension offered by 2D-IR spectroscopy outweighs the

added technical complexity of the measurement.

4.2. Introduction

Early detection of disease is essential for effective healthcare whether it is to improve the
patient’s response to treatment and chances of survival or because some diseases are
asymptomatic until it is too late for medical intervention.! Blood serum is an important
source of biomedical information, it is easily obtained and provides a molecular snapshot of
metabolic processes by virtue of coming into contact with most of the major organs.?* The
chemical composition of serum therefore includes a number of diagnostic markers ranging
from the circulatory proteome and low molecular weight peptidome to lipids, sugars and

nucleic acids.>”

104



Extracting the information content of serum is technically challenging due to the high
dynamic concentration range of the biochemical constituents.®® Typical blood serum protein
concentrations in humans are 60-80 mg/mL with the serum albumins and globulins

%12 which makes it

dominating with levels of 35-50 mg/mL and 20-30 mg/mL, respectively,
challenging to detect low molecular weight and less abundant molecules, some of which may
be of use in disease detection and diagnosis.>** The low molecular weight fraction of serum
is typically defined as containing molecules with masses < 25 kDa. This includes cytokines (<6-
30 kDa), peptide hormones (<30 kDa), lipids (<1 kDa) and protein fragments smaller than 25

kDa and access to the LMW fraction of serum is desirable from a diagnostic perspective.'®!’

As disease states progress, changes in the LMW composition can occur. For example, the use
of principal component analysis has shown to discriminate between patients with
Alzheimer’s disease and healthy controls caused by significant changes in amino acid levels
(78 — 204 Da)®® and amino acid changes have also been documented for patients with
different neurodegenerative diseases.’ Studies have shown that a decrease in the lipid
desmosterol (385 Da) concentration shows a high correlation with patients diagnosed with
Alzheimer’s when compared with healthy controls and these changes were found to be more
prominent in females.?® The LMW peptide neuropeptide Y (4 kDa), is a sympathetic
neurotransmitter that regulates processes relevant to tumour biology in neuroblastomas and
has been identified as a serum biomarker, where high levels of the peptide (> 0.5 ng/mL) are

associated with poor prognosis and survival rates.?%:22

As discussed in Chapter 3, current analytical technologies employ antibody assays to measure
protein levels in serum, however these techniques rely critically on the availability of specific
antibodies for proteins of interest and require time for sample preparation as well as a
significant sample volume, ~1 mL.”%*2?* Furthermore, as diseases can be heterogeneous the
broad chemical coverage acquired via vibrational spectroscopy is preferred to information

derived from a single, or small panel of marker proteins.?>~%’

Using IR spectroscopy, analysis of the LMW protein fraction of serum is challenging due to
the dominant signals from the albumins and globulins.'>?2° Serum filtration has been utilised
to remove the larger species and enables an increase in sensitivity to LMW molecules using
ATR-IR spectroscopy,?*° but at the expense of time and the possible unintentional removal
of some LMW components. In particular, the role of albumin as a carrier protein means that

its removal during the filtration process could also result in the concomitant removal of
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bound LMW species.®3! Due to the high water content of serum, the use of IR spectroscopy
to examine the amide | band of proteins is often done using dried serum droplets in order to
minimise the overlapping spectral peak cause by the O-H bend of water, however this
introduces physical and chemical inhomogeneity within the droplet resulting in repeatability

difficulties.?

In Chapter 3, the 2D-IR pulse sequence was exploited and shown to supress the water signal
allowing direct measurement of the protein content of serum without the overlapping water
absorptions.3 Recent advances in laser and pulse control technology have significantly
decreased the time required to measure a 2D-IR spectrum to a few seconds per spectrum3*
3 and high throughput screening applications, using low volume samples (20 pL), have been
demonstrated,?” making this technique potentially viable for future clinical use. However, as
2D-IR is technically more complex than IR absorption spectroscopy, it is essential to obtain a
thorough understanding of the range of molecular targets that 2D-IR might be used to
measure within a complex serum sample. This requires an evaluation of the sensitivity limits

of 2D-IR to a range of molecular species.

Using the simplest amino acid, glycine, as a model protein, measurements of serum spiked
with a range of glycine concentrations are made and using current 2D-IR technology, the
detection limit is ~3 mg/mL in as received serum. Key to this measurement is the
characteristic network of off-diagonal peaks in the glycine 2D-IR spectrum, which allows
spectral separation of its amide | contribution. Physiologically, glycine is present in serum at
much lower levels (~20 pg/mL) than detected here and has a molecular weight of 75 Da,
making it one of the smallest LMW models to supplement serum, however this study shows
how the off-diagonal region of the serum 2D-IR spectrum could be diagnostic of smaller
protein species and provides a means to evaluate which protein molecules and peptide
fractions in serum are accessible.?® Ultimately, it is envisaged that 2D-IR could be used to

complement IR absorption methods for specific biomedical problems.

4.3. Experimental Techniques

4.3.1 Sample Preparation

Pooled equine serum, glycine, and bovine serum albumin and y-globulins were obtained from

Sigma Aldrich and used without further purification. Individual glycine, albumin and y-
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globulin proteins were prepared in a Tris buffer at pH=7.5 to mimic the pH of the pooled
serum samples. Serum samples were prepared by adding glycine to pooled equine serum at
concentrations shown in Table 4.1, yielding a total of 9 samples (8 spikes and neat serum).
For ease of reference, each serum sample will be referred to using the notation *[Gly], where
x denotes the factor, irrespective of units, by which the glycine concentration exceeds that
of typical serum (20 pg/mL). Serum samples without additional Gly added will thus be

labelled ![Gly]. The samples studied are shown in Table 4.1.

Table 4.1: Summary of Gly-spiked serum samples studied, showing [Gly] in both mg/mL and
mol/dm>. Notation *[Gly] uses x to denote the relative ratio of Gly in spiked sample to that of

physiological Gly serum levels (~20 ug/mL) irrespective of concentration units.

Sample [Gly] [Gly]
mg/mL mol/dm3

39[Gly] 0.78 0.01
78[Gly] 1.56 0.02
157[Gly] 3.13 0.04
313[Gly] 6.25 0.08
625[Gly] 12.5 0.17
1250[Gly] 25 0.33
2500[Gly] 50 0.67
50001 Gly] 100 1.33

4.3.2. IR Spectroscopy

For all IR and 2D-IR spectroscopy measurements, samples were housed between two CaF;
windows in a standard sample cell. To avoid saturation of the O-H bending (8x.0-n ) mode of
water at 1650 cm™ the sample thickness was carefully controlled. The same process
described in Chapter 3 was used to obtain a sample thickness of ~2.75 um based upon the

measured molar extinction coefficient of water.?

107



IR absorption spectra were measured using a Thermo Scientific Nicolet iS10 Fourier
transform spectrometer. Spectra were the result of 20 co-added scans at a resolution of 1

cm™in the spectral region 400 - 4000 cm™.

2D-IR spectra were recorded using the ULTRA spectrometer using the Fourier transform 2D-
IR technique, as described in Chapter 2. A waiting time of 250 fs was employed throughout,
which has been shown to optimise protein amide | signals at the expense of the water signal,

as described in Chapter 3.3

4.4. Results and Discussions

All 2D-IR spectra were pre-processed and analysed using a custom made script on the
statistical analysis software programme, R.*C Prior to analysis a baseline subtraction was
performed using a 2" order polynomial function and all spectra were normalised to the

albumin v = 0 — 1 diagonal peak at 1656 cm™.

4.4.1. Glycine Peak Assignment

The IR absorption spectrum of neat equine serum (}[Gly]) and that of serum spiked with 100
mg/mL glycine (°°°[Gly]) in the wavenumber range 1300 — 1700 cm™ are shown in Figure

4.1(a) alongside that of H,0.
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Figure 4.1: a) Infrared absorption spectra of H,O (black), serum (*[Gly], red) and serum spiked
with 100 mg/mL of glycine (*°°[Gly]). 2D-IR spectra of b) serum (*[Gly]) and ¢) serum spiked
with 100 mg/mL of glycine (*°°[Gly]). Blue dashed vertical lines in (a,c) compare peaks using
both spectroscopy types. Horizontal grey dashed lines indicate coupling between on-diagonal

glycine modes. Spectra are magnified by a factor of 2 to enhance off-diagonal couplings.

In Figure 4.1(a) the H,0 spectrum (black) shows a band near 1650 cm™ due to the Sx.0.nmode
of water. This band is also dominant in the spectrum of ![Gly], overlapping but not fully
obscuring the amide | band of the protein (red). The protein amide Il band is also present in
the IR absorption spectrum of }[Gly] at 1550 cm™. The addition of glycine to serum (*°®[Gly],
blue) leads to the presence of additional bands due to the amino acid. Bands at 1330, 1415
and 1445 cm™ are assigned to CH, wagging, symmetric carboxylate stretching and CH, scissor
modes respectively.*! The band located at 1515 cm™ is assigned to the in-plane N-H bending

mode while there is a contribution at 1650 cm™ from the carboxylate C=0 stretching mode.

The 2D-IR spectra of }[Gly] and >°°[Gly] are shown in Figure 4.1(b, c). In the as-received serum
sample, (}[Gly]) negative peaks (red) are visible on the spectrum diagonal at wavenumber
coordinates (pump, probe) of (1650, 1650 cm™) and (1550, 1550 cmt). These are assigned to
the v = 0 — 1 transitions of the amide | and Il bands of the protein content of the serum

respectively. Positive (blue) peaks are assigned to v = 1 — 2 transitions of the same bands
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and are shifted to lower probe frequencies by the respective vibrational anharmonicities of
the two modes. Weak off-diagonal peaks are observed (Figure 4.1(b), black dashed boxes)
linking these two diagonal peaks, consistent with vibrational coupling and energy transfer
processes between the amide | and Il modes.*> No contribution from water is observed in

this spectrum, as reported previously.3

In the case of the 2D-IR spectrum of the *°®[Gly] sample (Figure 4.1(c)), a number of diagonal
and off-diagonal peaks are observed, in addition to those already assigned to the protein
content of the serum. Diagonal peaks are present in the spectrum corresponding to the
vibrational modes of glycine described in the IR absorption spectrum at (pump = probe) 1330,
1415 and 1515 cm™. These are identified in the figure by dashed vertical lines extending from
the IR absorption spectrum to the 2D-IR diagonal. In addition, a network of off-diagonal peaks
is observed linking these diagonal peaks, forming a characteristic mode pattern for glycine
(see horizontal dashed lines in Figure 4.1(c)). The clear separation of the glycine spectral
pattern from the amide I/Il bands of the serum also allows identification of glycine in the

complex serum and its quantification using 2D-IR spectroscopy.

4.4.2. Quantifying the Glycine Concentration in Serum

The impact on the 2D-IR spectrum of increasing the glycine concentration in serum is shown
in Figure 4.2. It can be seen from the data that the size of the peaks identified with glycine
from Figure 4.1(c) increase in magnitude as the glycine content is increased. This allows the
detection threshold for glycine using this 2D-IR spectrometer to be determined. Three
different analysis methods were applied to quantify the glycine levels in a given spectrum,
examination of the 2D-IR spectrum diagonals, principal component analysis and linear

combination analysis.
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Figure 4.2: 2D-IR spectra of serum spiked with glycine after normalisation to the albumin
signal at 1656 cm™. The figures show the average of 3 spectra for each glycine spikes at the
following concentrations: a) *[Gly], b) *[Gly], c) **’[Gly], d) °°[Gly], e) *?*°[Gly], f) °°°°[Gly]. All
spectra are magnified by a factor indicated in bottom right hand corner, to enhance glycine

on and off diagonal peaks.

4.4.2.1. The 2D-IR Spectrum Diagonal

The magnitude of the 2D-IR diagonal peak assigned to glycine at (pump = probe) 1515 cm™
(Figure 4.3(a), grey dashed line) was plotted as a function of glycine concentration. In the
[Gly] sample, where no additional glycine was added to the serum, the positive contribution
at 1515 cm? is due to the v = 1 — 2 transition of the amide Il mode of serum proteins. As
the glycine concentration increases, the v = 0 — 1 transition of the in plane N-H bending
mode of glycine increased progressively in amplitude, eventually dominating the spectrum.
This change in amplitude, plotted as a function of [Gly] produced a linear trend (Figure 4.3(b),
R?=0.994). Other diagonal peaks arising from the glycine content of the samples also yielded
similar linear correlations however as the peak at 1515 cm™ produced the largest change in
amplitude from the ![Gly] sample, it provides the strongest correlation and was found to

offer the best position along the 2D-IR diagonal for glycine detection.
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Figure 4.3: a) 2D-IR Diagonal slices scaled to the amide | albumin signal (black dashed vertical
line, 1656 cm™). b) The average amplitude at 1515 cm™ (grey dashed vertical line in a)) as a
function of glycine concentration. Error bars show 1o variation from triplicate measurement.

Best linear fit is shown as black dashed line with R?=0.994.

From this linear correlation, it is possible to estimate the glycine value at which the 2D-IR
signature becomes detectable against the background of the instrumental noise levels. An
area of the 2D-IR spectrum of the Y[Gly] sample free from any peaks, as shown by the dashed

black box in Figure 4.4(a, b) is used to calculate the noise level.
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Figure 4.4: a) 2D-IR spectrum of serum (1[Gly]). b) The average 2D-IR serum difference spectra
of the 1[Gly] spectra. Both (a, b) are magnified by a factor of 5 for clarity. Area denoted by

black dashed box used to calculate the RMS noise level.
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The average root mean square (RMS) noise level of three 2D-IR spectra of serum only was
calculated to be 9.7 x 103, However only 1.6% of data points from the whole spectrum were
utilised to achieve this result (Figure 4.4(a), black dashed box). In order to compare a noise
evaluation using greater number of data points, the average difference spectrum of the
serum only spectra were obtained, of which the average is plotted in Figure 4.4(b). Using the
area defined by the black dashed box in Figure 4.4(b), which utilises 40% of data points on
the spectrum, produces an average root mean square (RMS) noise level of 9.6 x 1073, similar
to that obtained for the '[Gly] sample. Making the conservative assumption that only peaks
exceeding twice this noise floor will be visible, this leads to a detection limit for glycine of

37[Gly] (~3 mg/mL).
4.4.2.2. Principal Component Analysis

Principal component analysis (PCA) is an unsupervised technique which extracts elements of
variance within a dataset by reducing the dimensionality of the data. By geometrically
projecting the dataset onto fewer dimensions, known as principal components (PCs), a new
co-ordinate system is established where the largest variance is described by the first principal
component (PC1) and weightings of each of these new PCs are calculated and used to
reconstruct the original dataset.**** Loadings and scores are the terms given to the spectral
representation and weightings of each of the PCs. Mean centring is commonly used to pre-
process the data prior to PCA however for the results in this thesis this technique is not used

here.

PCA was applied to the data in Figure 4.2 and the results showed that the variance could be
attributed mainly to the first two components, PC1 and PC2 (Figure 4.5), which account for
87.6% and 7.4% of the variance, respectively. In the case of PC1, the relative loading was

found to be invariant with glycine concentration as shown in Figure 4.6.
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Figure 4.5: Comparison of separate serum and glycine spectra with PCA results. a) PC1
loading plot, b) PC2 loading plot, c) Serum spectra, d) Glycine (100 mg/mL) spectra in H>0. All

spectra have been plotted on the colour scale shown.

The spectral information associated with this principal component (Figure 4.5(a)) was in
excellent agreement with the spectrum of serum proteins (}[Gly]), Figure 4.5(c)), while the
spectrum of PC2 clearly identified the glycine diagonal and off-diagonal peak network

discussed earlier (Figure 4.5(b,d)).
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Figure 4.6 Average PC1 (red) and PC2 (multi-coloured) scores for the glycine spiked serum.

Error bars show 20 variation from measurement in triplicate. Best linear fit is shown as black

dashed line, PC2 R?=0.997.

For the second principal component, the average PC2 score values showed a linear
correlation with glycine concentration (Figure 4.6). The straight line fitted for PC2 is done so
by using the least squares linear regression technique. This calculates the best fitting line for
the observed data points by minimising the sum of squares of vertical deviations between
each point to the fitted line.* This produces an R?=0.997 for PC2 as a function of glycine

concentration.

Cross validation is performed in order to evaluate the linear regression for PC2 and is done
by removing each individual data point and the linear regression is re-run on the remaining
part of the data. The data that was removed can then be used to test the performance of the
new model. The leave one out cross validation technique is utilised here, where each
individual data point is left out in turn and the remaining data is used to create the model.

The new model can then be used to predict the output value of the removed data point.

Here, the number of data points used to create the linear regression in Figure 4.6 for PC2 is
9 and so the cross validation is completed 9 separate times. All concentrations of glycine

larger than 7[Gly] (3.125 mg/mL) were predicted within an accuracy of the standard
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deviation due to triplicate measurement however the smaller concentrations were not
predicted within this tolerance. Using this method, the *’[Gly] (3.125 mg/mL) sample is
predicted to be 3.68 + 1.82 mg/mL. From the noise calculation obtained above (Figure 4.4),
concentrations less than *’[Gly] (3.125 mg/mL) were found to be smaller than the noise level
and thus not confidently detected and so the PC results are comparable with the detection

limit previously established.

Comparisons with the PCA results of the IR absorption spectra (Figure 4.7) show that while
the PC2 yields a strong linear correlation, (R>=0.996), the loading plots (Figure 4.7(b)) of PC1
(99.25% variance) and PC2 (0.75% variance) do not differentiate into serum and glycine

spectra as in the 2D-IR result.
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Figure 4.7: Results of PCA of serum and glycine dataset. a) Infrared absorption spectra of
serum and glycine, concentrations shown are in mg/mL. PCA loadings and scores plots for the
first two principal components are shown in b) and c). PC1 is shown in black and PC2 in red.
Error bars show 20 variation from measurement in triplicate. Best linear fit is shown as solid

line with and PC2 R?=0.996.

It is imperative to compare the results obtained from 2D-IR with those obtained using linear
IR absorption methods. For example, the evaluation of detection limits using ATR-FTIR
spectroscopy have been reported.®® Studies of glycine detection using both wet and dry
serum samples were carried out and compared with serum samples following depletion of
the HMW fraction using ultra-filtration techniques. This ATR-FTIR study has shown analysis
of wet serum allowing linear regression models to be built, permitting prediction of a 0.5
mg/mL to within an accuracy of 10% (0.45 *+ 0.16 mg/mL). Removal of the HMW fraction
through ultrafiltration allowed quantification of glycine levels down to 0.01 mg/mL in dried

serum samples, a limit 50 times lower than that achieved prior to filtration. While this

116



detection limit is lower than in 2D-IR, the increased sample preparation steps need also be
considered and discrimination of different protein components to the amide | band is not

possible using linear methodologies.

4.4.2.3. Linear Combination Analysis

Linear combination analysis (LCA) is the third analysis method used which employs a multiple
linear regression model combining the 2D-IR spectra of serum and glycine, where the linear
model produced coefficients for each of these component spectra needed to recreate the
original *[Gly] dataset. The model was computed three times using different input

component spectra and different spectral regions to rebuild the original dataset.

i) The first iteration of LCA used two component spectra, one of serum and one of glycine to
rebuild the original *[Gly] dataset. The spectral regions used were the same as those utilised
for the 2D-IR diagonal and PC analysis and allowed inclusion of the lower frequency peak at

1415 cm™, as shown in Figure 4.8(a, b).
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Figure 4.8: 2D-IR spectra of the LCA inputs, (a) serum (b) glycine in H,O buffer. The spectral

range uses the full spectrum acquired on one detector, with a probe frequency range of 1400

-1700 cm™.

The results of the LCA are shown in Figure 4.9, and the best linear fits were again constructed
using the least squares linear regression method. The serum coefficient is found to be
relatively constant throughout the concentrations studied (Figure 4.9(a), blue) however a

slight decline is noted with increasing concentrations of the amino acid, this could be the
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result of some spectral overlap of the glycine and serum peaks. The glycine coefficient shows

a linear increase with increasing concentration (Figure 4.9(a- red, b) with an R? value of 0.998.

1 1250 2500 5000([Gly] 1 1250 2500 5000[Gly]
1.0 al g 0-61 b)
£ 0.8 ¢ s
K £ 0.4
&_g 0.6- S
3 0.4 g i
o YU £
s _; 0.2
S 0.2 © 1 $
<
0 S ofd
0 20 40 60 80 100 0 20 40 60 80 100
Glycine Concentration (mg/mL Glycine Concentration (mg/mL

Figure 4.9: a) Coefficients produced by the LCA for serum (blue) and glycine (red). (b) The
glycine trend only is shown and grey dashed line indicates the best linear fit with R?=0.998.
Black circles are results of cross validation tests. Error bars show 2¢ variation due to triplicate

measurement.

Leave one out cross validation was performed to assess the predictability, the results of
which are shown as black dots in Figure 4.9(b) for each sample. This result obtained a
predicted value for the *[Gly] (3.125 mg/mL) sample of 3.91 + 3.18 mg/mL. The associated
error due to the triplicate measurement is large and significantly greater than the PC result,
so while this method does yield an acceptable prediction the uncertainty is too high to

produce a meaningful result.

ii)The second iteration of LCA again used only two component spectra, one of serum and
one of glycine to rebuild the original *[Gly] dataset as before however the spectral area used
has been reduced in order to focus on the amide | region of the spectrum as shown in Figure

4.10(a, b).
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Figure 4.10: 2D-IR spectra of the LCA inputs, (a) serum (b) glycine in H,O buffer. The spectral
range of (a, b) has been shortened to focus on the amide | region, with a probe frequency
range between 1535 - 1730 cm™. ¢) Coefficients produced by the LCA for serum (blue) and
glycine (red). (d) The glycine trend only is shown and grey dashed line indicates the best linear
fit with R?=0.964. Black circles are results of cross validation tests. Error bars show 20

variation due to triplicate measurement.

Again, the LCA produced a serum coefficient that is relatively constant throughout the
concentrations studied and the glycine coefficient shows a linear increase with increasing
concentration with an R? value of 0.964 (Figure 4.10(d)). Leave one out cross validation tests
(Figure 4.10(d), black dots) predicted a concentration of 4.99 + 1.94 mg/mL for the »[Gly]

(3.125 mg/mL) sample.

It is noted that by using the larger spectral region in Figures 4.8 that includes the 1415 cm*

peak, the correlation of the glycine coefficient is strengthened to give an R? value of 0.998

(Figure 4.9(b)), compared to R?=0.964 for the amide | region (Figure 4.10(d)). A more accurate
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prediction of ¥’[Gly] is obtained using the larger spectral region, suggesting that the
additional glycine peaks and off-diagonal peak network is required in order to obtain a more

accurate result.

iii) Focussing on the ability of 2D-IR spectroscopy to differentiate contributions of glycine
within the amide | region of the spectrum in the presence of contributions from the larger,
more dominant proteins, and in the third case, a multiple linear regression model combining
the 2D-IR spectra of serum albumins, y-globulins and glycine were applied to recreate the
measured *[Gly] spectra. By utilising serum albumin and globulin spectra as opposed to the
serum spectrum as before the method is tested in its ability to recreate the dataset using a
small library of spectra. The input component 2D-IR spectra were measured independently

in H,O buffer solution and are shown in Figure 4.11.
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Figure 4.11: LCA was performed using three inputs: a) BSA in H;0. b) y-Globulin in H,0 and c)
Glycine in H;0. Samples a) and b) were scaled to their amide | peak and c) was scaled to the
signal at 1600, 1650 cm™ along the pump and probe respectively. All spectra are plotted on

the same scale, see colour bar.

The result of the LCA show that the coefficient of the y-globulins (Figure 4.12(a), blue)
required to recreate each spectrum in the dataset is relatively steady, the BSA coefficient
also shows a relatively constant coefficient however a slight decrease is noted with increasing
concentrations of glycine. Again, this could be a result of some spectral overlap as the
spectrum of the BSA amide | band (Figure 4.11(a)) and that of glycine (Figure 4.11(c)) overlay
one another. As the concentration of both the albumins and globulins in serum are
unchanged throughout this experiment, the coefficients of the LCA for these two

components is anticipated to remain constant throughout the range of glycine
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concentrations studied. The glycine component is shown to increase with increasing

concentration of the amino acid (R?=0.942, Figure 4.12(a), red).
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Figure 4.12: Result of LCA, a) both BSA (purple) and y-Globulin (blue) show almost constant
contributions and glycine (red) increases with increasing glycine concentration. b) Glycine
coefficient only as a result of LCA, showing increasing glycine contribution with increasing
concentration. Black circles are results of cross validation tests. Grey dashed line shows linear

fit with R?=0.942. Error bars show 1o variation.

As before, leave one out cross validation was performed, leaving each data point out of the
multiple linear regression model to allow prediction of each concentrations of glycine (Figure
4.12(b, black dots)). The ®’[Gly] (3.125 mg/mL) sample was predicted to be 7.54 + 6.81

mg/mL and is the poorest result obtained.

The residuals produced from the LCA yield variations between 5-35% of the normalised scale
(residual peaks varying from 0.05 - 0.35) which indicates that there is indeed an error with
the LCA fit. While the results obtained do in fact show a linear correlation with glycine
concentration using each of the variations of LCA used, the spread of results is too large to

be used conclusively.

The accuracy of this result would hope to be improved from utilising a larger spectral region
of the three input component spectra used, including the network of glycine off-diagonal
peaks as discussed for the previous two LCA utilising serum and glycine over different spectral
regions. The use of pre-processing techniques, including noise reduction and smoothing

methods, may also see an improvement in the linear regressions observed.
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4.4.3. Assessment of Future 2D-IR Detection Studies in Serum

Analysis of the noise in the 2D-IR spectra allows glycine concentrations as low as 3.125
mg/mL (41 mmol/dm3) to be detected. It is noted however that glycine, while being an ideal
candidate for a model system, is a very small LMW species within the LMWF (<25 kDa) with
a MW of 75 Da. If glycine is considered as a model peptide consisting of a single residue it
can be inferred that a peptide consisting of 200 residues will show changes on a 2D-IR
spectrum down to 0.2 mmol/dm3 (1/200™ of 41 mmol/dm3). As glycine exists as a single
molecule, amide | bonding between amino acids and transition dipole coupling throughout
the secondary structure of the protein also needs to be considered as this will add to the
strength of the signals produced for larger proteins as described in Chapter 1 and so 0.2

mmol/dm3is defined as an upper limit of detection.

In order to determine the extent of amide bonding and TDC on the signals produced from
proteins rather than single amino acids, evaluation of the signal amplitude of 0.45 mmol/dm?3
BSA with the RMS of the noise would allow the detection down to 0.015 mmol/dm3 (1
mg/mL). From this, it is suggested that proteins occurring at a minimum of ~1-3 mg/mL, e.g.
L46,47

al-Antitrypison, an inflammatory response protein which occurs around 1.5-3.5 mg/m

could be successfully detected using 2D-IR spectroscopy.

Although samples are normalised to help minimise variations from the sample path length,
the issue of sample repeatability when using 2D-IR spectroscopy is clear from the large errors
calculated from measurements in triplicate in particular from the final LCA method. However
this method proved successful in Chapter 3 when evaluating the albumin to globulin ratio
(AGR) within a serum sample, and so the AGR was calculated for this glycine dataset in order
to assess whether the coefficients produced for the glycine dataset can also determine the
AGR. Across the range of concentrations studied the average AGR was calculated to be 0.56
+ 0.05. This contrasts with the results obtained in Chapter 3 where using the LCA method,

the serum only spectrum produced an AGR of around 0.8.

However this is a different dataset from the AGR study and the two datasets were not
acquired at the same time. In order to determine whether there are problems within the
dataset or the analysis method, the AGR of the samples was also calculated using the 2D-IR
diagonal method (as described in Chapter 3) and an average AGR value of 0.75 was obtained

across the concentrations studied; for a serum only sample a value of 0.73 is anticipated. It
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is anticipated that if the two experimental datasets were of the same quality that the LCA
should be able to determine the AGR as in Chapter 3. As the ratio is accurate when applying
the 2D-IR diagonal method which does not account for changes in lineshapes and off-
diagonal couplings it can be concluded that the two experiments do not produce spectra with

a similar quality.

It is also important to note that by normalising the spectra to the albumin peak, where there
is overlap with the glycine signal there is potential to cover the changes associated with the
addition of glycine to the serum and so an ideal experiment would not involve normalising
using any peaks of interest. The issue of sample-to-sample repeatability is addressed in

Chapter 5.

4.5. Conclusions

The need for a technique that allows identification and quantification of multiple
components in biofluids, without altering the sample, is essential for a fast and accurate
disease diagnosis. The potential of 2D-IR spectroscopy to identify low molecular weight
biomarkers in blood serum without the need for time consuming sample preparation such as
filtration of the LMWF is shown. The on- and off-diagonal structure observed in 2D-IR
spectroscopy allows identification of low molecular weight species, such as glycine, present
at low concentrations in serum using 3 different analysis approaches. Establishing a detection
limit of the amino acid glycine of ~3 mg/mL allows assessment of the sensitivity of 2D-IR for

larger proteins for future analysis.

While the LCA produces the largest error it has been shown to provide additional information
allowing the dataset to be rebuilt using a small library of spectra which cannot be done using
traditional IR spectroscopies. This provides potential scope for a library of 2D-IR spectra of a
large number of serum constituents to be used to identify serum components. However the
errors associated with this analysis method were significant and results pertaining to the AGR
ratio showed a lack of consistency between the dataset discussed and the previous chapter.
This highlights the error in experiment-to-experiment repeatability of the 2D-IR technique.
The data sets thus far have been normalised to the dominant albumin peak allowing
variations across the dataset to be examined however in doing so the glycine signal in the
amide | region is in effect overlooked due to their overlap and experimental fluctuations are

not accounted for when using this normalisation step. Ideally, an internal normalisation
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technique that reduces the experimental variations should be employed, a method for this

has been developed and will be discussed in the following chapter.

This study highlights that 2D-IR spectroscopy offers a new approach to identifying low

molecular weight proteins and potential biomarkers and the calculated detection limit for

larger proteins means that important biomarkers of disease could potentially be detected.

Establishing a detection limit of the amino acid glycine of allows assessment of the sensitivity

of 2D-IR for larger proteins for future analysis.
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5. Using the Thermal Response of
Water as an Internal Standard for

2D-IR Spectroscopy of Proteins

This chapter contains results published in the following publications:

Hume S, G, Greetham G.M, Donaldson P.M, Towrie M, Parker A.W, Baker M.J, Hunt N.T., 2D-
IR Spectroscopy of Proteins in Water: Using the Solvent Thermal Response as an Internal

Standard. Analytical Chemistry. 10(26):6448-6456 (2020)

All 2D-IR serum data acquisition and analysis was performed by myself.
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5.1. Abstract

In Chapter 3, it was demonstrated that 2D-IR spectroscopy of the protein amide | band can
be performed in aqueous (H.O) rather than deuterated (D,O) solvents. Ultrafast 2D-IR
spectra can now be obtained in a matter of seconds which opens up the possibility of high
throughput screening applications which are relevant to the biomedical and pharmaceutical
sectors. Determining quantitative information from 2D-IR spectra recorded on different
samples and different instruments is however made difficult by variations in beam alighment,
laser intensity and sample conditions. This chapter reports a method that uses the magnitude
of the associated thermal response of H,O as an internal normalisation standard for 2D-IR
spectra. Using the water response, which is temporally separated from the protein signal, to
normalise the spectra allows significant reduction of the impact of measurement-to-
measurement fluctuations on the data. This normalisation method enables creation of
calibration curves for measurement of absolute protein concentrations and facilitates
reproducible difference spectroscopy methodologies. These advances make significant
progress towards the robust data handling strategies that will be essential for the realisation
of automated spectral analysis tools for large scale 2D-IR screening studies of protein-

containing solutions and biofluids.

5.2. Introduction

In Chapters 3 and 4 it has been demonstrated that 2D-IR spectroscopy can be used to
measure the amide | vibrational band of proteins in aqueous (H20) solutions at sub-millimolar
concentrations! and the LMW amino acid glycine in serum. This ability arises because the
non-linear nature of the 2D-IR measurement preferentially amplifies the protein response
relative to that of the overlapping water bending vibration that dominates IR absorption
measurements of the amide | band.*® Combining the ability to work in water with the

45 allowed the

sensitivity of the 2D-IR amide | lineshape to protein secondary structure
clinically-relevant albumin to globulin ratio of blood serum to be measured from a single
transmission-mode 2D-IR spectrum without sample pre-processing. The 2D-IR lineshape
sensitivity also allowed spectral separation of the serum albumin, globulins and glycine in a
single measurement, resulting in a detection limit of glycine allowing assessment of 2D-IR

sensitivity for future protein applications.
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The advances reported in Chapters 3 and 4 establish a proof of concept for utilising 2D-IR
spectroscopy for biofluid analysis which circumvents the current need for time consuming
sample pre-processing or laborious wet chemistry analysis techniques. Moreover, the ability
to acquire 2D-IR spectra of proteins in H,0, rather than D,0, removes a significant economic
barrier to large-scale protein-drug screening studies making 2D-IR more accessible to clinical

laboratories and the pharmaceutical sector.

Ultrafast 2D-IR spectroscopy is an established powerful tool for interrogating the structure
and dynamics of molecules in the solution phase and has played a significant role in
developing our understanding of biomolecular systems, such as proteins and nucleic acids.®
14 Recent developments in laser technology and mid-infrared pulse shaping®®?® have
provided scope for 2D-IR to be applied in a more analytical manner, for example in high
throughput measurements for rapid screening of multiple biomolecule-drug combinations.*®
This combined with the advances outlined in Chapters 3 and 4 indicate the potential for 2D-
IR spectroscopy to undergo a transition from the high-end research laboratory to a more
mainstream place in the suite of analytical techniques, in a manner that mirrors changes
undergone by NMR spectroscopy. Taking such a step however, presents new challenges that
must be overcome in terms of the experimental and data handling methods employed

currently.

A major challenge is associated with the technical complexity of the 2D-IR measurement. In
contrast to absorption spectroscopy, where a measurement of absorbance allows reliable
cross-comparison of spectra obtained on different spectrometers and under varying sample
conditions, each 2D-IR spectrum is subject to fluctuations in laser pulse energy, laser beam
quality, focusing and spatial overlap as well as the usual variables introduced by changes in
sample concentration and path length. The impact of issues such as laser energy fluctuations
can be eased by the use of referencing or signal averaging, but variations in spectrometer
alignment and path length make comparisons between different samples and different
measurements problematic, while absolute measurements of concentrations are currently

impossible.

The source of variation due to path length is owing to the absence of the spacer between the
two CaF; windows within the sample cell. As discussed in Chapter 3, in order to control the
sample thickness, the tightness of the cell was manually adjusted to obtain an approximate

absorbance of 0.1 + 0.01 OD for the combination band of the 64on and librational modes of
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water at 2130 cm™ (Figure 5.1(a)). However, the absorbance of the combination band at 2130
cm™was found to differ before and after the Pump-Probe and 2D-IR measurements (Figure

5.1(a,b)).
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Figure 5.1: The FTIR spectra showing the variation in the combination band of the uon and
librational modes of water before a) and after b) PP and 2D-IR measurement, where 1,2,3
denotes measurement number. Sample thickness was adjusted manually to achieve an

absorbance of ~0.1 OD at the Snon + Vi band of water at 2130 cm™prior to IR investigation.

It is thought that this occurs during the transport of the cell between the FTIR and 2D-IR
instruments which are situated in different rooms at RAL. The 2D-IR laboratories were not
spacious enough to house the FTIR spectrometer and so this change in sample thickness was
unavoidable in these experiments. This coupled with the need to acquire quantitative

measurements of protein concentrations prompted the following study.

Such issues due to the path length variation do not affect applications of 2D-IR spectroscopy
where relative changes in lineshapes or peak heights within a single measurement are
studied, but they do represent a significant barrier to analytical applications of 2D-IR
spectroscopy where quantitative sample-to-sample comparisons are essential. In order to
make absolute measurements of concentrations possible a technique needs to be devised to
normalise spectra, allowing calibration curves to be created. Ideally the resolution to this
should not involve the addition of any labels or further additives to the samples being
investigated as for work of biofluids this could be detrimental to the sample or influence
changes within the sample. It has been demonstrated that 2D-IR can be used in combination

with IR absorption and an independent calibrant molecule to provide measurements of
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transition dipole moments of peptide and protein samples.?? Although this approach is
powerful, avoiding the need for additional calibration steps or the addition of molecules to

the sample is desirable if 2D-IR is to be used in a high throughput fashion.

In this study, the 2D-IR signals of proteins in water is shown to provide a route to
normalisation of spectra via the magnitude of the thermal response of the water that follows
protein amide | excitation. Such internal spectral normalisation addresses problems of
measurement-to-measurement repeatability and confers the ability to determine absolute

protein concentrations accurately.

5.3. Experimental Techniques

5.3.1. Sample Preparation

Bovine serum albumin (BSA) was obtained from Sigma Aldrich and used without further
purification. BSA was dissolved in an H,O buffer (pH = 7.5) to mimic the pH of the serum
samples. Two stock solutions of BSA were used at concentrations of 30 mg/mL and 50 mg/mL.
Serum albumin (BSA) was selected for use in this set of experiments owing to its abundance
in serum. Blood serum is a complex mixture including the major protein constituent serum
albumin which occurs in humans at a range of 35-50 mg/mL (0.5-0.7 mM) and so the two BSA
stock solutions contained clinically-relevant concentrations of BSA. It is important to note
that these concentrations correspond closely to the sub-mM levels typical of current 2D-IR
studies of protein in deuterated solvents.?%2! The same process described in Chapter 3 was

used to obtain a sample thickness of ~2.75 um.

5.3.2 IR Absorption Spectroscopy

IR absorption spectra were measured using a Thermo Scientific Nicolet iS10 Fourier
transform spectrometer. Spectra were the result of 20 co-added scans at a resolution of 1

cmin the spectral region 400-4000 cm™.

5.3.3. PP and 2D-IR Spectroscopy

For this study, IR PP and 2D-IR spectra were recorded using both the ULTRA?>?® and the
LIFEtime® laser spectrometers at the Central Laser Facility using the Fourier transform 2D-IR
method, employing a sequence of three mid-IR laser pulses arranged in a pump—probe beam

geometry, as described in Chapter 2. This approach allowed comparison of the signal from
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the same sample over a range of cell and spectrometer conditions. Both systems used the
pulse shaper technique to deliver sequences of the two pump pulses.?* Mid-IR pulses with a
temporal duration of <50 fs; a central frequency of 1650 cm™ and a bandwidth of ~400 cm
were obtained for ULTRA. For LIFEtime, pulses with a central frequency of 1650 cm™* were
also used however this time with a pulse duration of ~200 fs with a bandwidth of ~100

cm-l'lﬁ

5.4. Results and Discussions

To demonstrate how this internal spectral normalisation method can be applied to
determine absolute protein concentrations, IR pump-probe and 2D-IR spectra of a series of
measurements taken from each of two stock solutions of BSA in H,0-based buffer (pH = 7.5)
were taken over a period of two weeks using LIFEtime. Using ULTRA, one stock solution of
BSA in H,0-based buffer (pH = 7.5) was used and measurements were also taken over a two

week period.

5.4.1. Pump-Probe Spectroscopy

The IR absorption spectrum of BSA in H,O is shown in Figure 5.2(a), alongside IR pump-probe
spectra (Figure 5.2(b)) of the same sample under the same conditions. In Chapters 3 and 4 it
was shown that the IR absorption spectrum BSA in H,0 has an intense peak near 1650 cm
(Figure 5.2(a)) which is assignable to overlapping contributions from the amide | band of the

protein and the H-O-H bending mode of water (8xon).
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Figure 5.2: a) IR absorption spectra of 30 mg/mL BSA in H,O buffer (black) and the H,O buffer
only (red). b) IR pump-probe spectra of 30 mg/mL BSA in H,0 buffer at short (0 ps, blue) and
long (10 ps, red) pump-probe time delays. Grey dashed and dotted vertical lines indicate peak

positions of protein (1656 cm™) and water (1634 cm™) respectively.

As discussed in section 3.4.2, the response of the protein is shown at short pump-probe delay
times (Figure 5.2(b) blue) and a negative feature corresponding to the v = 0 — 1 bleach of
the amide | band of BSA is visible at 1656 cm™. Also present is a positive peak shifted to lower
wavenumbers which is assigned to the accompanying v = 1 — 2 transient absorption. Both
features decay rapidly with increasing pump-probe time delay, corresponding to the
previously reported vibrational relaxation time of the amide | band of BSA in water (0.78
ps).’® This relaxation leads to loss of the amide | features at longer time delays and a growth
of the signal due to the water response, which is present from 2 ps and is persistent to at
least 10 ps (Figure 5.2(b)), which is in good agreement with previous ultrafast studies of the

water response.?

The basis of the new normalisation method is that both the amide | and thermal H,0
responses in PP (and 2D-IR) spectroscopy originate from similar laser-sample interaction
processes, namely those that give rise to the non-linear spectroscopic IR pump-probe (or 2D-
IR) signals. Although separated temporally, the magnitudes of the amide | and thermal H,0
signals are influenced in an identical manner by both sample-related (concentration, path

length) and instrumental factors (laser intensity, beam quality, beam alignment).%17

Thus, the ratio of the magnitudes of the thermal response of water and the resonant amide

| response of BSA in each measurement should be constant for a given BSA concentration.
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When instrumental factors cause changes in the magnitudes of the signals, the two should
be linearly correlated. By extension, for a set of samples in which the BSA concentration
varies, the ratio of the thermal water response to the BSA amide | signal will depend linearly
upon the BSA content of the sample, because both the 2D-IR and pump-probe signals scale
linearly with concentration.® The latter is justified because the concentration of water, being
the solvent, can be assumed to be constant allowing the water response to be used to

normalise the data for direct comparison of the BSA amide | response.

This self-normalisation method applied here also assumes that no significant change in
secondary structure of BSA occurs that could influence the 2D-IR signal intensity via changes
in amide | coupling within the protein.’® It is noted, however, that the normalisation method
could in principle be used to aid comparisons of samples featuring changes in protein

structure with time, for example as a result of disease progression.

With these factors satisfied, normalisation of all spectra to the thermal water response
enables the absolute BSA content to be determined taking into account the common
instrumental variables. It has been shown in Chapter 3 that although there is a small degree
of spectral overlap of the water and protein pump-probe responses near 1650 cm™, the
instantaneous response of the amide | band of BSA is a factor of five greater in magnitude
than that of water under these conditions and so the latter is neglected for the purposes of

this study.?®

The vertical dashed and dotted lines in Figure 5.2(b) indicate the two wavenumber positions
of a pump-probe spectra monitored as a function of pump-probe delay time. The protein
signal at 1656 cm™ is shown as a function of early delay times and the water signal at 1634

cmtis shown at delay times between 5-10 ps in Figures 5.3(a,b).
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Figure 5.3: Vibrational relaxation dynamics obtained from IR pump-probe spectroscopy
(LIFEtime instrument) of 50 mg/mL BSA in H,0 buffer. a) The temporal dynamics of the amide
I response at 1653 cm™ at pump-probe delay times < 1.5 ps. Shaded area indicates pump-
probe delay times of 0 +/- 0.1 ps. b) The water response at 1634 cm™ at pump-probe delay
times from 5-10 ps. Each data point indicates a different measurement of the same stock
solution. c) The linear correlation arising from plotting the average protein absorbance from
pump-probe delay times of +/- 0.1 ps (shaded area in (a)) against the water signal averaged
between pump-probe delay times of 5-10 ps. Results for a BSA concentration of 50 mg/mL
are shown as coloured circles (R*=0.994) and data for 30 mg/mL BSA samples are shown using

grey circles (R?=0.971). Dashed lines indicate linear fits to the data.

In order to correlate these two signals, the average response over a range of waiting times
was obtained. The protein signal amplitude near the peak of the amide | v = 0 — 1 response
was obtained from an average of the signal at pump-probe time delays of 0 + 0.1 ps (Figure
5.3(a), shaded area). The water signal amplitude at 1634 cm™® was obtained from an average
between the time delays of 5-10 ps (Figure 5.3(b)). The linear correlation of the protein amide

| and water IR pump-probe responses is shown in Figure 5.3(c) for data obtained using the
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LIFEtime spectrometer and reveals the expected strong, linear, correlation (R? > 0.971) for
both of the BSA concentrations used (Figure 5.3(c), 50 mg/mL — coloured circles, 30 mg/mL

— grey circles).

Despite careful attempts to use the tightness of the sample cell to set the absorbance of the
combination band at 2130 cm™ to 0.1 in all cases, a large spread of experimental values were
obtained for the protein (-2.0 to - 0.9 x107 at [BSA] = 50 mg/mL) and thermal water signals
(0.3 to 0.6 x1073 at [BSA] = 50 mg/mL) (Figure 5.3(c)). These variations of up to 50% in the
measured amplitudes reflect not only changes in the path length but also day to day

fluctuations in spectrometer alignment and laser intensity.

The same measurements and analysis was repeated on the ULTRA spectrometer for the 30
mg/mL BSA concentration (Figure 5.4). Figure 5.4(c) reveals the expected strong, linear,
correlation (R*=0.951). Again a large spread of up to 50% of the experimental values for both
the protein (-1.3 to -0.6 x10%) and the thermal water signal (0.4 to 0.9 x103) is seen for the
ULTRA spectrometer. What is clear however is that, despite the large fluctuation in signals
acquired for each individual measurement, the protein and water thermal response are

linearly correlated independent of the instrument used (Figures 5.3(c) and 5.4(c)).
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Figure 5.4: (a,b) Vibrational relaxation dynamics obtained from IR pump-probe spectroscopy
(ULTRA instrument) of 30 mg/mlL BSA in H>O buffer. a) The temporal dynamics of the amide |
response at 1653 cm™ at pump-probe delay times < 1.5 ps. b) The water response at 1634 cm’
1 at pump-probe delay times from 5-10 ps. c) The linear correlation arising from plotting the
water signal averaged between pump-probe delay times of 5-10 ps against the average
protein absorbance from pump-probe delay times of + 0.1 ps (shaded area in (a)). Each data
point indicates a different measurement of the same stock solution. Dashed lines indicate
linear fits to the data. The black squares in c) indicate results obtained from pure water

samples for comparison.

For both concentrations used, LIFEtime yields correlations greater than that obtained for
ULTRA. Independent of the instrument used, the signals are averaged for 1 second and the
resulting spectra is averaged over three repeated measurements in order to achieve a high
signal to noise ratio. ULTRA has a repetition rate of 10 kHz which results in one PP
measurement taking just under 10 minutes. However with LIFEtime’s higher repetition rate

(100 kHz) the time taken to acquire a PP measurement is reduced to only 1 minute. Achieving
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the spectra on a much quicker timescale results in stronger correlated data as shown in

Figures 5.3(c) and 5.4(c).

To ascertain that the linear relationship is due to protein content, two samples of H,O were
also treated in a similar manner (Figure 5.4(c), squares) and these data points lie significantly
off the linear region describing the protein samples. This is as expected owing to the fact that
at early waiting times the signal amplitude of the H,0 is <20 % of that of the proteins (Chapter
3) but still contains the same number of water molecules and so produces a late delay time
thermal response comparable to the BSA samples which is dependent on the sample

thickness.

5.4.2. 2D-IR Spectroscopy

As discussed previously, at early waiting times the water signal is negligible allowing
measurement of the protein amide | band without the water contribution. At later waiting
times where the protein signal has decayed, the water response is present and this is due to
solvent heating via energy transfer, as discussed in Chapter 3. This results in the separation
of the protein amide | signal at early waiting times and the water thermal response at late
waiting times. To extend the normalisation method to 2D-IR, the spectra presented here
were recorded at a waiting time (T,) of 250 fs and 5 ps between pump and probe pulses.
Pairs of spectra at these waiting times were obtained from each of the BSA samples, three of

which are shown from the LIFEtime spectrometer in Figure 5.5.
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Figure 5.5: 2D-IR spectra taken for 3 measurements of the 50 mg/mL BSA stock solution on
the LIFEtime spectrometer. (a-c) 2D-IR spectra taken at T, = 250 fs. (d-f) 2D-IR spectra taken
at T,, = 5 ps. All 2D-IR spectra are plotted on the same scale, colour bar shown, (d-f) are

magnified by a factor of ten.

The 2D-IR spectrum of the 50 mg/mL BSA solution at waiting times (T,,) of 250 fs (Figure
5.5(a-c)) and 5 ps (Figure 5.5(d-f)) show a similar result to the pump-probe data. In the T}, =
250 fs spectrum, peaks due to the v =0 — 1 (red) and v = 1 — 2 (blue) transitions of the
amide | band of BSA are clearly visible. This is replaced at T,, =5 ps by the thermal response

of water, which is magnified by a factor of 10 in the figure.26%’

Several different methods were used to extract the protein peak intensity at a T,,, value of
250 fs and the thermal water signal at T,, = 5 ps. An example is demonstrated for 2D-IR
spectra obtained with the LIFEtime (Figure 5.6(a-c)) and ULTRA instruments (Figure 5.6(d-f)).
Projection of the LIFEtime 2D-IR spectra onto the probe frequency axis of the 2D-IR spectrum

(Figure 5.6(a, b)) allowed quantification of the BSA response.

As mentioned previously, the bandwidth between the two instruments is significantly
different. ULTRA has a bandwidth of ~400 cm™ while LIFEtime is ~100 cm™ which has a
significant impact on the range of molecular vibrations that can be accessed by each
spectrometer. With LIFEtime having a smaller bandwidth of ~100 cm®, the pump

frequencies between 1580 - 1720 cm™* were used to project onto the probe axis. By increasing
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LIFEtime’s pump range we introduce noise to the projections and a decrease in the linear
correlations produced was found. An attempt was made to utilise the same pump frequency
range for ULTRA, however by not including the pump frequencies outside this range
important off diagonal information that is needed to help correlate between the water and
protein signals is removed. As a result of this the pump frequency range, 1400 - 1700 cm™?,

was used to project onto the probe axis for ULTRA data.

In order to quantify the responses, amplitudes of these projections are averaged over probe
frequency ranges (Figure 5.6). This is done by averaging the signal in the T,, =250 fs
spectrum over a small frequency range near the peak of the BSA signal (Figure 5.6(a,d)
shaded area). The value of the thermal water response was measured using the T,, =5 ps
spectrum near 1675 cm™ (Figure 5.6(b,e), shaded area). The correlation of the signals
obtained for 30 and 50 mg/mL samples (grey and coloured circles, respectively) is shown in
Figure 5.6(c) for LIFEtime. Figure 5.6(f) shows the correlation produced for the 30 mg/mL
sample on ULTRA.
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Figure 5.6: (a-c) Projection of 2D-IR spectra of 50 mg/mL BSA in H>O buffer over pump
frequencies between 1580-1720 cm™ onto the probe frequency axis at waiting times of a) 250
fs showing the protein response and b) 5 ps showing the water response. c) Correlation of the
water signal between 1674-1676 cm™ with the protein signal between 1649-1655 cm™
(shaded areas in (b) and (a), respectively). Each solid coloured circle indicates an individual
measurement. Open circles show the spread of the spectra after scaling to the water response
of the gold spectrum (see text). Grey circles show the results obtained using a 30 mg/mL BSA
solution. (d-f) Using the ULTRA instrument, the 2D-IR spectra of 30 mg/mL BSA in H,O buffer
are projected onto the probe axis at waiting times of d) 250 fs and e) 5 ps using the pump
frequency range between 1400-1700 cm™. f) Correlation of the water signal at 1676 cm™ with
the protein signal between 1653-1683 cm™ (shaded area in (d)). Open circles show the spread
of the spectra after scaling to the water response of the blue spectrum. Arrows denote the

pair of spectra used for the calculation of difference spectra in Figure 5.8.
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Although a large spread in absolute values is observed, as for the IR pump-probe data, a clear
linear relationship between protein and water signals is present in the data (Figure 5.6(c,f)).
Changing the spectral region within the v = 0 — 1 transition of the amide | band used to
obtain the protein signal led to small variations in the linear correlation produced but in the
majority of cases the R? value obtained was > 0.9. Comparable data obtained with the ULTRA

spectrometer are shown in Figure 5.6(d,e,f).

The results from both IR pump-probe and 2D-IR experiments show that the intensity of the
thermal water response can be used as an internal normalisation standard to account for
fluctuations in spectrometer performance in both experiments. The validation of an internal
normalisation method leads to two powerful applications. Firstly, normalisation of spectra
from individual measurements provides a basis to extract BSA concentrations directly from
2D-IR spectra. The plots in Figure 5.6(c, f) act as calibration curves for 30 and 50 mg/mL BSA
samples. This is demonstrated in Figure 5.7(a,b) where the averaged protein signals obtained
for each BSA concentration using the LIFEtime instrument were used to create a linear
calibration plot of 2D-IR protein signal versus BSA concentration. Leave one out analysis was
then performed by individually omitting each measurement from the creation of the
calibration plot and using the result to estimate the concentration of the left out sample. The
results prior to the normalisation are shown in Figures 5.7(c,d). This approach is based on
only two concentration points however it can be seen that applying the normalisation
method leads to a significant reduction in spread of the concentrations (Figure 5.7(b)
compared to Figure 5.7(d)). Using the normalisation approach leads to a measurement of the

50 mg/mL BSA concentration accurate to +4.5 mg/mL (< 10%).
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Figure 5.7: Use of 2D-IR signal of BSA to estimate protein concentration. The 2D-IR pump
projections are shown (a) normalised (b) not normalised. The average protein 2D-IR signal
obtained for two known BSA concentrations (black dots) were used to create a linear
calibration plot (dashed line). Each sample in turn was left out of the creation of the
calibration plot and the result used to estimate the concentration of the left out sample based
upon the protein signal size. The results are plotted as points for 50 mg/mL (red) and 30
mg/mL (blue) BSA concentrations respectively. Comparing the normalised data (a.b) with the
non-normalised data (c,d) shows the significant increase in accuracy of the results obtained.
Post normalisation shows that the BSA concentrations were obtained accurate to + 9%. The

error bars show the range of protein signals measured with (b) and without (d) normalisation.

If similar relationships were produced for a range of BSA concentrations then, for an
unknown sample, a given ratio of the water response to the protein signal would yield the
BSA concentration. Combining a similar approach using human serum albumin with the
previously demonstrated method for measuring the albumin to globulin ratio of blood serum

with 2D-IR™ makes it possible to obtain the clinically relevant albumin and globulin

144



concentrations and so the total protein content of the serum from a single 2D-IR

measurement within a few seconds.

Secondly, the internal normalisation approach can be extended to allow rapid cross-
comparison of protein spectra in a high-throughput screening context. For example, an
experiment is visualised in which a series of 2D-IR spectra are measured from a range of
samples featuring the same protein at the same concentration in aqueous buffer in complex
with a range of alternative ligands (or of the same ligand at a range of concentrations).?® In
this case, relatively small differences in the spectrum of the protein would be expected as a
result of ligand binding and careful production of difference 2D-IR spectra would be needed
to extract relevant information.?>*° Normalisation of the spectra to the thermal water
response would not significantly increase the measurement time, but would provide an
experimentally determined route to difference spectral analysis by reducing the impact of

instrumental fluctuations.

The efficiency of this approach is demonstrated using two BSA 2D-IR spectra from different
points in the range of signal amplitudes measured (Figure 5.6(c,f), arrows). Creating
difference spectra by simply subtracting one spectrum from the other for pairs of 50 mg/mL
(Figure 5.8(a)) and 30 mg/mL (Figure 5.8(d)) LIFEtime samples, Figure 5.8(g) shows a pair of
30 mg/mL ULTRA samples which all result in a clearly visible residual BSA signal (Figure
5.8(a,d,g), arrows). This reflects the range of measured values from a common sample arising
from instrumental effects. However, normalising the 2D-IR spectra to the thermal water
signal prior to calculating the difference spectrum reduces the residual signal dramatically
(Figure 5.8(b,e,h)). This is as would be expected for difference spectra comparing two
identical samples. Indeed, magnification by a factor of 20 for data obtained using LIFEtime
and 10 for data obtained using ULTRA shows how effective the normalised difference spectral

measurement approach is (Figure 5.8(c, f, i)).

145



Raw Normalised Magnified

- 0.05
E a) b) c) N
S 1680 / i 2
- e =
(] o / ; w
£ E S 1660 @V It &
=] o—® O =
& E’ 4 ‘ ﬁ S TR B
[ 9 1640 : \ v 0.1
5g < 32
£ 1620 X5
a 3% X
N ' : 0.03
E d) e) f) S
= < 1680 =3 >
(] E 3 ]
ES & 8./ e
o P g 1660 %7 &
e s P 3
= & & 1640 \ o -0.05
Q. J
5 1620 Y =3
: X
= : ~ g 0.01
‘ h i i
E 1680 g) ) ) 8
o 32 =
@ S 1660 ' NOA )
< ji S | VY 2) I
x 2T // Q 7z o
K £ 2 1640 '\ . INE -0.01
> g% o : 2N
£ 1620/
o x10

1620 1640 1660 1680 1620 1640 1660 1680 1620 1640 1660 1680
Probe Frequency (cm™) Probe Frequency (cm™)  Probe Frequency (cm)

Figure 5.8: a) 2D-IR difference spectra of two 50mg/mL BSA samples obtained using LIFEtime
before any scaling. b) 2D-IR difference spectra obtained from the two spectra after scaling to
the water response. c) As b) magnified by 20 times. Colour scale is shown. d) 2D-IR difference
spectra of two 30mg/mL BSA samples obtained using LIFEtime before any scaling. e) 2D-IR
difference spectra of the same two spectra after scaling to the water response. f) as e)
magnified by 20 times. Colour scale is shown. g) 2D-IR difference spectra of two 30mg/mL
BSA samples obtained using ULTRA before any scaling. h) 2D-IR difference spectra of the same
two spectra after scaling to the water response. i) as h) magnified by 10 times. Colour scale

is shown. Arrows shown in a,d,g) indicate residual response after subtraction.

For measurements using the ULTRA spectrometer, the lower pulse repetition rate (10 kHz)
leads to a slower data acquisition time of ~25 minutes per 2D-IR spectrum, as opposed to <
1 minute using LIFEtime. This has resulted in a less effective subtraction process, which is
ascribed to slow changes in the intensity distribution of the broad bandwidth laser pulses

during each spectral acquisition. This will not be accounted for by the normalisation method
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and so we conclude that the normalisation approach is best suited to measurement protocols

that employ rapid acquisition of 2D-IR spectra.

To show that this approach works for all of the samples studied, all 2D-IR spectra of 50 mg/mL
BSA samples obtained using LIFEtime were normalised to the water response of one
spectrum and the protein signals re-plotted versus the normalised water signals in Figure
5.6(c) (open circles). The same process was repeated for all 2D-IR spectra of 30 mg/mL BSA
samples obtained using ULTRA (Figure 5.6(f), open circles). Now all of the samples show the
same water signal (vertical axis) as expected following normalisation and the spread of
protein signal sizes along the horizontal axis is significantly reduced. For LIFEtime this results

in a reduction of the spread by 73% and for ULTRA a reduction of 64%.

5.5. Conclusions

In Chapters 3 and 4, experiments provide a simple technique of working around the issues
faced by measuring 2D-IR in physiological solvents. However the issue of sample to sample
repeatability and fluctuations in the laser system prevented absolute quantitative analysis of
protein concentrations. In this chapter, these challenges are explored and a method has been
devised to create an internal normalisation standard, allowing quantitative protein

concentrations to be obtained.

Normalisation of each early waiting time spectra to its corresponding thermal response of
water occurring at late waiting times provides a route to producing difference spectra with
reduced impact from instrumental variations, without the addition of labels to the system.
Furthermore, this goes significantly beyond recent work shown in Chapters 3 and 4 showing
that 2D-IR can be applied to study aqueous (H,0) biofluids in transmission without prior
sample preparation steps by adding the ability to determine absolute protein concentrations

via the amide | band, which cannot be achieved using absorption spectroscopy methods.

It is noted that improvements in sample cell design could be made to limit the path length
variability such as when using standard transmission cells. Etching an area on a CaF, window
would offer control of the sample thickness. These can be manufactured in such a way so
that the path length between two windows is fixed at all times however precise engineering
is costly. The issues of spectrometer alignment and laser fluctuation would remain and
therefore this simple analytical approach provides a means of avoiding complex and

expensive engineering solutions.
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Instrument comparison has shown that faster acquisition time for measurements results in
a more effective subtraction process, so it can be concluded that the normalisation approach
is best suited to measurement protocols that employ rapid acquisition of 2D-IR spectra.
Developments in laser technology and mid-infrared pulse shaping®>*® have provided scope
for 2D-IR to be applied in high throughput measurements for rapid screening of biomolecule-
drug combinations.® This combined with the advances made in this thesis thus far removes
a significant economic barrier to large-scale physiological protein-drug screening studies

making 2D-IR more accessible to the pharmaceutical sector.
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6. Detection of Drug Binding to Serum

Albumin using 2D-IR
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6.1. Abstract

In the previous chapters, the potential of 2D-IR as an analytical tool for biomedical
diagnostics have been discussed. So far, dynamics of proteins in H,O and D,0O have been
compared, comparative measurements of concentrations of key proteins in serum have been
made, detection of the presence of the LMW molecule glycine in serum has allowed
evaluation of obtainable detection limits using 2D-IR and, by utilising the thermal response
of water at late waiting times, a normalisation technique has been developed to allow

guantitative measurements of proteins to be made in H,0 using 2D-IR spectroscopy.

In this chapter, the application of 2D-IR spectroscopy to blood serum measurements is
explored further and applied to evaluating the ability of 2D-IR to detect changes in the
spectroscopy of serum albumin upon ligand binding. As a carrier protein, serum albumin is
important for transporting a wide variety of molecules around the body and upon binding
structural changes in the protein can be induced. Understanding these changes could offer a
means of monitoring drug behaviour in the circulatory system and holds a significant
importance in pharmaceutical problems such as drug metabolism and delivery. Application
of the normalisation method described in Chapter 5 allows drug-protein complexes of serum
albumin with clinically relevant levels of paracetamol, ibuprofen and warfarin to be studied
in aqueous serum. Typical concentrations of these drugs found in the bloodstream after a
standard typical dose are in the pumol/L region which may pose challenging for 2D-IR
detection. However as 2D-IR detects the coupled structure of the protein molecule rather
than the drug itself, it is important to understand whether 2D-IR can detect drug binding in
serum. Drug-albumin complexes are detected in serum and changes in the protein secondary

structure caused by drug binding are explored using transition dipole moment theory.

6.2. Introduction

Drug-binding to serum proteins plays a major role in drug therapy as binding provides a
reservoir for many compounds and affects the pharmacokinetics of drugs. As only the free
(unbound) portion of the drug is responsible for the pharmacological action it is important to
understand how drugs and proteins bind with one another in biological fluids.*™ 2D-IR has
been shown to be highly sensitive to small changes in molecular structures of proteins upon
ligand-binding by producing patterns in the 2D-IR spectra from coupled vibrational modes

within a molecule allowing presence of ligands to be observed.>® As this thesis focuses on
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the use of 2D-IR spectroscopy for biofluid analysis, particularly in the amide | region of
proteins, changes in the spectroscopy of the amide | band of serum albumin upon drug-

binding are explored in this chapter.

2D-IR has been shown to be sensitive to small changes in secondary structure as well as the
detection of drug binding. Further to previous works where 2D-IR spectroscopy has been

78 jts ability to differentiate small

shown to be sensitive to protein secondary structure,
changes in protein secondary structure has also been investigated which may be powerful in
determining structural changes of proteins during disease states or allosteric affects due to
binding.>*2 Grechko and Zanni have shown that the ratio of the magnitude of the amide |
band using 2D-IR with that of IR absorption spectroscopy allows measurement of the amide
| transition dipole moment. This is closely dependent upon molecular coupling which can
indicate protein secondary structure.>!® A recent study of the calcium-binding messenger
protein calmodulin (CaM) has shown the capability of 2D-IR to detect small secondary
structure changes upon binding of Ca?* ions.!! The 2D-IR measurements observed a thermally
induced reduction in a-helical content (15 %) upon binding, an induced change affecting only

seven (5 %) residues. These studies were validated using circular dichroism spectroscopy

which detected a comparable 13 % change.

Applications of label-free 2D-IR has also been used to study the sensitivity of drug-protein
binding in InhA, an enzyme partly responsible for the maintenance of cell walls in the
bacterium Mycobacterium tuberculosis. Correlation of drug-protein complexes which
induces inhibition of bacterium activity with changes in the off-diagonal region of the amide
| lineshapes were found.!? Using peptides labelled with the non-natural amino acid
azidohomoalanine and the protein tyrosine phosphatase 1E, quantification of ligand binding
has also been observed using 2D-IR, producing dissociation constants comparable with
isothermal titration calorimetry (ITC) results.® These studies highlight the potential of 2D-IR
to detect and understand drug-protein complexes, allowing more accurate and effective drug

treatments to be developed.

As the major protein constituent of serum, albumin plays an important role in the
pharmacokinetic behaviour of many drugs as binding can affect their rate of distribution
within the body as well as their rates of metabolism and excretion.’** Serum albumin
primarily functions as a carrier (or transport) protein, known to bind to a wide variety of

substrates, such as steroids, hormones, fatty acids, glucose, metal ions and pharmaceuticals
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including warfarin and ibuprofen.1*522 X-ray crystallography studies have shown that serum
albumin is composed of three major domains, I, Il and Ill, which form to create a heart shaped
molecule (Figure 6.1). Within each domain are two a-helix subdomains, A and B, which are
connected by a random coil and inter-domain helices link subdomains IB to IIA and also IIB

to ”IA 13,17,23-26

FA2

Sudlow’s site I

\c FA6

Figure 6.1: Serum albumin structure, reprinted with permissions from reference.'®* Three
domains and their A and B subdomains are denoted as follows: domain | - dark blue (IA) and
light blue (I1B), domain Il - dark green (IIA) and light green and domain Ill - red (llIA) and orange
(llIB). The two drug binding sites are shown as Sudlow | and Il and the seven fatty acid (FA)
binding sites are also labelled. Except for FA1 and FA7, all other FA sites are occupied by
myristate. Sudlow’s (drug) site | overlaps with FA7 and is occupied in this diagram by
warfarin. Sudlow’s (drug) site Il overlaps with both FA3 and FA4. Myristrate is shown to

occupy sites FA2-6. A heme is shown in FAL.

There are two major binding sites for ligands located in subdomains IlIA and IlIA, known as
drug sites | and ll, respectively (labelled as Sudlow’s sites | and Il in Figure 6.1).1*427-2° There

are also 7 known fatty acid (FA) binding sites distributed throughout the molecule.*>17:30-32
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Studies have documented the conformational change in serum albumin structure upon drug
and fatty acid binding. In particular the system tends to undergo a change known as the
neutral-basic (NB) transition. The neutral (N) form is characterised by a heart shaped
structure. Between the pH values 4.3 - 8.0 and in the presence of drugs or FAs, the serum
albumin transitions to the basic (B) structure which involves the breaking of salt bridges
between domains | and lll. This increases the proteins structural flexibility, typically resulting
from a loss of a-helix and the structural change from a heart to an open ellipsoid (doughnut)

shape, regarded as changes of domain | and Il relative to domain [l,131829:33-36

This transition from the neutral to basic conformation of albumin has been shown by Petitpas
et al to also be linked to a change in pH which can be induced from fatty acid binding.2® Upon
binding of warfarin to serum albumin this NB transition has been documented, as well as a
3-fold increase in the binding affinity for warfarin on the albumin molecule when the protein
is already bound to FAs, at a 1:3 molar ratio of albumin:FA.3> However an influx of fatty acids,
greater than 1:3 ratio has seen the release of warfarin from the albumin binding site, allowing
delivery of the drug.'®** Daneshgar et al have demonstrated a decrease in the a-helix content
of human serum albumin upon paracetamol binding to drug site Il using circular dichroism
spectroscopy.’” Further studies have shown that glucose bound to albumin (glycated
albumin) decreases the binding affinity for paracetamol by half when compared to glucose
free albumin. This has significant impact upon diabetic patients who have significantly

increased levels of glycated albumin compared to non-diabetics.?

The free fraction of drugs in serum, which is responsible for the therapeutic action taken by
the drug, is also dependent on the presence of other drugs that have been administered to
the patient. The competition of multiple drugs binding to serum albumin depends on the
relative binding strengths of each drug and this rivalry will modify the unbound fraction of
each drug circulating the bloodstream.? Using fluorescence and UV absorption techniques,
Sutkowska et al suggests that when administered together paracetamol and cytarabine
competitively bind to the albumin drug site |, by increasing the concentration of one drug the
binding properties of the other are altered.3® Although many investigations have shown the
effects of drug and fatty acid binding to serum albumin, the complex nature and patient to

patient variation of serum makes validating true events challenging.3>*

In this chapter, attempts are made to further test the capabilities of 2D-IR spectroscopy in its

ability to detect small changes in serum albumin’s secondary structure due to protein-drug
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binding. Using three common drugs, paracetamol, ibuprofen and warfarin, measurements of
drug binding to serum albumin are explored. Typical concentrations of these drugs found in

L% which would pose challenging

the bloodstream after a standard typical dose are umol/
for 2D-IR detection which has been shown to detect mmol/L changes in previous chapters,
however in this chapter 2D-IR spectroscopy is used to detect changes in the albumin
structure upon binding rather than the free drug itself. The detection of drug-binding of the
three drugs studied was not conclusive at clinically-relevant levels, yet the addition of
paracetamol to serum albumin is shown to induce a change in the a-helix content of albumin
upon binding. Investigation into the variation of results from serum albumins within serum

which is a natural environment containing other factors including fatty acids, and serum

albumins dissolved in a water buffer are explored.
6.3. Experimental Techniques

6.3.1. Sample Preparation

Pooled equine serum, serum albumin (bovine), acetaminophen (paracetamol), ibuprofen and
warfarin were obtained from Sigma Aldrich and used without further purification. 2D-IR
measurements of individual drugs were performed in dimethyl sulfoxide (DMSO) as they are
not all soluble in water, allowing clear spectra to be obtained using high concentrations (20
mg/mL) with a sample path length of 25 um. Conversions between mg/mL and mmol/dm?3

are shown in Table 1.1.

Table 6.1: Conversions of 20 mg/mL of paracetamol, ibuprofen and warfarin into their

respective molar concentrations.

Drug Concentration (mg/mL) Molar Concentration (mmol/dm?3)
Paracetamol 20 132
Ibuprofen 20 97
Warfarin 20 65
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To study the spectroscopy of serum samples at a range of drug concentrations, paracetamol
was spiked into pooled horse serum and the following drug : albumin molar ratios were
created, as shown in Table 6.2, yielding a total of 10 samples (9 spikes and pure serum). The
same molar ratios were created for the ibuprofen and serum datasets. These ratios include
clinically relevant levels of each drug after a typical oral dose.**->! Warfarin doses are much
smaller and so different concentrations were used, as shown in Table 6.2, producing a total

of 9 samples (8 spikes and pure serum).

Table 6.2: Summary of Paracetamol/Ibuprofen/Warfarin: Albumin molar ratios. Serum
albumin has a concentration of 0.45 mmol/dm?3in the body. Samples will be referred to as "[X]

where n indicates an n:1 molar ratio drug, X, to albumin, as shown.

Paracetamol Ibuprofen Warfarin
sample | Mg/mL | mmol/dm® | sample | pg/mL | mmol/dm® | o . | Hg/mL | pmol/dm?
4[Pmol] 275 1.8 4Ibu] 375 1.8 7om[Win] 10 30
2[Pmol] 137 0.9 2[Ibu] 187 0.9 54m[Wfn] 7.5 25
1[Pmol] 69 0.45 lbu] 94 0.45 Im\Wfn] 5 16
05[Pmol] 34 0.22 05[1bu] 47 0.22 18m[\Wfn] 2.5 8
0.25[pmol] 17 0.11 0.25[1bu] 23 0.11 m[Wfn] 1 3
012[pmol] 9 0.06 012[|py] 12 0.06 35m\Wfn] 0.5 1.5
0.06[pmol] 1 0.03 0.06|py] 6 0.03 18m{Wfn] 0.25 0.8
0.03[pmol] 2 0.015 0.03[|hy] 3 0.015 0.7m [Wfn] 0.1 0.3
0.015[pmol] 1 0.007 0015 hy] 15 0.007 O[Wfn] 0 0
9[Pmol] 0 0 O[Ibu] 0 0

6.3.2 IR Absorption Spectroscopy

IR absorption spectra were measured using a Thermo Scientific Nicolet iS10 Fourier
transform spectrometer. Spectra were the result of 20 co-added scans at a resolution of 1

cm?in the spectral region 400-4000 cm™.
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6.3.3. 2D-IR Spectroscopy

5253 at the Central Laser

2D-IR spectra were recorded using the LIFEtime laser spectrometer
Facility using the Fourier transform 2D-IR method employing pulse shaper to deliver the
pump pulse pair, as described in Chapter 2. Mid-IR pulses with a temporal duration of ~200

fs; a central frequency of 1650 cm™ and a bandwidth of ~100 cm™ were obtained.

2D-IR spectra for each sample were recorded at a waiting time (T,,,) of 250 fs and 5 ps. The
method used for setting up the sample path length as described in Chapter 3 is used in this
chapter. However as small variations in the thickness can incur large variations in the 2D-IR
signal, the method described in Chapter 5 to normalise the dataset has been applied prior to

analysis. Each sample was measured in triplicate.

6.4. Results and Discussion

All 2D-IR spectral processing and analysis was carried out using a custom made script on the
statistical analysis software programme, R.>* As in previous chapters, prior to the analysis

described in the text a 2" order polynomial baseline subtraction was performed.

6.4.1. IR and 2D-IR Spectra of Paracetamol, Ibuprofen and Warfarin

Previous studies have shown that the binding of drugs to serum albumin affects the
molecular conformation of serum albumin which results from a change in the a-helix content
of the protein.”® As the amide | band is used to determine the proteins secondary structure
it is important to initially assess if the drugs have vibrational frequencies that overlap with
the amide | region (1620-1690 cm™). In order to compare the IR and 2D-IR spectra of
paracetamol, ibuprofen and warfarin, each drug was dissolved independently in DMSO at a
concentration of 20 mg/mL (see Table 6.1 for molar concentrations) as shown in Figure 6.2
and Figure 6.3 (d) which shows the FTIR spectrum of each drug between the region of 1100-
1800 cm™.
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Figure 6.2: The IR absorption and 2D-IR spectra of 20 mg/mL of paracetamol (a, b), ibuprofen
(c, d) and warfarin (e,f). In the IR absorption spectrum, the drug is shown in red and the DMSO
solvent only spectrum shown in black. Dashed purple vertical line in (a,b) at 1675 cm™
indicates paracetamol peak in both figures. Dashed purple vertical line in (e,f) at 1623 cm™
indicates warfarin peak position in both figures. All 2D-IR spectra are plotted on the same

scale (see colour bar), d) and f) are magnified by factors of 50 and 5 respectively.

This concentration was used in order to ensure signals from all 3 drugs are visible in the amide
| region shown in both IR absorption and 2D-IR spectra. The spectra are not shown in water
as of the three drugs chosen in this study only paracetamol has a sufficient enough solubility
in water to be detectable, at around 15 mg/mL (99 mmol/dm?3) at room temperature.®>8
Ibuprofen and warfarin each have a low solubility in water at around 21 and 17 pug/mL (0.01

and 0.005 mmol/dm3) at room temperature, respectively.>>%

The IR absorption spectrum of paracetamol around the amide | region is shown along with
their corresponding 2D-IR spectrum (Figure 6.2(a, b)). The IR absorption of paracetamol
shows two distinct peaks at 1608 and 1675 cm™. The 2D-IR spectrum of paracetamol shows
only the higher frequency peak situated at 1675 cm™. Theoretical calculations combined with
FT-IR studies of solid paracetamol assigns peaks occurring at 1609 and 1625 cm™to the C=C
stretching modes, and 1652 cm™ to the C=0 stretching mode of paracetamol, of which the
molecular structures is shown in Figure 6.2(a).®? It is likely that the peaks observed in Figure

6.2 at 1610 and 1675 cm™ are due to the C=C and C=0 stretching vibration. Due to hydrogen
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bonding in water solvents these peaks may be shifted to lower wavenumbers when
compared to that of the DMSO solvent due to the different cooperative interactions

displayed by the two solvents.®?

a) b) ) 2

H CH,

N OH
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Figure 6.3: Molecular structures of a) paracetamol, b) ibuprofen and c) warfarin and their
respective FTIR spectra d) in the region of 1100-1800 cm™, where paracetamol is shown in

green, ibuprofen in blue and warfarin in red.

It is possible to infer the potential signal that would arise in the serum study using the
concentration and sample thickness of the results obtained here. As the 2D-IR signal is linear
with both concentration and sample thickness, a decrease in the path length by a factor of
10 will result in the decrease of the 2D-IR signal by the same factor. Furthermore the
concentration used is ~70 times greater than the highest paracetamol concentration (275
pg/mL) used in the molar ratio study and so a total reduction of the signal by ~700 times
would be anticipated. However, as the drug is anticipated to bind to the serum albumin the
proportion of unbound drug in the system will be less than that used to infer the signal
produced, and so it is unlikely that this peak will be distinguishable in the 2D-IR spectra

dataset at the concentrations studied.

Infrared absorption and 2D-IR spectra of ibuprofen (Figure 6.2(c,d) and warfarin (Figure
6.2(e,f) again at concentrations of 20 mg/mL in DMSO are also shown. Within the amide |

region of interest, there are no peaks that arise from the ibuprofen molecule, however the
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shoulder of a higher frequency peak (1717 cm™) can be seen, DFT calculations allow
assighment of this peak to the C=0 stretch of the ibuprofen molecule.®® The FTIR and 2D-IR
spectra of warfarin display a peak at 1622 cm™ which is tentatively assigned to the C-C
stretching of the phenyl ring modes and the shoulder of a peak at 1712 cm™ belonging to the

C=0 stretching vibrations can also be seen.®

In H,0, these peaks may be shifted and overlap with the amide | region however, similar to
paracetamol, the concentrations used for the serum albumin binding study are considerably
smaller than that shown in DMSO. The highest concentration of warfarin and ibuprofen used
in the serum binding study are 10 pg/mL (0.03 mmol/dm?3) and 375 mg/mL (1.8 mmol/dm3),
considerably smaller to that studied in DMSO (65 and 97 mmol/dm?3); this combined with the
reduction of sample thickness to 2.5 um will unlikely result in a signal strong enough to be

detected for any free drug in the system.

6.4.2. Detection of Drug Binding using 2D-IR Spectroscopy

2D-IR spectra of serum samples spiked with different molar ratios of paracetamol are shown
in Figure 6.4. As described in Chapter 3, the two dominant negative features (red) in the
serum spectrum are assigned to the v = 0 — 1 transitions of the albumin (1656 cm™) and
globulin (1639 cm?) fractions, as shown by the grey arrows in Figure 6.4(a). Thev =1 — 2
modes are shifted to lower wavenumbers due to the anharmonicity of the vibrations and is
shown as a positive feature (blue). The addition of paracetamol leads to an increase in the
signal intensity of the albumin (1656 cm™) amide | contribution, which is shown by the more

intense red colour of the v = 0 — 1 feature, no additional peaks are noted.
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Figure 6.4: 2D-IR spectra of serum spiked with paracetamol in the following molar ratios of

paracetamol and albumin: a) °[Pmol], b) ®%*[Pmol], c) ®°[Pmol], d) ®?*[Pmol], e) }[Pmol], f)

4[Pmol]. All spectra have been normalised using method described and plotted on the same

scale, see colour bar. Grey arrows show the albumin and globulin responses, at 1656 and 1639

cm™ respectively (see chapter 3).

Difference spectral analysis was performed by subtracting the serum only ([°Pmol]) spectrum

from the spectrum of each paracetamol containing sample in order to show clearly the

differences observed, and are shown in Figure 6.5.
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Figure 6.5: 2D-IR spectra following subtraction of serum only °[Pmol] spectra from those
containing paracetamol: a) *°*[Pmol], b) *%3[Pmol], c) ®%¢[Pmol], d) >**[Pmol], e) ***[Pmol], f)
%3[Pmol], g) {[Pmol], h)?[Pmol], i) *[Pmol]. All spectra are plotted on the same scale, see colour
bar, and have been magnified by a factor of 5 in the case of a). Crosshairs in i) show position

with the largest difference.

A negative peak at 1657 cm™ is present at every quantity of paracetamol. The addition of the
smallest concentration of paracetamol, as shown in Figure 6.5(a), has the smallest change in
signal, as denoted by the faint signal after 5x magnification. The difference spectra of
%93[Pmol], 2[Pmol] and *[Pmol] (Figure 6.5(b, h, i) display the largest changes. The amplitude
of the diagonal peak at 1657 cm™ (Figure 6.5(i) purple dashed lines) as a function of
paracetamol concentration is shown in Figure 6.6, and it is noted that with the addition of
paracetamol to the system the magnitude of the signal at 1657 cmincreases. In order to
determine whether these changes are large enough to be detected, the RMS of the noise
level of the 2D-IR spectrum is calculated using the same method as described in Chapter 4,
where an area free from peaks is utilised. This results in the RMS noise value of 4 x 10 to be

established. The changes observed here all large enough to be detected as they are all greater
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than twice this noise level, where making the conservative assumption that only peaks

exceeding twice this value can be observed is made.

a _-"b)
=~ 1.5 L
o e
T< o0 //,
~ Py ///
:E 1.0 [ J 'y /. 'y
© un e
g = ¢ ot
© " 0.5 1’
:__' g ¥ ///‘;
[SES -
@ in s
Q © ¢ | 2
wn o 0 7|
£
(a]
-0.5-
T T T T | T T 1 A
0 1 2 3 40 1 2 3

Paracetamol Molar Ratio to 1 mole of Albumin [Pmol]

Figure 6.6: a) The magnitude of the difference spectra peak at a pump and probe frequency
of 1657 cm™, plotted as a function of paracetamol concentration for the full range of
concentrations examined b) with %%[Pmol] — ®*[Pmol] greyed out to observe trend from
001fpmol], [Pmol], %[Pmol] and “[Pmol]. Error bars show 1o variation from triplicate

measurement.

However the large variation within each concentration due to triplicate measurements, of
which 1 standard deviation is plotted as the error bars as shown in Figure 6.6, overlap with
one another significantly. The ®%[Pmol] (maroon) sample has the smallest change upon
paracetamol addition, this is anticipated as only 1% of albumin molecules have a paracetamol
bound at this stage. By removing the smaller ratios between ®%[Pmol] — ®°[Pmol], as seen in
Figure 6.6(b), a gradual linear increase in the peak amplitude is observed from %“®[Pmol],
[Pmol] and ?[Pmol] (maroon — light blue — blue). Little change is seen between the 2[Pmol]

and *[Pmol].

The addition of 2 or more paracetamol molecules per albumin to the system does not change
the signal observed. Fluorescence spectroscopy studies of the binding constant (K,) of
paracetamol with serum albumin produce a K,; = 1.3 x 10* M* and predicts 2 binding sites
for paracetamol within the serum albumin molecule®” and so as the concentration of
paracetamol molecules increases above %[Pmol] no more binding should occur.?*® The

results of the 2D-IR difference spectra also displays this however the large variation at each
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concentration means that this analysis technique does not produce conclusive results.

Different dependencies, including a square root dependence were also considered to help

improve the trend however no notable differences in the trend was observed.

Difference spectral analysis was also carried out for both ibuprofen and warfarin datasets,

the difference spectra are shown in Figures 6.7 and 6.8, respectively.
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Figure 6.7: 2D-IR spectra of a) ®%[Ibu], b) ®%[Ibu], c) ®%[Ibu], d)***[Ibu], e)**[Ibu] f)°*[Ibu],
g) Ybu], h)?[Ibu], i) *[Ibu], after subtraction of serum only °[Ibu] spectra. All spectra are

plotted on the same scale, see colour bar, and have been magnified by a factor of 2 in the

case of i). Crosshairs in h) show position with the largest difference.
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The difference spectral analysis does not show a clear correlation with increasing drug
concentration for either ibuprofen or warfarin. The ibuprofen difference spectral amplitude
of the negative peak at position 1656 and 1654 cm™ on the pump and probe frequency axes
(Figure 6.7(h) purple dashed lines) monitored as a function of ibuprofen concentration is

shown in Figure 6.9(a).
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the pump frequency 1656 cm™ and probe frequency of 1654 cm™and b) warfarin
concentration pump and probe frequency of 1654 cm™. Error bars show 1o from triplicate

measurement.
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The smallest change is suggested by the addition of the highest ibuprofen concentration,
“Tlbu] however this seems unlikely. The warfarin difference spectra results are shown in
Figure 6.9(b) at the peak position as defined in Figure 6.8(h). A linear decrease is seen from
07m[Wfn] (maroon) to 3M[Wfn] (dark green) however the two greatest contributions
(>*m[Wfn] and °[Wfn]) indicate a close to zero difference with warfarin addition, again
seeming unlikely. While the linear decrease observed between °’™[Wfn] to *™[Wfn] would
be seemingly likely as studies have documented a decrease in a-helix content of albumin
upon binding of warfarin, as the molecule undergoes the NB transition,”>%> the two highest
contributions,>*™[Wfn] and °™"[Wfn], do not fit with this theory. Perhaps it is not possible to
see the changes in warfarin as at most only 7% of the albumin molecules are bound to the
drug ("®"[Wfn] sample). While the trend may be physically likely, the variation in signals from
each concentration produces large overlapping error bars, and the detection of the changes

observed from the ratios studied should be made with caution.

However, comparisons of the difference spectra produced from each of the three datasets
shows that each drug is consistent in their change to the 2D-IR spectral lineshapes. Warfarin
shows a decrease in signal amplitude (Figure 6.8, blue diagonal peak) upon binding and both
paracetamol and ibuprofen show an increase (Figure 6.5 and 6.7, red diagonal peak).
Furthermore the ibuprofen difference spectra peak is more elongated along the diagonal
compared to paracetamol’s more circular peak shape. This suggests that each drug upon
binding to the albumin results in a slightly different structural change however it is difficult

to determine if the changes observed are real.

As mentioned previously, studies have shown that upon binding the albumin molecule
undergoes a conformational change from the N to the B isomer. This transition has been
documented as a result of the change in the secondary structure of the protein. However the
potential overlap of the drug vibrational modes with the protein amide | must be addressed.
The amplitude of the changes observed in the difference spectra are considerably larger than
those suggested for paracetamol at the correct concentration and thickness Section 6.4.1.
The magnitude of the 2D-IR signal amplitude for paracetamol at the highest concentration
used was predicted to be around 1/700" of the paracetamol in DMSO signal, and assuming
binding has occurred this amplitude will be lower. This allows the assumption to made that
if the drugs were free in solution that the signals due to the drug would be too small to detect

(the RMS of the noise floor was calculated to be 4 x10%). As the difference spectra show
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changes larger than twice the RMS noise level and in the amide I, particularly in the region
belonging to a-helix signals, it is likely that the observations made are due to a secondary

structure change due to ligand binding with the albumin molecule.

6.4.3. Quantification of Secondary Structure Change

The intensities of 2D-IR signals are sensitive to the transition dipole moment of the molecule
which is dependent on the proteins secondary structure due to coupling throughout the
entire helix/sheet. Calculation of the transition dipole moment due to small changes in a
protein molecules secondary structure have been documented using 2D-IR and this method
is used here to detect changes in the protein structure for the serum and paracetamol

dataset.

This method combines both the linear absorption and 2D-IR diagonal spectra to extract a
‘spectrum’ of the transition dipole strength of the sample. The dependences of the signal
intensity on the transition dipole moment of the two techniques differs, where linear
absorption methods scales to p? and 2D-IR o p?, which allows changes in the relative
amplitudes of the two signals to be seen if the degree of vibrational coupling changes within
the molecule. The integrated area of an IR absorption spectrum is conserved when the
coupling changes, and so for a highly coupled system with strong transition dipole strengths,
like an a-helix, produces the same integrated intensity as an uncoupled random coil.
However as the 2D-IR spectrum is more sensitive to the transition dipole strength,
integration of the spectrum area is no longer conserved as the coupling changes.>™! The
absolute transition dipole moment can be calculated however this requires an accurate

calibration.®
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Here, a modified approach has been used to extract the changes observed in the proteins
secondary structure relative to the serum only sample in the form of a frequency-dependent
ratio of the 2D- IR diagonal and IR absorption signals to calculate a spectrum of the relative

transition dipole strength, d(w),¢;;

_ 2DIR(w)p FTIR 0D

- 6.1
4(@)ret = FTIR (@), 2DIR AOD, (61)

where, 2DIR(w)pc and FTIR(w)pc are the absolute spectra of the 2D-IR diagonal and IR
absorption at paracetamol concentration, P (Figure 6.12). FTIR ODs and 2DIR AODy are the

absolute maxima for both the serum only IR absorption and 2D-IR spectra.’
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Figure 6.10: a) FTIR and b) 2D-IR diagonal spectra are shown for the "[Pmol] dataset. Each
colour is indicative of paracetamol concentration, as shown in Figures 6.8 and 6.11. FTIR

spectra have been normalised to the OH bending mode at 2130 cm™.

In the case of a change in vibrational coupling, a change in d(w),..; will be seen. Calculation
of the spectra of the relative transition dipole strength, d(w),;, in Figure 6.11(a)) shows an
increase in the transition dipole strength for every concentration of paracetamol (colour)
compared to the serum only spectrum (black). Calculation of the area under the curve (AUC)
between 1628-1700 cm™ results in the production of similar trends to the difference spectra

(Figure 6.11 (b,c)).
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indicates area used to integrate for results in b). b) The area under the curve (AUC) of the
transition dipole moment in (a) between 1628 and 1700 cm™ for each paracetamol
concentration c) with smaller concentrations greyed out for clarity showing °[Pmol], {[Pmol],

2[Pmol] and *[Pmol] molar ratios. Error bars show 1o from triplicate measurement.

As an a-helix typically appears on infrared spectra at around 1655 cm™, this peak at 1657 cm"
! (Figure 6.11(a)) is an indication of a gain of the vibrational coupling associated with an a-
helix. However the variation within each concentration due to triplicate measurements, of
which 1 standard deviation is plotted as the error bars as shown in Figure 6.11, again overlap
with one another. At this stage of the development of 2D-IR for analysis of biofluids in water

it would be unlikely that the sensitivity of 2D-IR is low enough to detect a change of drug
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binding to only 1% (0.01:1) of molecules. It is possible that the changes observed here at low

concentrations are within the noise and not assignable to real changes within the protein.

The transition dipole analysis was also applied to ibuprofen and warfarin datasets and can be
seen in Figure 6.12. Again, similar patterns were found for both ibuprofen and warfarin when

compared to the difference spectra analysis.
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Figure 6.12: The average transition dipole moment calculated for each ibuprofen (a,b) and
warfarin (c,d) concentration. (b,d) The area under the curve (AUC) of the transition dipole
moment in (yellow box in a and c) between 1628 and 1700 cm™ for each ibuprofen and

warfarin concentration. Error bars show 1o from triplicate measurement.

Evidence can be seen of a change in the secondary structure of the protein due to drug
binding using 2D-IR. When paracetamol is fully bound (occupying both binding sites) to
albumin there is a strong increase in the both the signal amplitude from the difference
spectra and in the relative transition dipole moment. Both of these methods are consistent

in producing results with an increase at 1657 cm™ and so this change could be indicative of
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an increase in the a-helix content of the albumin upon paracetamol binding. Both methods
also show that upon the addition of paracetamol above a 2:1 molar ratio, that variations in
the protein are no longer changing — consistent with other works documenting 2 binding sites

for paracetamol in the albumin molecule 2373866

Previous studies have shown conflicting results as to whether the albumin gains or loses a-
helix upon paracetamol binding however the number of albumin binding sites for
paracetamol is found to be consistently 2.2%:37:386 |nyestigations of the effects of specific
variables on the binding of drugs to serum albumins have been made, however itis important
to note that initial parameters like solvent buffers and pH values in which proteins and drugs
are dissolved in are not consistent across different studies, and different buffers and pH
values have been shown to have an effect on drug binding to serum albumin.’*** Many
studies have been carried out investigating the effects of other variables on the binding of
drugs to serum albumins, including solvent buffer, pH, presence of glucose, competing drugs
and of fatty acids however the quantification of albumin secondary structure change in
serum in vivo, taking into account the overall effect of many competing factors, have not

been made 13,21,31,33,34,37,38,66-70

6.4.4. Effects of Serum Constituents on Serum Albumin Binding

Many studies have shown that by binding a drug to the albumin, in either drug binding site |
or Il, causes the protein molecule to undergo the neutral to basic transition, resulting in the
open ellipsoid structure and this change in structure is a result of a reduction in a-helix

content of the serum albumin.13:34:656971,72

The studies shown in this chapter may however have a different starting conformation to
those documenting this change. The form in which the serum albumin presents prior to the
addition of any of the three drugs has not been investigated and as albumin is a carrier
protein and present in serum among fatty acids, metals, electrolytes, amino acids, and many
other proteins it is probable to assume that some of these components may already be
bound to the albumin affecting the albumin structure. As mentioned previously, the addition
of fatty acids to serum albumin induces the NB transition of the protein, meaning that it is
likely that the albumin is not in the N (heart) conformation prior to albumin binding.
Competitive binding must also be considered, as it is possible that the drugs are competing

against the other serum constituents to bind to the serum albumin which in turn may also
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leave the number of ‘free’ (unbound) serum albumins in solution to be few.3*3> Nevertheless
what can be shown in particular for the paracetamol dataset is the change observed due to
the addition of the drug, and the two analysis methods used suggest that an increase in
coupling due to an increase in the a-helix content is seen with increasing paracetamol

concentration, until no more binding occurs.

In order to attempt to understand the changes associated with the serum albumin upon drug
binding, a sample dataset of BSA and paracetamol using the same serum albumin
concentration and the same molar ratios was investigated and the difference spectra are
shown in Figure 6.13. The albumin concentration in serum was determined via the
Bromocresol Green test”® (conducted by University of Glasgow School of Veterinary

Medicine) which revealed the albumin content to be 30 mg/mL.
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Figure 6.13: 2D-IR difference spectra of the BSA and paracetamol datset following subtraction
of BSA only °[Pmol] spectra from those containing paracetamol: a) ®°*[Pmol], b) ®%3[Pmol], c)
0%[pmol], d) °**2[Pmol], e) *#[Pmol], f) ®>[Pmol], g) :[Pmol], h)3[Pmol], i) *[Pmol]. All spectra
are plotted on the same scale, see colour bar, and some have been magnified by a factor of
5, as shown. Crosshairs in h) show position with a consistent difference throughout the

dataset.
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The difference spectra peak position and sign varies, however in 6 out of 9 difference spectra
a peak at 1650 cm™ persists, as highlighted by the crosshairs in Figure 6.13(h). Results for
both the difference spectra and transition dipole analysis for the BSA dataset are compared

with that of serum and are shown in Figure 6.14.
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Figure 6.14: Comparison of the difference spectra peak (a,b) and transition dipole moment
(c,d) results from paracetamol in both serum (a,c) and BSA (b,c). Error bars show 1o variation

from triplicate measurement.

The BSA obtained from Sigma has undergone charcoal treatment and organic solvent
precipitation in order to remove the fatty acids, thus providing a close to ‘pure’ BSA.”*
However as mentioned, studies have shown that the presence of bound fatty acids to serum
albumin can change its affinity for specific drugs.?®2%% The two analysis methods used,
difference spectra and transition dipole strength as before, produce similar trends for the
BSA and paracetamol dataset. The BSA difference spectra peak amplitude (Figure 6.14(b)) as
a function of paracetamol concentration fluctuates around 0, where the ®*[Pmol] - °[Pmol]
and particularly the Y[Pmol] - °[Pmol] spectra show large decreases in signal. The *[Pmol] -

°[Pmol] spectra yields the largest increase in peak height, whereas the serum dataset sees a
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consistent increase for all additions of paracetamol (Figure 6.14(a)). The differences between
the two datasets could potentially be attributed to the wealth of additional molecules bound

to albumin in the serum dataset, e.g. fatty acids.

As mentioned earlier, the addition of fatty acids to serum albumin results in a conformational
change of the molecule from the N to the B isomer.®?%7> In order to determine whether
there are any 2D-IR spectral differences between the known fatty acid free BSA and serum
albumin in serum (both 30 mg/mL), their spectra and the difference of the two (Serum-BSA)

is shown in Figure 6.15.
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Figure 6.15: The average 2D-IR spectra of a) serum, b) 30 mg/mL of BSA and c) subtraction of
BSA from serum resulting in a 2D-IR difference spectra. All spectra are plotted on the same

scale, see colour bar. Black arrows in (c) show residual peaks after BSA subtraction of serum.

Both the serum and BSA spectra shown in Figure 6.15 are averages of a total of nine spectra
taken throughout the experiment run (three for each drug dataset) in order to obtain the
most reliable difference spectra possible. The serum — BSA difference spectra reveals two
peaks on the 2D-IR diagonal. The lower frequency peak at 1640 cm™ which has been assigned
to the globulin fraction (Chapter 3) however there is a significant residual signal at around

1660 cm™ (Figure 6.15(c)).

The remaining higher frequency signal left in the serum-BSA difference spectra suggests that
there are contributions existing in the serum at 1660 cm™ that are not present in the BSA
sample for which there could be many reasons. The accumulation of many proteins/peptides
containing a-helical structures could in fact be the reason for this residual signal as there are
many other proteins present in the serum sample and is the most likely answer. However it
could also suggest a change in isomer due to the addition of fatty acids and other serum

molecules in the serum sample prior to the addition of drugs, meaning that the initial albumin
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structure prior to drug binding may differ from the N conformation as previously stated.
While this suggestion is likely, it is not clear if the two isomers would produce such a change
in the 2D-IR spectrum and further investigations into the ability of 2D-IR to determine

different albumin isomers would be needed to clarify this.

6.5. Conclusions

As demonstrated in previous chapters, 2D-IR spectroscopy can perform quantitative
measurements of proteins in H,0 due to its ultrafast nature. In this chapter, the boundaries
of 2D-IR spectroscopy have been explored to measure drug-protein binding in aqueous

serum, increasing the physiological relevance of both drug-binding and 2D-IR studies.

The change in 2D-IR spectral lineshapes of serum albumin was found to be consistent for
each drug as shown by the difference spectral analysis. Using FTIR spectra and 2D-IR
spectrum diagonals, transition dipole moment analysis was performed producing trends
similar to those obtained for the difference spectra for each drug analysed. Results indicate
that the albumin molecule houses two binding sites for paracetamol, which is comparable to
previous drug-binding studies, and in doing so the protein molecule increases its a-helix
content which suggests a conformational change in the protein molecule. Studies of
paracetamol-albumin binding in its natural serum environment have not been studied,
presumably due to the complexity of serum, and so comparisons of the structural change
due to paracetamol binding in serum cannot be made. Assessment of the differences
between serum albumin and BSA in buffer via spectral analysis indicates there are
contributions present in the serum that could affect the result of the serum albumin binding
when compared to the BSA binding alone. However what isn’t clear is whether this change is
due to conformational changes in the protein due to binding of serum molecules (eg. fatty
acids), and thus hinders the ability to compare the serum albumin binding results with those
not taking into consideration other serum components. Developments of more advanced
data analytics may improve the results obtained and although careful consideration has been
taken in the set-up of the sample thickness and normalisation methods have been devised,
other works to help standardise data collection protocols could also lead to improvement in

data quality.
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In Chapter 1, 2D-IR spectroscopy is presented as a valuable technique for the examination of
the amide | band of proteins. The sensitivity of the 2D-IR signal to the transition dipole
moment allows the examination of protein secondary structures which is not possible using
linear IR absorption methods. However, physiologically relevant studies of proteins are
highlighted as an area absent in current 2D-IR studies as the strong water absorptions which
overlap peaks pertaining to the important amide | band of proteins promotes measurements

to be performed in deuterated solvents.

The theory and methodology relevant to 2D-IR spectroscopy was described in detail in
Chapter 2. The two laser systems used in this thesis which are housed at the Rutherford
Appleton Laboratories were described and details of the data acquisition for each instrument

were also discussed.

In Chapter 3, measurements of the molecular dynamics of proteins in water were made
which demonstrate the ability of 2D-IR spectroscopy to measure proteins in water without
the need for H/D exchange of the solvent, thus increasing the physiological relevance of 2D-
IR studies. The 2D-IR response of H,0 is shown to be negligible at a waiting time of 250 fs
which allows isolation of the protein signal and accurate relative quantitative measurements
of proteins in H,O are made. Signals from proteins with different secondary structures,
albumin (a-helix) and globulins (B-sheet) are shown to be clearly identifiable in serum and
accurate relative quantitative measurements of these proteins are made. Based on their 2D-
IR responses, identification of structurally similar proteins, IgA and IgM, were made in serum,
this demonstrates the promising development of 2D-IR as a tool for further protein

identification and their relative quantifications.

The ability of 2D-IR to detect low molecular weight species in the presence of high molecular
weight proteins is explored in Chapter 4. The on- and off-diagonal structure observed in 2D-
IR spectroscopy allows identification of the low molecular weight species glycine in serum
using 3 different analysis approaches. As many important biomarkers for disease are typically
in the low molecular weight fraction this study highlights the potential of 2D-IR to be used to
identify low molecular weight proteins and potential biomarkers. A limit of detection is made
using the amino acid which allows critical assessment of the sensitivity of 2D-IR for larger
proteins in future analysis. However where analysis utilises the entire 2D-IR spectrum as in
the linear combination analysis approach, results were not comparable to the study

conducted in Chapter 3 and so the issue of repeatability between datasets is highlighted.
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The advanced capability of 2D-IR to analyse biofluids has potential for further analytical
applications able to exploit the additional information content of 2D-IR spectroscopy in the
healthcare arena. However for the determination of many species further experimentation
in defining lineshapes associated with specific proteins and biomarkers is imperative. IR
absorption methods have seen success using multivariate analysis techniques to classify and
quantify healthy and non-healthy serum samples and so applying these techniques to a

similar 2D-IR dataset would be a logical next step to push 2D-IR spectroscopy forward.

Thus far, 2D-IR experiments of proteins in H,0 have overcome the issue of overlapping water
absorptions by utilising the timing between pump and probe pulses in order to minimise the
associated water signal. However the issue of sample to sample repeatability and
fluctuations in the laser system prevented absolute quantitative analysis of protein
concentrations. In Chapter 5, an internal normalisation method has been created, by further
utilising the water response at late waiting times, allowing quantitative protein
concentrations to be obtained. While current 2D-IR spectrometers are not designed for
routine high throughput work, this type of application demonstrated in Chapter 5 serves to
motivate a trajectory towards faster, more hands-free 2D-IR data acquisition, stimulating
more commercially-available instruments. Additional investigation into other pre-processing

techniques would also serve useful for future applications.

Tighter controls of the sample path length could be employed in order to aid the
normalisation method. However as spacers becomes increasingly difficult to use with their
smaller size, experimentation into the sample cell would need to be employed in order to
create a fixed path between the CaF, windows for the sample to flow to and protocols
establishing cleaning techniques in order to prevent contamination would also need to be

established.

Finally, in Chapter 6, the limits of 2D-IR spectroscopy are explored in measuring protein-drug
binding in aqueous serum in an attempt to increase the physiological relevance of both drug-
binding and 2D-IR studies. Using the normalisation method in Chapter 5, changes in the 2D-
IR spectral lineshapes of serum albumin are associated with drug binding, and different
lineshapes are noted for the three different drugs used. Changes in the signal amplitude of
serum albumin are also noted, in particular for the paracetamol dataset which indicates that
the albumin molecule houses two binding sites for paracetamol, which is comparable to

previous drug-binding studies, and in doing so the protein molecule increases its a-helix
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content suggesting a conformational change in the protein molecule. Conformational
changes of serum albumin when binding to drugs is well documented in solvent buffers
however studies documenting these changes in the natural serum environment have not yet
been made and so comparisons of the structural change due to paracetamol binding in serum
cannot be made. Further experimentation into the 2D-IR signatures of different albumin
isomers would be beneficial for albumin-drug binding studies. Calculations of the vibrational
decays of the amide | mode due to binding could help in the identification of bound and
unbound albumin. Understanding the mechanism of drug-binding could be aided by isotopic
labelling of the drug and the use of two colour 2D-IR experiments which have often been
employed to demonstrate binding where by an additional probe is set up at a different
wavelength region in order to detect molecular couplings, which could be an interesting

experiment in the detection of bound and unbound species.

2D-IR is a label-free technique that generates 2D frequency correlation maps as a function of
time and produces vast amounts of information quickly and throughout this thesis, it has
shown to provide an alternative approach to existing methods for biofluid analysis. The
benefits of using IR spectroscopy over traditional wet chemistries allows the information
from more than one biological molecule to be obtained from one measurement, as opposed
to several measurements and sample volumes required for traditional methods. However in
order to advance 2D-IR spectroscopy for use in a clinical environment, technological
developments allowing more compact instrumentation would be beneficial as well as
improvements with laser stability. This may help provide further insights into the analysis of

biofluids using 2D-IR.
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