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Molten globules are compact intermediates in the protein folding process which retain native-
like secondary structure, but have a fluctuating ensemble of tertiary folds. Human a-lactalbumin is
a Ca?* binding protein which forms a molten globule at pH 2. Although much is known about the
secondary structure of the a-lactalbumin molten globule, the tertiary structure has so far not been
elucidated. Presented in Chapter 2 is a double electron-electron resonance study of a-lactalbumin.
The C-helix was found to be fully folded in the molten globule, in agreement with previous studies.
Furthermore, it is also shown that both the N- and C-termini are in close proximity to the C-helix,
forming part of the hydrophobic core of the protein. Data collected in the presence of 8 M urea show
that the protein is unfolded under these conditions, and distinguishes the molten globule state from
this. These data provide quantitative information about the tertiary structure of the a-lactalbumin
molten globule, and may provide important insight into the protein folding process.

Although a wide variety of chemical and biological systems are known to be sensitive to the
strength of an applied magnetic field, no biological systems, such as the cryptochrome proteins
believed to be the magnetoreceptors in migratory birds, have yet been shown to be sensitive to
the field direction. Traditionally, the anisotropic response of such systems to the magnetic field has
been probed using photoselection or alignment with liquid crystals. The experimental sensitivity to
anisotropy could, however, be improved by increasing the degree of molecular alignment, such as
by crystallisation. Presented in Chapter 3 is a study of hen egg white lysozyme crystals doped with
FMN, which together form a magnetically sensitive system. The crystals were studied using confocal
microscopy, with the magnetic field effect being spatially resolved. The diffusion of FMN through
the crystals was also studied, with the spatial variation of the magnetic field effect being explained
with reference to the diffusion of FMN. Although no anisotropy of the magnetic field effect was
observed in this system, the use of crystallisation as a method of controlling molecular orientation
is potentially useful in systems which are expected to show anisotropy (such as cryptochrome).

The behaviour of many chemical systems differs between the bulk solution and at the interface.
These interfacial processes can be difficult to probe using conventional absorption spectroscopy
due to the relatively low absorbance of species at the interface as compared to the bulk. Cavity
ring down and cavity enhanced absorption spectroscopy are two techniques which increase the sen-
sitivity of absorption measurements, and evanescent wave variants of both have been applied to
interfacial studies. Presented in Chapter 4 is a polarisation sensitive, broad band, evanescent wave
cavity enhanced absorption experiment, which allows the study of the spectra of species at the
silica/solvent interface across the visible region. A variety of systems which show interesting inter-
facial behaviour have been studied, including crystal violet at the silica/water interface, and with
polyelectrolyte films. The data could be fitted to extract spectra, kinetics, and average orientations
of three individual species. These studies demonstrate the power of the polarisation sensitive, broad
band nature of this experiment in determining complex interfacial behaviour involving more than
one species.
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Chapter 1

Introduction

Presented in this chapter are introductions to the basics of spin and light. These two
fundamentals of nature are a common thread throughout the projects presented here; the

specifics relevant to each chapter are introduced later as needed.

1.1 Spin

1.1.1 Original spin

Electrons possess an intrinsic form of angular momentum known as spin. The first exper-
imental evidence of spin was the Stern-Gerlach experiment,' the theory being developed
by Pauli, Uhlenbeck and Goudsmit, and Dirac.2 4 In this experiment, a beam of silver
atoms is passed through an inhomogeneous magnetic field, and is split into two spatial
components. The ground state of silver atoms possesses no orbital angular momentum,
L = 0, so the splitting of the beam must arise from some other magnetic moment, and
hence some other angular momentum. Furthermore, the spatial quantisation of the beam
into two components means that this angular momentum is also quantised. This angular

momentum is spin.

1.1.2 Spin quantum numbers and the vector model

Spin is an angular momentum that can be described by the normal operators for angular

momenta, §, the total spin operator, and §,, the spin projection operator onto an arbitrary
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Figure 1.1: Vector model spin cones for s = % The magnitude of the spin, |s|, and
projection onto an arbitrary axis, s,, can be specified.

axis (conventionally z).

§2W) = h%s(s + 1)|0)

5,|¥) = msh|¥). (1.1)
The magnitude of the spin and projection onto the arbitrary z-axis are therefore

Is| = hy/s(s+ 1)

s, = msh. (1.2)

The two quantum numbers here are s, the spin angular momentum quantum number,
and mg, the spin projection quantum number, mg taking the values mgs = s,s — 1, ..., —s.
For an electron, s = %, and mg = :l:%. The two states can be labelled according to their
quantum numbers |s, m), or as |a) and |B) for the |, 1) and |3, —3) states respectively.

The projection of s onto the two orthogonal axes (x and y) is unspecified as

(82 8.] = ih3,

(8, 8:] = ihéq. (1.3)

The spin angular momentum has many vector properties, and can be visualised as a
vector with magnitude |s| and projection s,. Since we cannot specify s, and s, at the
same time as s,, we must represent the spin vector as lying at an indeterminate position

on a cone (Figure 1.1). It is important not to overinterpret the vector model as the spins



actually pointing in a specific direction around the cone, as this is unspecified.

1.1.3 The Zeeman effect

The spin of the electron gives rise to a magnetic moment, m, where

_ JeltBS
h

m —

(1.4)

with up being the Bohr magneton, and g, = 2.00232, the g-factor of the free electron.

In a magnetic field, B, the magnetic moment of the electron is quantised along the
field direction, and the energy depends on the orientation of the magnetic moment (and
hence the spin vector) relative to the magnetic field direction. This is the Zeeman effect.
The Hamiltonian for the interaction, where B is defined as lying along the 4z direction,

is

f{zee:_B'm

=+ gepipBo$, (1.5)

where By is the strength of the magnetic field, and the energies of the two m; states are

Ezee,mS = +geppBoms. (16)

In the case of a single electron, the two states |a) and |3) are split, with the |3) state
being lowered in energy and the |«) state being raised.

For an electron confined to a molecule, spin-orbit coupling mixes orbital angular mo-
mentum into the ground state. This has two results. Firstly, the g-factor of the electron
is no longer isotropic, instead depending on the angle of the magnetic field relative to the
molecular frame. Secondly, the value of ¢ is no longer necessarily equal to the free-electron
g-factor. Both of these factors are taken into account by replacing the g-factor with a
g-tensor, g, with the Zeeman Hamiltonian becoming:

A

Hyee = 158" - g - B. (1.7)

The size of the spin-orbit coupling (and hence the deviation of g from g.) depends

on the orbital contributions (s-, p-, d-) to the ground state. For most carbon-centred
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Figure 1.2: Vector model spin cones for S = 1,0. The three triplet states and one sin-
glet state are distinguished by the total spin quantum numbers S and Mg.

radicals both the anisotropy and deviation from g, is small, so the g-tensor anisotropy is
not resolved at low fields. Additionally, the g-tensor is averaged by molecular tumbling in

solution. In this case, g. in Equation 1.6 can be replaced with a molecular g-factor:

Ezee,ms = +g:UJBBOms- (1'8)

1.1.4 Coupled spins

For two spins coupling together, the total spin quantum number, S, is

5281+32,81+82—1,...,’81—82’ (1.9)

with the total spin projection quantum number, Mg, being

Mg=25,5—-1,.. —8. (1.10)

This coupled representation, depicted in Figure 1.2, gives four states:

S | Mg | W) label
0 0 | Las—[5a) | I8

1] +1 |aver) |'T+)
1] 0 | (a)+180)) | ITo)
L]~ 186) T-)

The coupling results in three triplet states, |T4), |To), |T_), and one singlet state, |S).
Note that the four states given here are not necessarily eigenstates of the spin Hamiltonian,
but are often the most convenient basis in which to work.

In the absence of any external fields, and in the limit of no coupling between the two



electrons, the four states are degenerate. Equation 1.8 shows that the Zeeman effect raises
the energy of |T), and lowers |T_), with S and T being unaffected.
Coupling of the two electrons together also affects the energies of the states in the

following ways.

1.1.5 The exchange interaction

For a pair of electrons, overlap of the individual wavefunctions gives rise to an interaction
term, the exchange interaction.
This is given by
Heyo =S57-3-5, (1.11)

where S; is the total spin operator for the spin 7. The anisotropic component of this
interaction is normally negligible, and can anyway be taken into the dipolar interaction

tensor below, so this simplifies to
Heo = J - ST+ 5s. (1.12)

The result of this interaction is to split the energies of the singlet and triplet states. J
decays exponentially with inter-radical separation, and is considered negligible for inter-

spin distances exceeding ~1.5 nm.?

1.1.6 The dipolar interaction

The dipolar interaction between two spins is described by the Hamiltonian
Hyq=S57-D-8S, (1.13)

where D is the dipolar interaction tensor. This interaction is purely anisotropic, and
lifts the degeneracy of the triplet states. In the limit of zero field, the three states are
characterised by the principal components of the dipolar tensor, D,, Dy, and D, and
are labelled |T;), |T,), and |T). Within the high-field approximation, and neglecting the

anisotropy of the g-tensors, this can be written

—1 —Wwdd

2

~Armh 1,

2 2wqd



—wdd+J|
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/”J g\

k N
K i’

| 2waq + J |

Figure 1.3: Powder spectrum, with splitting caused by dipolar and exchange interac-
tions. For the case of J < wyq and weak coupling, this is a Pake doublet.

and the dipolar Hamiltonian can be rewritten as

I:Idd = wddSIZSQz (1.15)
with
2
_ Mo 91920p 2 _
Wad = 3, (3COS 012 1) (1.16)

where 61 is the angle between Bg and the inter-radical axis. With an isotropic distribution
of inter-radical angles (as in a powder or glass) the spectrum is as shown in Figure 1.3. In
the case of J <« wgq and weak coupling, this is the familiar Pake doublet, and the value
of the dipolar coupling, and hence inter-radical distance, can be read off directly from the
singularities.

For molecules moving in solution, when the rotation is fast compared to the splitting,
the angle 612 is time-averaged over all possible orientations, and the [(3 cos? 019 — 1) sin #12d6;2

term vanishes, the whole dipolar term becoming zero.

1.1.7 The hyperfine interaction

The electron spins can also couple to magnetic nuclei. This coupling is described by the

hyperfine interaction, given by

Hye =33 57 Ay (1.17)

J



where 7 and j are indices covering each electron and nucleus respectively, and A;; is a
tensor for the interaction between each pair.

The hyperfine coupling has two contributions. Firstly, there is an isotropic contribution
due to the Fermi contact interaction between electron and nucleus. This contribution has

the form

N 2 ~ ~
th,iso = gVeVnUO’w(O)PST 1. (1'18)

This term depends on the |1(0)|2, the electron density at the nucleus, and hence depends
on the s-character of the ground state.
Secondly, the dipole-dipole interaction between electron and nuclear magnetic moments
adds an anisotropic contribution, given by
poYern [ 3 (S ' T) (T ' I)

Hig aniso = = . -S.1]. (1.19)

This contribution can be written in terms of a tensor T

A

I:[hf,aniso = ST -T- 1L (120)

In total, these contributions can be taken together into the hyperfine tensor, A;;.
In the limit of fast tumbling, the anisotropic component of the hyperfine coupling time-
averages to zero, leaving only the isotropic contribution, ais,. The hyperfine Hamiltonian

can then be written as

A

Hys = ajso - ST+ 1. (1.21)

1.1.8 The total spin Hamiltonian

In order to calculate the energy of the electron, one must solve the Schrodinger equation
for the system. It is possible, however, to write a reduced ‘Spin Hamiltonian’ containing
only operators which act on spin, other operators (for instance for kinetic and potential
energies) which do not act on spin being neglected.’

We can therefore solve a reduced Schrodinger equation

Hepin|¥) = E|T) (1.22)
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Figure 1.4: The effect of the Zeeman, dipolar, and exchange interactions can be seen
in the above diagrams. Note that the triplet levels have zero slope at By = 0 (not shown
at this scale). Hyperfine interactions will serve to split the states further, typically on
the order of MHz to tens of MHz, compared to the Zeeman splitting of hundreds of MHz
(MFE experiments) to GHz (EPR).

with the total spin Hamiltonian for a pair of electrons with the above interactions being

ﬁspin :gl,uBBOglz + 92M33032z
+J§1T'S2+§1T-D-S2

i
The effect of By, J, and D on the energies of the states is summarised in Figure 1.4.

1.2 Light

1.2.1 The transition dipole moment

For a transition between two states by radiation of electric field amplitude Ey and fre-

quency w, the total wavefunction must satisfy the time-dependent Schrédinger equation,

such that
N od
H® =ih— 1.24
ih—, (1.24)
where
H = Hy — uEy cos(wt) (1.25)



and p is the electric dipole moment operator. For eigenstates, ¥,,, the total wavefunction
is

D => cn(t)Uy exp{—iE%t/h} (1.26)

with time dependent coefficients, ¢,(t). The rate of transition from state i to state f is

given by

iW(EQ — E9 — hw
L . )t><\1ff|ﬂ|%>. (127)

- 10 0
des(t)  Ep (exp i(E} — Ef + hw)t e

dt  ~ 2in h

The last term in this equation is the transition dipole moment (TDM), py;,

ppi = (Wl W3i) (1.28)

where (i = >, qi7 is the dipole moment operator, g, and 7, being the charge and position
of the kth particle, respectively.

Considering this term within the Born-Oppenheimer approximation, such that the
nuclei are stationary on the timescale of electronic transitions, we can separate ¥ into

electronic and vibrational wavefunctions.

U = e (1, R)tyin(R). (1.29)

The dipole moment operator acts on the electronic coordinates only, so the TDM

becomes

i = Vet fl et i) (Voiv, f [ vin,i) (1.30)

and the probability of transition between the initial and final states is proportional to the
square of the TDM:

Pp; o [(Wer, £l 1eri) 121 (Wuib, £ [1bwini) |- (1.31)

The first part of this is the electronic transition moment, and is the origin of the electronic
selection rules. The second part is the Franck-Condon factor, and means that the transition
probability depends on the square of the vibrational overlap.

For excitation with polarised light, the transition probability is proportional to cos?(6),
where 6 is the angle between the electric field vector and a vector defined by the transition
moment. The probability distribution for excitation takes the familiar ‘dumbbell’ shape.

Using this property, it is possible to probe molecular orientation using polarised light: if an



ensemble of molecules have a specific orientation, the absorbance will be highest for light
polarised along the TDM axis, and zero perpendicular to it. For an isotropic distribution,

the absorbance will be equal for orthoganal polarisations.

1.2.2 The Beer-Lambert law

On a macroscopic level, the attenuation of a beam of light by a sample decays, to a first
approximation, exponentially with both path length? and sample concentration.® This

behaviour is captured in the Beer-Lambert law that states
I(A) = Ip(A\)107<W (1.32)

where I(\) and Io(A) are the intensities of the beam before and after the sample, respec-
tively, [ is the path length, ¢ is the concentration of the sample, and €(\) is the decadic

absorption coefficient, a wavelength-dependent parameter characteristic to each molecule.

Figure 1.5: The Beer-Lambert law describes the attenuation of a beam of light from
intensity Iy to I by a material of length, [, absorption coefficient, €, and concentration,
c.

For samples at low concentration, with a small absorption coefficient, or small volume
such that the path length must be short, I may be very similar to Iy. This can be experi-
mentally challenging, as the small difference between two large signals can be obscured by
noise. Traditional solutions to this problem include multipass cells, where the path length
is increased by reflecting the beam through the sample multiple times. Taking this idea

further, using an optical cavity would maximise the number of passes.

1.2.3 Fates of excited molecules

The electronic ground state of most molecules is a singlet, with all spins paired. The

electronic transition moment (Equation 1.31) is zero unless AS = 0 (the spin selection
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rule). This means that the allowed transitions from the ground state, Sy, are to higher
energy singlet states, Si, So, etc. The initial vibrational levels of the excited states are
determined by the Franck-Condon factor (Equation 1.31), but the vibrational structure of
the bands is generally not resolved in solution due to broadening caused by supramolecular
configurations of solvent molecules around the molecule, and by coupling of the vibrations
within the molecule and to the solvent.

Once excited to, say, the S; state, collisions with solvent molecules rapidly vibra-
tionally relax the molecule to the lowest vibrational level. Different fates then can befall

the molecule (summarised in Figure 1.6.)

1.2.3.1 Internal conversion

Internal conversion is the radiationless transition between states of the same multiplicity.
In the case of Sy, in solution, this transition will occur from the lowest vibrational level
to an excited level of Sy. This process is spin-allowed, and deactivates the excited state.
The rate of internal conversion is given by Fermi’s “Golden rule”, which states that for
a perturbation between eigenstates, to first order in the perturbation, the rate is given by

27r‘

Tinsg = 7 [(Us|H'| ) [*p (1.33)

where p is the density of final states and H’ is the Hamiltonian for the perturbation. For

internal conversion, H’ is the nuclear kinetic energy operator.

1.2.3.2 Intersystem crossing

Intersystem crossing (ISC) is the radiationless transition between states of different mul-
tiplicity. In many cases, this will predominantly be from S; to a low lying triplet state.
This process is spin-forbidden, but partially allowed by spin-orbit coupling (the perturba-
tion Hamiltonian relevant to Fermi’s Golden rule now being H,, = Cﬁ .S , where ( is the

spin-orbit coupling constant), and hence is enhanced by the presence of heavy atoms.

1.2.3.3 Fluorescence

Fluorescence is the radiative transition between states of the same multiplicity, for example
S1 — So + hv. The polarisation of the emitted light also depends on the transition dipole
moment (Section 1.2.1); in solution the fluorescence anisotropy will be reduced depending

on the rotational diffusion of the fluorophore.
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Figure 1.6: Jablonski diagram for the common fates befalling an excited singlet state,
including fluorescence (f), internal conversion (/(), intersystem crossing (15C), electron
transfer (ET) to form a radical pair (RP), and vibrational relazation (VR).

1.2.3.4 Electron transfer

If there is a suitable donor or acceptor molecule, electron transfer to or from the excited
state can occur, forming a radical pair. This process can occur from either the singlet or
triplet state, and this process occurs with conservation of total spin. i.e. S; — |S) and

12



Chapter 2

Distance measurement in a

partially folded protein

2.1 Protein folding

Protein folding is the process by which a protein moves from a random coil (say, after
transcription) to its native conformation. After synthesis in the ribosome, many proteins
will fold rapidly and spontaneously to the native state — the question of how this occurs

was considered by Levinthal in 1969.°

2.1.1 Levinthal’s paradox

Consider a protein that is made up of 100 amino acids. Each amino acid unit has two
conformational degrees of freedom (rotation about the angles ¢ and ¢, Figure 2.1), giv-
ing the backbone 198 degrees of freedom in total. Assuming three low energy states for
each bond rotation, and neglecting steric effects, there are therefore 3% or 10%* possi-

ble conformations. If, on moving from the completely unfolded state, the protein were to

= @)

Figure 2.1: Amino acid chain, showing backbond angles 1 and ¢. Rotation around the
backbone gives a huge number of potential conformers, approzimately 109 for a 100
amino acid long chain.

13
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Figure 2.2: Protein folding funnel, including a molten globule state. The number of
possible configurations is reduced as the protein travels down the free energy landscape,
being guided towards the native state.’’ Figure adapted from Schultz.’?

execute a random search of all possible conformations, even sampling each conformation
for only picoseconds, the chance of the protein ‘finding’ the correct conformation within
the lifetime of the universe would be exceedingly small. Proteins commonly fold within
milliseconds to seconds; this conflict between the apparently long time needed to search
for the correct conformation and observed folding times is ‘Levinthal’s paradox’.

Clearly there are some factors which must guide the protein from the completely
unfolded state to the folded one. The most plausible resolution to the paradox is that
the protein is guided by local interactions such that, as the protein moves down the free
energy landscape towards the native state, the number of possible configurations shrinks.!?
This is represented schematically in Figure 2.2. The protein folding process need not take
place along a single pathway, indeed, the great number of possible configurations suggest
this would be unlikely. Instead, the protein can potentially move through many different
routes, passing through local energy minima, towards the native state, the global energy

minimum.
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2.1.2 Interactions driving protein folding

Protein folding is driven by a combination of the following factors:'?

1. Hydrogen bonds are important in the formation of secondary structure (in par-
ticular between residues ¢ — ¢ 4+ 4 in a-helices and between adjacent strands in

[-sheets).
2. van der Waals interactions between atoms in the tightly packed native state.

3. Backbone angle preference of individual residues. Certain combinations of back-

bone angles are energetically favourable, as expressed in Ramachandran plots.!*
4. Electrostatic interactions between positively and negatively charged side chains.

5. Hydrophobic interactions between hydrophobic side chains clustering within the

core of the protein to minimise solvent exposure.

6. Chain entropy which opposes folding as the number of possible configurations is

reduced by moving towards the native state.

The sequence of the protein will determine the balance of interactions which drive the

path or paths of the protein across the free energy landscape towards the native state.

2.1.3 Folding pathways

A number of different models of protein folding have been proposed, including;:

1. The hydrophobic collapse model within which hydrophobic residues cluster to-
gether to minimise solvent exposure, forming a compact intermediate. The secondary
structure is then formed, with electrostatic interactions driving subsequent formation

of the tertiary fold.

2. The framework model states that elements of secondary structure are formed
initially through local interactions between residues. This reduces the number of

possible conformations, and these elements then take on the native tertiary fold.

3. The nucleation model has secondary and tertiary structure forming simultane-
ously, with the native fold radiating out from a point of secondary structure forma-

tion.
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Different proteins may fold under different models; there is no universal pathway for protein
folding. One model of protein folding relevant here was proposed by Ptitsyn, who suggested
that stepwise involvement of the various interactions could lead to intermediate folding

states.1®

2.1.4 The molten globule state

Kuwajima and coworkers showed in 1976 that, unlike some proteins which obey a simple
two-state model of folding, bovine a-lactalbumin undergoes a three state denaturation
process in the presence of guanidine hydrochloride, with the intermediate being the same
as that formed at acidic pH.'% 17 This is the ‘molten globule’ state, a compact intermediate
in the hydrophobic collapse model that retains native-like secondary structure, but has a
fluctuating ensemble of tertiary structures. Molten globules are not only folding interme-
diates, as suggested by Ptitsyn, but can be formed under mildly denaturing conditions,
including low pH, low concentrations of denaturants, and removal of cofactors such as
metal ions or haem groups.

The ability to study the kinetically stable molten globule state which resembles folding
intermediates may therefore provide insight into both the protein folding pathway, and the

balance of forces which dictate both stages of the hydrophobic collapse process.

2.2 «-lactalbumin

Human a-lactalbumin is a small (typically 123 residue,'® 14.2 kDa) Ca?* binding protein
which is present in mammalian milk, being a component of lactose synthase, an enzyme
which catalyses the final step of lactose biosynthesis. It is homologous with lysozyme, but
has almost zero cell lytic activity.!”

The structure of a-lactalbumin, shown in Figure 2.3, consists of two domains: the large
a domain, and the smaller 5 domain. The o domain consists of four a-helices (A: K5-L11,
B: L23-534, C: T86-198, D: L105-A109) and two 319 helices (L11-G20, L115-W118).
The S domain contains a small, three stranded antiparallel S-pleated sheet (I41-E44,
S47-Y50, 155-S56) and a short 3¢ helix (A77-F80). The two domains are joined by a
disulphide bridge (C73-C91), with a helix-turn-helix motif (D74-D88) making up the
Ca?* binding loop. a-lactalbumin also contains three other disulphide bridges (C6-C120,
C61-C77, C28-C111).

At low pH, a-lactalbumin forms the ‘classic’ molten globule, retaining a high degree of
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C73-Co1 |

C61-C77

C6-C120

Figure 2.3: The native state structure of a-lactalbumin. A-, B-, C-, and D-helices, the
B-domain, and the four disulphide bonds are highlighted. Generated from PDB:1A4V?°
using UCSF Chimera.?!

secondary structure, and a native-like fold, with a compactness similar to the native state

(radius of gyration of 17.2 A for the molten globule versus 15.7 A for the native state).??

2.2.1 Disulphide bonds in the a-lactalbumin molten globule

The disulphide bonds are crucial in maintaining the native fold of a-lactalbumin, and to its
ability to bind calcium. Wu and coworkers?® made mutants with the disulphide-forming
cysteines mutated to alanine: a-LA(a) has the a domain bridges (C6-C120 and C28-
C111) removed; a-LA(B) has the § domain bridges (C61-C77 and C73-C91) removed.
Both a-LA(«) and a-LA(fB) form molten globules, even at neutral pH. However, they
differ in their calcium binding response. a-LA(«) retains its ability to bind Ca?*, with
the $ domain regaining native-like structure upon binding. a-LA() on the other hand
cannot bind Ca?*, and remains a molten globule in the presence of calcium.

Studies on a-LA(«) and a-LA(f) also revealed that the av domain of the molten glob-
ule resembles an expanded native-like domain, while the § domain is largely unfolded,
demonstrating that a-lactalbumin molten globule is bipartite, with the individual domains

unfolding in a non-cooperative manner.?
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2.2.2 Non-cooperative folding in a-lactalbumin

Studies by Schulman and coworkers of a single-disulphide variant containing only the C28-
C111 bridge have shown that introduction of helix-breaking proline mutations into each of
the a-helices caused destabilisation of only the individual helix, not the other helices nor
the protein as a whole,?* further demonstrating the non-cooperativity of unfolding. This
work also suggested that the C-helix is unfolded in the molten globule, as the introduction
of two proline mutations did not effect any change in the helical content of the protein.
Unfolding of a-lactalbumin by urea, monitored by Schulman et al. by broadening of
NMR resonances, has also shown that the molten globule is not formed cooperatively.??
In this work, the resonances in the N-'H HSQC NMR spectrum were found to be
broad and poorly resolved for residues inside the compact core of the protein due to
conformational fluctuations, as is characteristic of compact regions of non-native states.?6
The resonances become sharper as the protein unfolds, however. The unfolding behaviour
of different parts of the secondary structure can therefore be monitored separately as
increasing concentrations of denaturant (urea) are added. Very few resonances are resolved
in the absence of urea, indicating that both domains are at least partially collapsed. At low
concentrations of urea (3 M, 20°C), the § domain resonances appear. The peaks from the
C helix appear at 10 M urea, 20°C, and only half of the resonances in the A and B helices
can be observed at 10 M urea, 50°C. No peaks from the D or C-terminal 31 helices can be
observed under these conditions, only appearing under the rather extreme conditions of
8 M guanidine hydrochloride at 50°C. These results further support the non-cooperativity

of unfolding, and of the collapsed nature of the molten globule.

2.2.3 All-Ala a-lactalbumin

The all-Ala variant of a-lactalbumin, for which all eight disulphide-forming cysteine residues
have been mutated to alanine, also forms a compact molten globule with native-like helical
content.?” This result, from Redfield and coworkers, indicates that it is the amino acid
sequence itself, and not the disulphide bonds, that determines the overall fold of the pro-
tein. Furthermore, urea unfolding experiments indicate that although the all-Ala variant
is much less resistant to unfolding than the wild type, the unfolding events are similar
between the two proteins. In both cases there is a concentration of urea at which the
domain has unfolded, but the a domain remains compact. In contrast to the wild type,

the four « helices in all-Ala a-lactalbumin unfold over a relatively narrow range of urea
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concentrations, indicating at least local cooperativity in the folding of these regions. Close
interactions between the C-terminal residues and the A, B, and D helices also indicate
that the C-terminus forms part of the compact core. Furthermore, in both variants, the
final unfolding step occurs in a relatively concerted manner and involves a large number
of residues at both N- and C-termini, indicating that the interaction between hydrophobic
residues is a strong driving force in the formation of the core.

The secondary structure of the all-Ala variant has also been studied by NMR at high
temperature (40°C) using the "H® chemical shifts.?® In these experiments, the deviation
of the '"H® chemical shifts from their random coil values are used to detect secondary
structure.?? Shift deviations in residues 5-16 suggest that the A helix is lengthened in
the all-Ala a-lactalbumin, compared to the wild type, and deviations are low for residues
F31-S34, indicating that the B helix is shortened. Large deviations were seen for residues
corresponding to the C, D, and C-terminal 319 helix for both wild type and all-Ala a-
lactalbumin, indicating a significant amount of native-like helical content in both molten
globules. The 5 domain shows no sign of 8-sheet content in these experiments, but does
show shifts corresponding to helical or turn structure in the first half of the domain
(A40-W60), suggesting that, although not native-like, this domain does contain some
structure. The latter half (W60-A77) shows only small shift deviations, indicating random-

coil structure.

2.2.4 Distance constraints on the tertiary fold

Although the work above has elucidated much about the secondary structure of a-lactal-
bumin, questions still remain about the tertiary structure. It is known that the molten
globule comprises a hydrophobic core consisting mainly of the o¢ domain and C-terminus,
retaining much of the structure of the native state, while the § domain is partially dis-
ordered (although the first half does show some helical or turn structure). However, the
tertiary fold of the molten globule is not a single, well defined structure, instead being
made up of an ensemble of rapidly interconverting forms. Experiments which are able to
study this ensemble would be a valuable next step in elucidating the structure and dynam-
ics of the molten globule, as well as providing valuable insights into the folding process. To
this end, presented here is a study of all-Ala a-lactalbumin using double electron-electron
resonance (DEER), an EPR technique for interspin distance measurement, enabling long-

range (1.5-4 nm) distance constraints to be placed on the molten globule.
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2.3 Introduction to EPR

2.3.1 Continuous wave EPR

Electron paramagnetic resonance (EPR) is a spectroscopic technique probing transitions
between spin states of unpaired electrons (or systems of electrons.)
For an ensemble of uncoupled electrons, the equilibrium populations of the o and

states are governed by a Boltzmann distribution

Na o~ AE/kT

ng N
— e~ 9HBBo/KT (2.1)

The spins are uniformly distributed in the x—y plane, and the net magnetisation lies along
+2z, the direction of the magnetic field.

The resonance condition is given by

_ g91BBo
w = JEB50

: (2.2)

with w being the angular frequency of the radiation. For a spectrometer with a frequency
of 9.6 GHz (X-band), this corresponds to a magnetic field of ~340 mT. By application
of radiation and a magnetic field at the appropriate frequency and strength, respectively,
the transition between o and J states can be brought into resonance. In principle, this
resonance could be detected via direct absorption of microwaves. However, relatively weak
absorption makes this difficult. Instead, most EPR spectrometers work via reflectance,

detecting the radiation reflected from a cavity within which the sample is placed.

2.3.2 Pulsed EPR

Pulsed EPR is a powerful technique that can be used to record a spectrum of interest, or
perform other experiments such as relaxation time, hyperfine coupling, or electron-electron
distance measurements. Pulsed EPR differs from continuous wave (cw) EPR in that short,
powerful pulses of microwaves are employed in order to excite a range of resonances at
once, and microwave pulse sequences can be used to manipulate the spins, and perform

the aforementioned experiments.
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Figure 2.4: An ensemble of uncoupled electrons have a net spin vector in the —z direc-
tion, and a net magnetisation, M, lying in the 4+z direction.

2.3.2.1 The rotating frame

In order to understand the effect of microwaves pulses on an ensemble of spins, the concept
of the ‘rotating frame’ is often useful.

For an ensemble of uncoupled spins in a static magnetic field lying along the +z axis,
Bo, a slight excess are in the g state, as described by the Boltzmann distribution in
Equation 2.1. These spins are uniformly distributed in the x—y plane, and the ensemble
has a net magnetisation in the +z direction (Figure 2.4). A linearly polarised microwave
field, By, along the x direction with strength B; and frequency wpy will cause the net

magnetisation to precess around the resultant of the two fields, Beg, where

Begt| = /Bo? + B1?. (2.3)

In order to simplify this description, it is useful to describe By as the sum of two
counter-rotating components, each with the same frequency, wpw. The rotating frame is
then defined such that the z-axes of the static and rotating frames are collinear, while the
x- and y- axes of the rotating frame precess at wnw relative to the static frame. One of the
counter-rotating components of By is therefore static within the rotating frame; the other
precesses at 2wpw. The component at 2w, can be neglected as it is far off resonance, but

the apparently static component will cause the magnetisation to precess around Beg such
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Figure 2.5: Transformation from the static (lab) frame to the rotating frame. In the ro-
tating frame the microwave field, By, appears static along the x' axis, and the magneti-
sation precesses around Beg; for on-resonance spins, Beg = B1, and the magnetisation
precesses in the y'—z plane.

that
Bet| = \/ AB? + B4
|AB| = 2~ “mw (2.4)
Y
where v = —95 . For on-resonance spins (with w = wny), AB = 0, and M precesses

around the seemingly static By. Spins that are far off-resonance (with w very different
from wp,y) are unaffected by By as Beg &~ Bg. This is shown in Figure 2.5. If the power
and length of the microwave pulse are chosen such that the magnetisation is rotated onto
the —y direction (a §-pulse), then the ensemble of spins is no longer at equilibrium and
coherence has been induced, such that the spins are now precessing in phase in the z—y
plane. The ensemble will tend over time to return to the equilibrium state due to relaxation

processes.
2.3.3 Relaxation processes

2.3.3.1 Spin-lattice (longitudinal) relaxation

After the aforementioned J-pulse, the magnetisation lies in the z'—y" plane. Fluctuations
in the local magnetic field at the resonance frequency (Equation 2.2) can cause transitions
between the o and § states, returning the magnetisation vector to its equilibrium posi-

tion along the z-axis. These local fluctuations can arise from different sources. In liquids,
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the main contribution is molecular motion; in particular, molecular tumbling serves to
modulate the local magnetic field at a range of frequencies determined by the rotational
correlation time, as described by the spectral density function. Typically, spin-lattice relax-
ation is slowest for either slow or fast rotation (as the spectral component of the motion at
the required frequency will be small), with the fastest relaxation for intermediate tumbling
rates. In solids, lattice vibrations can induce fluctuating fields at the correct frequency.
Return of the z-magnetisation towards the equilibrium value, My, by spin-lattice re-

laxation is characterised by the spin-lattice relaxation time, T}, as in the Bloch equation:®°

dM, (M, — M)
=— . 2.5
dt Ty (25)

2.3.3.2 Spin-spin (transverse) relaxation

The coherence between spins induced by the 5-pulse does not remain indefinitely. Instead,
random local contributions to the total magnetic field serve to modify the Larmor fre-
quency of each spin, with the net magnetisation in the z-y plane decaying with time. This

process is characterised by the spin-spin relaxation time, T5:

dMy My,
& Ty

(2.6)

In liquids, a large contribution to 75 arises from molecular rotation. In this case, Ts is
longest for fast tumbling as the differences in local field due to molecular orientation are

time averaged, and shortest for slow tumbling (as the molecules approach the static limit).

2.3.3.3 Spectral diffusion

In many pulsed EPR experiments, the total width of the spectrum is greater than the
bandwidth of the microwave pulse, meaning that only a fraction of the spins can be
excited by it. Relaxation processes on nearby spins which were not excited will change the
local magnetic field at the observed spin, leading to magnetisation transfer to parts of the
spectrum that are not probed. Simultaneously, equilibrium magnetisation is transferred
to the probed part of the spectrum. This process, known as spectral diffusion, appears to
the observer as a relaxation process (although the magnetisation is still present in other

parts of the spectrum).
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2.3.3.4 Instantaneous diffusion

In many EPR experiments the distance between neighbouring electrons is not large enough
to make their interaction insignificant. If each spin A is surrounded by a number of coupled
spins, B, at random distances and angles, then a microwave pulse which excites the B spins
will change the local field at each A spin differently. This effect also contributes to the loss

of transverse magnetisation.

2.3.3.5 Nuclear spin diffusion

If the dipolar coupling between nuclear spins is on the order of their difference in resonance
frequencies, then the flip-flop term in the dipolar Hamiltonian, wg(S2SE + SZ‘J“SyB ), can
cause mixing between the A and B nuclei, modulating the hyperfine field at the coupled
electron and contributing to the loss of transverse magnetisation. This effect can be sig-
nificantly reduced by replacing protons with deuterons, either within the molecule itself

or, more commonly, by using a deuterated solvent.

2.3.3.6 The phase memory time

Empirically, the rate of loss of M, , is measured by a parameter 7;,, the phase memory
time. This includes the effect of all processes which cause a loss of phase coherence, such as
spin-spin relaxation, lifetime broadening due to 71, spin flip-flops, instantaneous diffusion,

and nuclear spin diffusion.

2.3.4 A Pulsed EPR experiment

™

A simple EPR experiment might consist of the a §-pulse followed by detection of M, ,,
as shown in Figure 2.6. The microwaves excite spins within the bandwidth of the pulse,
and flip the magnetisation onto the —y direction. From there it precesses around the z-
axis, relaxing back to equilibrium in the z direction with time constant 77 and in the x,y
direction with T},. My 4 (t) is the free induction decay (FID), the time domain signal which,
for spectral widths narrower than the excitation bandwidth, can be Fourier transformed
into the frequency domain to give the spectrum. The FID can be detected via quadrature
detection, equivalent to measuring both x and y components of the magnetisation in the
rotating frame. This is useful as the absolute phase of the FID is arbitrary, and quadrature

detection allows the signal to be rephased into two components, the pure absorption and

24



Figure 2.6: A simple FID-dectected pulsed EPR experiment. Left: The 3 -pulse flips the
magnetisation into the x—y plane. The magnetisation subsequently precesses around the

z-axis at the Larmor frequency, and relaxes back to the equilibrium position with time
constants Ty and Ty,. Right: The FID, M, ,(t).

dispersion signals. Typically the FID is not directly detected as the dead-time* covers
much of the decay. Instead, a sequence of pulses can be used to create an ‘echo’ and detect
the magnetisation.

One such pulse sequence is § — 71 — 7 — 71 —echo, as shown in Figure 2.7a), also known
as a ‘Hahn-echo’ Here the initial 5 pulse flips the magnetisation onto the —y axis; from
this moment both transverse and longitudinal relaxation will cause the magnetisation
to move towards its equilibrium position. Recall that one of the contributions to spin
dephasing is from differing local magnetic fields (due to, for instance, g-factor dispersion
and hyperfine couplings) which gives each spin a different Larmor frequency, faster or
slower than average, causing the spin vectors to dephase or ‘spread out’ in the z—y plane.

After the delay 7 the 7 pulse flips the magnetisation from the —y direction onto the
+1y. The spins which previously had gained phase relative to the average now begin to lose
phase, and vice-versa. Over the second 71 delay period the spin vectors will therefore come
back into phase, and the magnetisation will grow along the +y axis to give an ‘echo’.

Note that the echo sequence can only refocus magnetisation that has been lost due
to inhomogeneous dephasing, as caused by field inhomogeneity or local fields that are
constant over the experimental timescale. Relaxation processes such as instantaneous or
nuclear spin diffusion cannot be refocussed, and will cause the echo intensity to fall as 7 is
increased, as will spin-lattice relaxation. Additional 7 pulses can be used to create further
echoes, as shown in Figure 2.7, b), as long as the magnetisation has not been completely
relaxed by these processes.

If the spectral width is less than the excitation bandwidth then the echo intensity is

*the time when the detector must be protected from the high microwave power in the resonator, and
therefore cannot detect the signal
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independent of the lineshape, and is simply two FIDs back-to-back. For spectral widths
greater than the excitation bandwidth, the spectrum can be measured by taking the inte-

gral over the echo with respect to By.

9 (3, (@),

AN

1 71

b (3), (1),

Figure 2.7: Two and three pulse Hahn-echo experiments. After the magnetisation is
flipped into the x—y plane by the 7/2 pulse, the subsequent T pulses refocus the magneti-
sation and allow the signal to be detected. This can be performed as long as inhomoge-
neous dephasing has not completely relaxed the magnetisation.

2.4 Double electron-electron resonance

2.4.1 The DEER experiment

Double electron-electron resonance (DEER, also known as pulsed electron double reso-
nance, or PELDOR) is a pulsed EPR technique which allows the determination of the
distance between two paramagnetic centres coupled via their dipolar interaction.3!32
DEER can be performed using radicals intrinsically contained within a molecule (for
example, Cu'! centres?). However, for the investigation of proteins which do not contain
such centres, the radicals can instead be provided by labels containing unpaired spins,
attached in a site-directed manner. This allows for flexibility in radical positioning, as spin
labels can be attached to potentially any part of the protein as long as the mutagenesis
process does not disrupt the structure too much. The a-lactalbumin molten globule does
not contain any intrinsic radical centres, so nitroxide spin labels were used here for distance
measurements. The nitroxide labels are introduced further in Section 2.4.4.

The pulse sequence for the four-pulse DEER experiment used in this thesis is shown

in Figure 2.8. The experiment is conducted as follows.
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Figure 2.8: Four-pulse DEER experiment, showing pump and observation pulses. The
(m)—y pulse is incremented in t, modulating the intensity of the final echo with the dipo-
lar frequency, wap.

An ‘observation’ sequence is performed at a particular frequency, w4, consisting of a
three pulse echo sequence. The initial §-pulse flips these A-spins (with resonant frequency
w4) into the z—y plane. The spins evolve under their Hamiltonian, including the dipole-
dipole interaction with coupled electrons, hyperfine interactions, g-factor dispersion, etc.
After a delay, 7, a m-pulse refocuses the magnetisation to give a primary echo at 27y.
Another m-pulse is then applied after additional delay 7o leading to a refocussed echo at
time 271 4 279. The delay parameters 71 and 7 are chosen such that the secondary echo
has sufficient intensity to be detected, but that 7 is long enough to allow a sufficiently
long DEER trace to be collected (as discussed later in Section 2.4.3).

A 7-pulse is applied at a different (pump) frequency, wp, at time 271 +t, where ¢ is the
experimental variable. Some spins coupled to the A-spins, which we will label the B-spins,
will be excited by this pulse, and their spin state will therefore be flipped by it.

We can see the effect of the pump pulse by considering the rotating frame Hamiltonian
for the A-spins®*

Hy= AwA§f+wAB§;4$’ZB (2.7)

where Aw4 = w4 — wmw. The dipolar interaction leads to a splitting of the resonant
frequencies of the A-spins, wj = Awyg = %w 4B, depending on whether the coupled B-spin
is in the « or 3 state. The pump pulse causes the spin state of the B-spins to flip, and the

A-spins formerly evolving at frequency wj will now evolve at w; and vice-versa. At time
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271 + 279, the final echo has been refocussed, and the A-spins will have acquired phase

= wfﬁ —wj (11 +1t) —wf (12 — t) + wim

= Fwanpt. (2.8)

As t is incremented during the experiment the echo intensity (normalised at ¢ = 0) will
vary as

v(t) = cos (waBt) - (2.9)

Returning to Equation 1.16, the modulation frequency is given by

2
_ Mo 9A9BHB 2 .
WAB = 747rﬁ7rf’43 (3 cos”“ Oap 1) (2.10)

assuming that the exchange coupling can be neglected!. The modulation frequency of the
echo can therefore be related to the inter-radical distance, rap.

For all spins B; coupled to A, the total echo amplitude will be3?
V(t)=]]{1—Ai[1 - cos (wap,it)]} (2.11)

where \; is the fraction of spins B; excited by the pump pulse.
The total signal intensity, V' (¢), is the product of two contributions, the background
factor, B(t), which is caused by intermolecular pairs of coupled spins, and the form factor,

F(t), the result of intramolecular pairs of coupled spins.
V(t) = F(t)B(t). (2.12)

For a sample with molecules homogeneously distributed in D spatial dimensions the back-
ground factor is B(t) = exp(—at?/3). Typically a and D are treated as experimental pa-
rameters. Alternatively, an experimental background using singly-labelled molecules can
be recorded and used in the extraction of the form factor F'(t). The form factor can then
be used to extract information about the distance distribution of intramolecular spins.

The modulation depth, A, is the difference in intensity of the form factor between

fwexen would add an additional component to the phase gained /lost by the A-spins
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t = 0 and long times, and can be used to define the reduced form factor, f(t), as

flt)y = —~—— = (2.13)

The modulation depth is related to the number of spins in the system, N, the B-spin
inversion efficiency, \, and labelling efficiency, f, by>®

In(1 — A)

N=1= =

(2.14)

2.4.2 Extraction of distance information from DEER traces

Determination of distance information from the DEER trace at first appears to be a trivial
problem. However, accurate extraction of the form factor F(t) from V (¢) requires precise
knowledge of the background function B(t). This can be difficult if aggregation or other
effects make the molecular distribution non-homogeneous. Experimental measurement of
the background function using singly-labelled molecules can be used instead, so long as
the presence of the second label does not have an effect on the distribution, for instance
by changing the conformation such that aggregation is promoted or impeded.

Given faithful extraction of F'(t), transformation to give the distance distribution, P(r)
is a moderately ill-posed inverse problem, meaning that a number of possible (including
unphysical) distributions P(r) could give the same F(t), and that the solution is highly
sensitive to small changes in F'(t) (arising from inaccurate background correction or noise
in the experimental data, or both).

For molecules with well-defined molecular geometries, Fourier transformation of the
form factor can give a fairly well defined Pake doublet, allowing direct extraction of the
distance information from the singularities.?*3% However, for molecules with a broader
distribution of conformations, the superposition of Pake patterns corresponding to all
distances represented makes direct distance extraction from the Fourier transform difficult,

37,38

if not impossible. In this case, Tikhonov regularisation may be employed to determine

the solution to the ill-posed problem.

In this approach, a functional is constructed such that
U[P] = |[KP(r) = f(O)|* + | P(r)"|* (2.15)

where K P(r) is a calculated form factor, with P(r) being the distance distribution, K
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Figure 2.9: L-curve plot for optimising the choice of reqularisation parameter, a. The
optimal value (highlighted), in this case 1000, was chosen as the value at the ‘kink’ of
the L shape at bottom left.

being the kernel function
1
K= / cos [(1 — 3cos? O)wABt} dcosd (2.16)
0

and « the regularisation parameter.

The functional is then minimised to obtain the regularised solution. The first term
on the right hand side ensures the calculated form factor fits the experimental data.
The second term is a measure of the roughness of P(r), weighted by the regularisation
parameter, and imposes a smoothness constraint on the solution. Optimal regularisation
depends on choosing the appropriate value of a: too small and noise will be represented
as spurious peaks in the final distribution; too large and the distribution will be over-
smoothed and real distance information will be lost. Choice of optimal « is generally
accomplished by means of the L-curve criterion.

The L-curve is a parametric plot of log(p(a)) vs log(n(«)), with

p=P"(r)
n=[[KPr) = @)l (2.17)

found by minimisation of Equation 2.15 with a range of «. This generally forms an ‘L’
shaped curve, and by minimising both p and 7 (i.e. the point of the ‘I’ at bottom left,

Figure 2.9) the optimal value can be chosen that neither under-smooths (small «, back-
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bone of the ‘L’) nor over-smooths (large «a, foot of the ‘L’). In effect, the optimal « is
a compromise between faithful representation of f(¢) and suppression of spurious peaks
resulting from fitting experimental noise.

All DEER data analysis in this thesis was carried out using the DeerAnalysis2013
package,3 which implements background correction and Tikhonov regularisation within

the MATLAB? software environment.

2.4.3 Experimental considerations

The pulse delays, 71 and 79, must be chosen with care in four-pulse DEER. The length of
the time domain DEER signal has a maximum of 7 — 74 where 74 is the delay between
the pump m-pulse and the last observer w-pulse needed to avoid artefacts. The ability
to faithfully extract distances depends on accurate simulation of the form factor, and
successful simulation of low frequency (long distance) modulations depends on ty.x being
large enough: at least half a modulation is needed to determine the mean distance, one
and a half modulations for the width, and more than three to determine the shape of
the distribution accurately.*! The value of 75 therefore places an upper limit on distance
detection by DEER. For a 2 ps long trace, a rule of thumb states that the shape of the
distribution is reliable up to 3 nm, the mean distance and width up to 4 nm, the mean
distance but not width up to 5 nm, and the presence of a distance alone up to 6 nm.*?
These guidelines are displayed in the distribution plots as shaded green, yellow, orange,
and red regions respectively. For other values of ¢.,.x, these regions are scaled as (tgﬁ)l/ 3,

However, the signal intensity decays with 1/T,, 4, and since the final distribution
is highly sensitive to noise in the form factor, a balance must be struck between the
tmax necessary to detect long distances and the increasing noise caused by transverse
relaxation. The DEER experiment is therefore best performed in the low temperature limit
of transverse relaxation, typically between 40 and 60 K for nitroxide-labelled proteins.*?
The transverse relaxation time can also be prolonged by deuteration of the solvent, and in
extreme cases by deuteration of the protein matrix. Measurements on deuterated proteins
of distances up to 10 nm have been reported.**

In addition to the upper limit on measurable distances, DEER becomes unreliable
below 1.5 nm. This is due to a combination of factors, including the increasing exchange

coupling at short distances and the limited bandwidth of the pulse being unable to excite

the extent of the dipolar spectrum.*? For short distances, other techniques such as observer-
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selective DEER*® or deconvolution of cw spectra?® are more appropriate.

2.4.4 The nitroxide spin label

An important class of spin labels used for distance measurement in proteins are nitroxides,
which are relatively stable, available commercially, cheap, and can be covalently attached
to proteins in a straightforward manner. Of the nitroxide spin labels, the most commonly
used is the methanethiosulfonate spin label (MTSL, also known as R1). MTSL can be at-
tached to cysteine residues in proteins, which can be inserted by site-directed mutagenesis
of the protein of interest with minimal disruption of the structure.
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Figure 2.10: MTSL spin label. MTSL can be attached to free cysteine in proteins, al-
lowing labelling at chosen sites.

A question that might arise is, how is it possible to use a single type of spin label
at both positions, when in order to carry out the DEER experiment different spins must
be excited using pump and observer pulses? The answer lies in the fact that the EPR
spectrum of the nitroxide radical is split into three lines due to the nuclear spin levels
of the coupled "N. The N nucleus has I = 1, the EPR line therefore being split into
three, corresponding to the three nuclear spin states my = —1,0,+1 (Figure 2.11). In
frozen solution, these lines are broadened by the anisotropic g-tensor, and the m; = +1
lines are broadened by the anisotropy of the hyperfine coupling, so that the three lines
overlap to form the spectrum shown in Figure 2.11. Despite the overlap of the three lines
(and the bandwidth of the microwave pulses), it is possible to chose the DEER pump and
observer frequencies such that the majority of spins excited belong to one of the nuclear
spin manifolds. For instance, pumping on the central peak will excite primarily those spins
with the coupled nitrogen in the m; = 0 level (with minor contributions by the m; = +1
levels). Similarly, pumping on the low-field peak corresponds to those electron spins with
the coupled nitrogen in the m; = 41 level. Given that nuclear relaxation is slow on the
EPR timescale, it is therefore possible to selectively excite a given set of spins, and thus

use the same spin label for both positions.
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Figure 2.11: Left: Energy level diagram for the nitroxide radical, showing the split-
ting of the EPR spectrum into three lines by the nuclear spin levels of the nitrogen.
Right: Simulated frozen solution spectrum of a nitrozide, showing broadening of the
peaks due to the anisotropy of the hyperfine and g-tensors. Spectra were simulated us-
ing EasySpin,*” with parameters g = [2.0091,2.0061,2.0022], Ay = [0.45,0.45,3.7] mT,
v =9.5 GHz.

Since MTSL is covalently attached to the protein by coupling to a cysteine residue, if
selective labelling is to be carried out, the protein must not contain any solvent accessible
cysteine residues which could be labelled in addition to the desired targets. This means
that MTSL is unsuitable in the case of proteins that rely on disulfide bridges to maintain
tertiary structure, or that have functional cysteine residues. In these cases, other labelling
strategies can be used.*® In order to selectively target just two positions of choice, the pro-
tein must be modified to remove any solvent accessible cysteine, with two cysteines being

inserted at the positions of choice. This is typically done by site directed mutagenesis.

2.4.5 Choosing labelling sites and native state distance prediction

The choice of spin labelling sites is an important one, as they must be chosen according

to several criteria:

1. The labels must not disrupt the structure of the protein too much. If the DEER
experiment is to report accurately on the chosen distance, then that distance must

not be drastically changed by the act of spin labelling.

2. The sites must be of scientific interest, i.e. the chosen measurement must be a dis-

tance that will provide insight into the structure or dynamics of the protein.
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3. Most importantly, the expected distance should be within the measurable range for

DEER, commonly 1.5-6 nm.

It must be remembered that the measured distance is between spin labels, and as such de-
pends on the conformation(s) of the label in addition to that of the protein itself. Prediction
of the spin label dynamics can be carried out using atomistic molecular dynamics (MD)

49-51

simulations. However, the computational expense of such method spurred the devel-

opment of less expensive approximate approaches. One such method is to use a rotamer
library, a discrete set of side chain conformations, combined with a known structure.??
The rotamer library for a particular spin label is obtained from MD trajectories for the
five side chain angles, x1 — x5 (Figure 2.12), at the appropriate temperature (175 K in the
case of frozen solutions, approximating the glass transition temperature of a glycerol /water
mixture). These rotamers can then be used with a known model of the protein, with an
external energy being computed by pairwise interactions with protein atoms within a spec-

ified radius, in order to give a distribution of spin label side chains for a particular labelling

site. In the work in this thesis, this was carried out using the MMM software package.??

Figure 2.12: MTSL attached to the protein backbone, showing the five bond angles,
X1 — X5, that determine the spin label conformers. The distance distribution measured
by DEER includes the effect of both the flexibility of the label and the protein backbone.

The native state X-ray crystal structure of a-lactalbumin (PDB:1A4V?%) was used to scan
for suitable spin labelling sites, and to predict the native-state distance distributions. Of
course, the molten globule has a fluctuating ensemble of tertiary structures that differs
from the native fold, and so the distances measured in the molten globule are not neces-
sarily expected to match those in the native state. However, the retention of native-like
secondary structure suggests that the native state structure may act as a guide to suitable
label positions, and as a point of comparison when discussing the measured distances.
Four labelling sites were chosen by Dr Matthew Young that were predicted to not

disrupt the structure of the protein, had suitable distances for DEER measurement, and
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Figure 2.13: Native state structure of a-lactalbumin, showing the four labelling sites
and rotamer positions. The size and colour of each atom is rendered with respect to the
relative population. Larger spheres and darker, more opaque colours correspond to a
larger population of that particular rotamer. The rotamer positions were calculated us-

ing PDB:1A4V,?° MMM, and visualised using UCSF Chimera.?! Helices are labelled
in black text.
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were of scientific interest. These were: Q10C, on the A helix; D87C and D97C, on the C
helix; and E121C, at the C-terminus. The six pairs of labels and predicted mean distances,
(ry, and distribution widths, o,, for the native state are shown in the Table 2.1, with the
calculated rotamers being shown in Figure 2.13. The predicted native-state distribution,
as well as a simulated form factor for the native state, for each pair is shown alongside the
DEER data in later sections.

All spin-label pairs lie within the range suitable for DEER measurement, excepting
Q10C-E121C, which is predicted to have a mean distance of 1.34 nm for the native state.
The close contact between these residues in the native state is maintained by the 6-120
disulphide bond, which is absent in the all-Ala variant; the 10-121 distance in the all-Ala
molten globule may therefore be significantly longer than predicted for the native state.
The Q10C-E121C mutant was therefore analysed by both dipolar broadening of the cw
EPR spectrum (Section 2.5), which is suitable for distances between 0.5 and 4 nm, and

DEER.

Pair (r) /nm | o, / nm
Q10C-D87C 2.20 0.40
Q10C-D97C 2.85 0.33
Q10C-E121C 1.34 0.47
D87C-D97C 2.09 0.38
D87C-E121C 3.12 0.39
D97C-E121C 3.50 0.35

Table 2.1: Spin-label pairs chosen for DEER measurements. The mean distances and
distribution widths were predicted for the native state using MMM?3 and PDB:1A4V.?0

Residues E25 and T33 were also labelled and measured with DEER by Dr Alice Bowen
in an attempt to measure the unfolding of the B helix in the molten globule. These residues
were not predicted to disrupt the structure and their distance was suitable ((r) = 2.09
nm, o, = 0.12 nm). However, it was found that labelling at these sites caused aggregation
of the protein that prevented DEER, measurements, suggesting that one or both of these

residues plays a role in stabilising the core.

2.4.6 Experimental protocol

For each experiment the required mutant was cloned, expressed, purified, and labelled by
Dr Matthew Young. Lyophilised protein was dissolved in 200 pL of 80:20 H2O:glycerol (or
D5 O:glycerol-dg for some samples) to a final concentration of 0.2 mM at pH 2. Approxi-

mately 100 pL of this was placed in a 3 mm OD quartz EPR tube and flash frozen using
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liquid nitrogen. Samples were either used immediately or stored at —80°C.

Measurements were taken using a Bruker ELEXSYS E680 EPR spectrometer operating
at X-band, fitted with a Bruker ER 4118X-MS3 split ring resonator. The temperature was
maintained at 50 K for all experiments using an Oxford Instruments cryostat system
flowing liquid helium.

16 and 32 ns pulses were used for observer § and 7 pulses respectively. A 24 ns pulse
was used for the pump 7 pulse. 7, was set to 176 ns, with 7o being varied between 1.5 and
2.5 ps depending on the echo intensity observed for each sample. 71 was incremented in
eight steps of 8 ns (56 ns for deuterated samples) in order to suppress nuclear modulation

of the echo. Experiments were typically run for around 18 hours in order to maximise the

signal to noise ratio.

2.5 Short range distance measurement by Gaussian convo-

lution of cw spectra

The distance distributions of mutants with distances below the lower limit for DEER
(1.5 nm) can be determined by analysing the dipolar broadening of the cw spectrum of
the doubly-labelled mutant relative to the corresponding singly-labelled variants. This can
be accomplished by convolution of the spectrum of the singly-labelled mutant with a sum
of Pake patterns corresponding to a Gaussian distribution of distances, which has been
found to be a good approximation of the distance distribution of flexible spin labels.?*%°

The convolution of the spectra presented in this thesis was carried out using an adapted
version of the program DipCon by Banham et al.,*® itself based on Dipfit by Steinhoff
and coworkers.?® This program determines the distribution function by minimising the
difference between the doubly-labelled spectrum and the convolution of the singly-labelled
spectrum and the sum of weak-coupling Pake patterns for a Gaussian distribution of
distances.

The exchange coupling, J , was assumed to be zero when calculating the Pake patterns;
an arbitrary lower limit of 0.51 nm was therefore placed on the distance (below which this
assumption is assuredly no longer valid). An upper limit of 4 nm on the distance is used
by DipCon, and it has been found that this method becomes increasingly unreliable for

distances above 2 nm.%6
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2.6 Results and discussion

2.6.1 Singly-labelled samples for background correction

The singly-labelled mutants Q10C, D87C, D97C, and E121C were measured in order to
provide an experimental background for the other measurements, as shown in Figures 2.14
to 2.17.

Both Q10C and D97C show deviation from the expected exponential decay in the form
of a small initial drop in V'(¢)/Vp. This indicates that there is an extra contribution to
the DEER traces (in addition to the expected homogeneous background functions) from
aggregated protein.

A 1:1 weighted sum of the relevant fitted single-labelled background functions were

used in the background correction of the doubly-labelled mutants.
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Figure 2.14: DEER trace for singly-labelled
mutant Q10C. Note the small initial drop in
V(t)/Vy, indicating a non-homogeneous distri-
bution of distances due to aggregation of the sam-
ple.
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Figure 2.16: DEER trace for singly-labelled mu-
tant D97C. The small initial drop in V(t)/Vy
again indicates a non-homogeneous distribution
of distances due to aggregation of the sample.
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2.6.2 D87C-D97C and the C-helix

In Section 2.1, two studies with relevance to the C-helix were discussed. Firstly, Schulman
et al. showed that the introduction of two helix-breaking proline mutations into the C-
helix of a single-disulphide variant of a-lactalbumin did not affect the helical content of the
protein, suggesting that this helix is unfolded in the molten globule.?* These experiments
were carried out at pH 7. Conversely, a study by Ramboarina and coworkers found that
residues in the C-helix of both the single-disulphide and all-Ala variants have significant
chemical shift deviations from random-coil at pH 2, suggesting the C-helix is folded in the
molten globule.?® This was studied further by Rosner and Redfield, who compared the
structure at pH 2 and 7.°” They found that the molten globule is generally less stable at
pH 7, and suggested that this effect could account for the differences observed in the state
of the C-helix. In order to probe the a-helical state of the C-helix in the molten globule at
pH 2, presented here are measurements of the distance between residues D87 and D97, at
opposite ends of the C-helix, quantitatively establishing the extent of C-helix unfolding.

The normalised DEER trace for D87C-D97C is shown in Figure 2.18, and the form
factor obtained after background correction in Figure 2.19. There is a sharp initial drop in
the form factor, indicating that there are short distances present. The decay of the echo is
well described by the background function, with the form factor being flat after ~ 0.1 ps.
A very small first modulation is observed, with no subsequent modulations being visible,
indicating an absence of longer distances in the distribution.

The distance distribution extracted by Tikhonov regularisation is shown in Figure 2.20.
The mean distance and distribution width predicted for the native state was (r) = 2.09
nm, o, = 0.38 nm, compared to (r) = 1.95 nm, o, = 0.27 nm for the molten globule.
These figures are in good agreement and, remembering that the C-helix in the native state
extends from T86 to 198, suggest that the entire C-helix is coiled in the molten globule.

The form factor for the native state, simulated using MMM, is compared to the mea-
sured form factor in Figure 2.21. The faster initial drop for the molten globule is caused by
short distances in the distribution, and there is a clear lack of lower-frequency modulations
which would be expected for the unfolded helix.

Interpreted in the context of previous work, these data add further evidence to the
work of Ramboarina et al. that the C-helix is almost completely folded in the molten

globule.
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Figure 2.18: DEER trace of D87C-D97C (blue)

and background function (black).
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Figure 2.19: Background corrected form factor
for D87C-D97C, showing fitted form factor in
black.
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Figure 2.21: Form factors as measured for
D87C-DI7C as measured for the molten globule
(blue) and simulated for the native state (red).
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2.6.3 Q10C-D87C, Q10C-D97C, and the N-terminus

The DEER traces for Q10C-D87C and Q10C-D97C mutants are shown in Figures 2.22
and 2.26, and the calculated distance distributions in Figures 2.24 and 2.28 respectively.
The traces for each mutant are similar, with clearly slower decays, and therefore longer
distances, than for D87C-D97C.

Q10C-D87C has a mean distance and width of (r) = 2.44 nm, o, = 0.47 nm from the
DEER measurement, only slightly longer than the distance predicted by MMM for the
native state ((r) = nm 2.20, o, = 0.40 nm). This moderate increase in distance would be
expected from the expanded molten globule, and suggests that the A-helix is part of the
hydrophobic core.

More speculatively, the modest increase in distance and width of the distribution might
suggest that the A-helix remains in a similar position as in the native fold. The main dif-
ference between native-state predicted and molten globule observed distributions is an
increased population at longer distances, which could be attributed to the intrinsically
increased flexibility of the molten globule only. However, caution should be taken against
overinterpretation of the distance distribution in this manner. The lack of visible modula-
tions in the DEER trace make extraction of the distance distribution particularly fraught,
and although the mean distance and width can be considered fairly reliable, the shape of
the distribution is less certain.

For Q10C-D97C, the DEER measurement gave (r) = 2.60 nm, o,, = 0.84 nm, showing
a significantly broader distribution than the native state ((r) = 2.85 nm, o, = 0.33 nm).
The distribution here is 80% wider than for Q10C-D87C, suggesting that there is an extra
contribution to the flexibility of this mutant. This cannot be assigned purely to the A-
helix, since the widths of the distributions for the native state and molten globule in Q10C-
D87C are similar (0.40 nm vs 0.47 nm). If the A-helix did show a vastly increased range
of positions then Q10C-D87C would also be expected to exhibit a broadened distribution.

Instead, the relatively unchanged width for Q10C-D87C suggests that both of these
residues are comparatively well located in the hydrophobic core. Taking this together with
the conclusion that the C-helix is almost completely folded in the molten globule, the
only remaining explanation for the broad Q10C-D97C distribution is that there are vastly
different positional constraints on the two ends of the C-helix. While the A-helix (Q10C)
and N-terminal (D87C) end of the C-helix are relatively static, the C-terminal end must be

less constrained, and contributes the majority of the width of the Q10C-D97C distribution.
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Figure 2.24: Distance distributions for Q10C-
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Figure 2.25: Form factors as measured for

Q10C-D87C as measured for the molten globule

(blue) and simulated for the native state (red).
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Figure 2.26: DEER trace of Q10C-D97C (blue)
and background function (black).

Figure 2.27: Background corrected form factor

for Q10C-D97C, showing fitted form factor in
black.
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Figure 2.28: Distance distributions for Q10C-
DI7C for the molten globule (blue) and the native
state (red).

Figure 2.29: Form factors as measured for
Q10C-D97C as measured for the molten globule
(blue) and simulated for the native state (red).
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2.6.4 E121C and the C-terminus

Studies of the all-Ala molten globule have previously reported that there are close inter-
actions between residues at the C-terminus and the A, B, and D-helices, indicating that
the C-terminus is contained within the hydrophobic core of the protein.?” Quantitative
information about the position of the C-terminus could aid in determining the role of
the C-terminus in stabilising the molten globule core. Presented here are the results for
distance between E121C and the three other chosen residues.

Firstly, Q10C-E121C allows a measurement of the distance between N- and C-terminal
ends of the protein. This distance is predicted to be (r) = 1.34 nm, o, = 0.47 nm for
the native state, with the close association of the termini maintained by the C6-C120
disulphide bond. It might be somewhat surprising then that both termini form part of the
molten globule core, even in the absence of the disulphide bridge (in the all-Ala) variant.
However, the NMR unfolding experiments of Redfield et al. show that the HSQC peaks for
residues Q10 and E121 do not appear for the wt until 8 M guanidinium chloride at 20°C (4
M urea for all-Ala), after almost the entirety of the protein has unfolded, suggesting that
the termini are important in stabilising the core.?” Due to the short predicted distance,
Q10C-E121C was measured using both cw EPR and DEER.

Continuous-wave EPR spectra were recorded for Q10C, E121C, and Q10C-E121C.
Convolution analysis of the spectra was then carried out as described in Section 2.5, using
a modified version of the program DipCon®® for the doubly-labelled sample with each
singly-labelled mutant. The results are shown in Figures 2.30 to 2.37.

The convolution produces a good fit to the doubly-labelled spectrum for both singly-
labelled mutants, and gives distributions with () = 2.15 nm, o, = 0.76 nm and (r) = 2.39
nm, o, = 0.95 nm for analysis with Q10C and E121C respectively. These distances are
slightly above the limit of reliability for convolution analysis (~ 2 nm). Furthermore, for
the analysis with E121C, a large part of the distribution lies outside of the range considered
by DipCon. Care should therefore be taken in interpreting these data in the absence of
other information. The analysis does, however, rule out native-like close contact between
these two residues, and suggests that Q10C-E121C may be reliably measured using DEER.

The mean distance and width as measured by DEER are (r) = 2.66 nm, o, = 0.83
nm (shown in Figures 2.38 to 2.41); both the mean distance and width of the distribution
are similar to the values obtained from the cw data, suggesting that the data are indeed

representative of the actual distribution.
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Figure 2.30: cw spectra of Q10C (singly la-
belled) and Q10C-E121C (doubly labelled).
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Figure 2.32: Fitted cw spectra of Q10C-E121C
by convolution of the Q10C spectrum with the
sum of Pake patterns for a Gaussian distribution
function.
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Figure 2.31: Integrated cw spectra of Q10C and
Q10C-FE121C. Note the broadening caused by the
presence of the second label.
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Figure 2.33: Distance distribution for molten
globule (MG) by convolution analysis and pre-
dicted by MMM for the native state (NS). Re-
gions outside the scope of DipCon are hatched,
unreliable region shaded in red, and the mean dis-
tance is highlighted by the black vertical line.
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Figure 2.34: cw spectra of E121C (singly la-
belled) and Q10C-E121C (doubly labelled).
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Figure 2.36: Fitted cw spectrum of Q10C-
E121C by convolution of the E121C spectrum
with the sum of Pake patterns of a Gaussian dis-
tribution function.
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Figure 2.35: Integrated cw spectra of E121C
and Q10C-E121C. Note the broadening caused by
the presence of the second label.

/////

/////

/////

/////

/////

/////

/////
/////

/////

/////
/////

/////

Figure 2.37: Distance distribution for molten
globule (MG) by convolution analysis and pre-
dicted by MMM for the native state (NS). Re-
gions outside the scope of DipCon are hatched,
unreliable region shaded in red, and the mean dis-
tance is highlighted by the black vertical line.
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Both the longer mean distance and broader distribution testify that the C-terminus
is no longer in a native-like position. However, before concluding that E121C must be
relatively free of the hydrophobic core, it is important to consider the remaining two
measurements.

For D87C-E121C, the distance in the molten globule is (r) = 2.30 nm, o, = 0.58 nm
(Figure 2.44) compared to (r) = 3.12 nm, o, = 0.39 nm for the native fold. For D97C-
E121C it is (r) = 2.45 nm, o, = 0.62 nm (Figure 2.48), compared to (r) = 3.50 nm, o, =
0.35 nm for the native state. Both of these distances, although broader, are significantly
shorter than predicted for the native state. This, along with the longer distance for Q10C-
E121C, suggests that, although not in a native-like position, the C-terminus does indeed
form part of the core, shifting to a new ensemble of positions, closer to the C-helix.
Furthermore, the broadness of all three measurements involving E121C suggests that the
terminus has increased flexibility, perhaps not becoming deeply buried in the core, but
remaining close to the surface.

Note that the Q10C-E121C mean distance (2.66 nm), although not as short as in the
native state, is still well within the range of the other measurements, and does not preclude
the conclusion that E121C remains within the core. The mean distance would likely be

much longer if it were unconstrained.
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Figure 2.38: DEER trace of Q10C-E121C Figure 2.39: Background corrected form factor
(blue) and background function (black). for Q10C-E121C, showing fitted form factor in
black.
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Figure 2.40: Distance distributions for Q10C- Figure 2.41: Form factors as measured for
E121C for the molten globule (blue) and the na- Q10C-FE121C as measured for the molten globule
tive state (red). (blue) and simulated for the native state (red).
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Figure 2.42: DEER trace of D87C-FE121C Figure 2.43: Background corrected form factor
(blue) and background function (black). for D87C-FE121C, showing fitted form factor in
black.
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Figure 2.44: Distance distributions for D87C- Figure 2.45: Form factors as measured for

E121C for the molten globule (blue) and the na- D8TC-E121C as measured for the molten globule
tive state (red). (blue) and simulated for the native state (red).
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Figure 2.46: DFEER trace of D97C-E121C Figure 2.47: Background corrected form factor
(blue) and background function (black). for D97C-FE121C, showing fitted form factor in
black.
0.08 |- ‘ ¥ )
0.06 | 0.95
(=]
© =
< 0.04) =
~ 0.85
0.02 |-
0.75 i
0 : \ \ \ ! ! !
0 1 2 0 02 04 06 038 1 1.2 14
r / nm t/ ps
Figure 2.48: Distance distributions for D97C- Figure 2.49: Form factors as measured for
E121C for the molten globule (blue) and the na- DI97C-E121C as measured for the molten globule
tive state (red). (blue) and simulated for the native state (red).
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2.6.5 a-lactalbumin in the prescence of 8 M urea

The balance of forces which lead to the particular structure of molten globule state a-lac-
talbumin may be further understood by studying its progressive unfolding under the effect
of a denaturant.

As discussed in Section 2.2.3, NMR studies of all-Ala a-lactalbumin by Redfield and
coworkers were able to show the progressive unfolding of each part of the secondary struc-
ture with increasing urea concentration.?” The addition of 8 M urea to the sample promotes
the denaturation of the protein to form a random coil: the hydrodynamic radius of all-
Ala a-lactalbumin is 33.3 A in 8 M urea, consistent with the prediction of 35.1 A for a
fully-unfolded 124 amino acid protein.

Presented here are DEER data of all-Ala a-lactalbumin taken in the presence of 8 M
urea. Three mutants were chosen to measure the effect of urea on the molten globule.
Firstly, D87C-D97C was measured in further investigation of the unfolding of the C-helix.
In addition, both Q10C-D87C and Q10C-D97C were used as a measure of the stability of
the hydrophobic core to urea. All experimental details are as in Section 2.4.6, with the
addition of 8 M urea (deuterated urea in the case of D87C-D97C).

The NMR results discussed above suggest that all-Ala a-lactalbumin is completely
unfolded by 6 M urea; it is therefore expected that the distance distributions in 8 M urea
will differ significantly from those in the absence of urea.

Measurements of the intrinsic viscosities of a range of proteins by Tanford et al. show
that the unperturbed mean squared end-to-end distance of a random coil protein (in the

presence of 6 M guanidine hydrochloride) follows the relation
(L?)o = (70 to 140 A®)N (2.18)

where N is the number of amino acid residues. The ranges expected for the RMS end-to-

end random coil distances for the three mutants are listed in Table 2.2.

Mutant ‘ N ‘ V(L% / nm
Q10C-D87C | 78 | 7.39 —10.5
Q10C-D97C | 88 | 7.85-11.1
D87C-D97C | 11 | 2.77 —3.92

Table 2.2: List of predicted RMS distances for random coil proteins, from equation
2.18.

Note that the mean distances for Q10C-D87C and Q10C-D97C are expected to be
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beyond the typical range measured in these DEER experiments.

2.6.5.1 D87C-D97C

As discussed in Section 2.6.2, measurements on D87C-D97C confirm that the C-helix is
fully folded in the molten globule. The chain between D87C and D97C is eleven amino
acid units long, with the predicted RMS random coil distance being between 2.77 and 3.92
nm. It is therefore expected that the DEER effect should be observed for this mutant, even
in the presence of a strong denaturant.

Figures 2.50 to 2.52 show the DEER data for D87C-D97C with 8 M urea. From the
DEER trace (Figure 2.50) it is clear that there is indeed a modulation.

Studying the calculated distribution, Figure 2.52, it can be seen that, although there
is significant error in the distribution, the C-helix does not retain the fully folded distribu-
tion seen in Figure 2.20; instead a broader range of distances are represented, indicating
that C-helix is at least partially unfolded in 8 M urea. The measured distribution gives
(r)y = 4.28 nm, 0, = 1.32 nm, only slightly larger than the upper bound established using
Equation 2.18. This can be accounted for by the additional contribution to the distance due
to the spin-labels themselves; as such, the measured mean distance is broadly consistent

with the prediction.

2.6.5.2 Q10C-D87C and Q10C-D97C

For both Q10C-D87C and Q10C-D97C in 8 M urea (Figures 2.53 and 2.57), the DEER
traces show only very minor signs of measurable distances. The deviation from the exper-
imental background is minor, and almost non-existent for a homogeneous 3D background
(see Section 2.4.1 for a discussion of the background function). The distributions will
therefore be highly sensitive to the accuracy of the background correction. As a point of
comparison, the 3D homogeneous background functions are shown in Figures 2.56 and
2.60: the deviation of the DEER trace from the background is very small, indicating that
only a minor difference from a homogeneous distribution.

The modulation depths here are small, even in comparison to the singly-labelled sam-
ples, demonstrating that only a minority of molecules are within the measurable distance.
The majority of the distances in the calculated distributions are between 4.5 and 6 nm, at
the upper end of the measurable range, but still shorter than the predicted RMS random

coil distance for both mutants (7.5 to 11 nm). The data suggest that both mutants are in
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Figure 2.50: DEER trace of D87C-D97C in 8 M  Figure 2.51: Background corrected form factor
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random coil states, with the majority of the label pairs having a longer distance than is

measurable by DEER.
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2.7 Conclusions and future directions

The DEER data presented here are the first steps in building a quantitative model of the
a-lactalbumin molten globule. Adding to qualitative circular dichroism and NMR data
about the unfolding process, these results provide vital insight into the structure of the

molten globule. A summary of the collected data is provided in Table 2.3.

Pair (r), or (Predicted, NS) / nm | (r), o, (DEER) / nm
Q10C DS7C 9.20, 0.40 2.44, 0.47
Q10C-D97C 2.85, 0.33 2.60, 0.84
D87C-D97C 2.09, 0.38 1.95, 0.27
D87C-E121C 3.12, 0.39 2.30, 0.58
D97C-E121C 3.50, 0.35 2.45, 0.62
Q10C-E121C 1.34, 0.47 2.66, 0.83

(r), op (cw) / nm

Q10C-E121C (with Q10C) 1.34, 0.47 2.15, 0.76
Q10C-E121C (with E121C) 1.34, 0.47 2.39, 0.95

(r) (Predicted, RC) / nm | (r), o, (DEER) / nm
Q10C-D87C (8 M urea) 7.39 to 10.5 5.19, 1.27
Q10C-D97C (8 M urea) 7.85 to 11.1 3.84, 1.49
D87C-D97C (8 M urea) 2.77 to 3.92 4.28, 1.32

Table 2.3: Spin-label pairs chosen for measurement, predicted distances for native state
(NS) or random coil (RC), and measured distances for the molten globule using DEER
or cw EPR. The distances and standard deviations were predicted for the native state
using MMM and PDB:1A4V.

A number of conclusions can be drawn from the data presented here. Firstly, the
measurements of D87C-D97C show that the C-helix is fully folded in the molten globule,
concurring with the chemical shift data of Ramboarina et al.?® The DEER measurements
of D87C-D97C with 8 M urea confirm that the C-helix unfolds under these conditions.

Data from the Q10C mutants give insight into the behaviour of the N-terminus and
C-helix. The distribution for Q10C-D87C shows a small increase in the mean distance;
Q10C-D97C on the other hand shows a significant increase in width of the distribution,
suggesting flexibility in the C-terminal end of the C-helix.

Finally, the three E121C mutants reveal interesting behaviour of the C-terminus of
the protein. The Q10C-E121C distance is significantly lengthened, indicating that the C-
terminus is not in a native-like position close to the N-terminus. This result is unsurprising,
given the lack of the C6-C120 disulphide bridge. The data for D87C-E121C and D97C-
E121C, however, show that both mean distances have decreased significantly in the molten

globule compared to the native state. This indicates that the C-terminus, although not in
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the native like position, is still part of the hydrophobic core of the molten globule. This
agrees with data from Redfield et al., who found that HSQC peaks for these residues do
not appear until late in the unfolding process.?”

This work could potentially be extended in order to measure more distance distribu-
tions for the molten globule. Areas of interest might include B- and D-helices, which are
known to form part of the hydrophobic core.?” Additionally, it has been suggested that
the -domain retains some structure in the molten globule,?® and quantitative distance
information from DEER studies of this domain may prove valuable in understanding the
behaviour of this part of the protein.

Furthermore, although the experiments with urea presented here confirm a qualitative
change in the distance distributions, DEER traces measured as a function of denaturant
concentration could be used to give quantitative information about the unfolding process.

Finally, the data here could be used, combined with information from NMR studies,

as long-range distance constraints in building a model of the molten globule state.
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Chapter 3

Magnetic field effects in protein

crystals

3.1 Motivation for the work

The interest of most scientists in the effect of magnetic fields on chemical systems is
restricted to spectroscopic techniques, such as magnetic resonance. The incredible power of
NMR to characterise organic molecules has made the use of the spin properties of molecules
routine in many laboratories. A rather more esoteric field of study is the effect of magnetic
fields on the fate of chemical reactions. Upon simple analysis, it might seem rather unlikely
that a magnetic field could affect a chemical reaction, the typical interaction energy of a
molecule with a magnetic field being more than six orders of magnitude smaller than the
thermal energy, kT.%° However, in the case of certain spin systems, most prominently spin
correlated radical pairs (SCRPs), the recombination kinetics can be affected by magnetic
fields as weak as 39 pT.%0

General interest in this field with relevance to biological systems has been along two
main threads. Firstly, widespread electrification during the twentieth century has spurred
interest in the effect of relatively weak, low frequency (pT, 50 Hz) magnetic fields on

62,63 and childhood leukaemia.%* Evidence

human health,%! in particular, on breast cancer
is weak in both cases, with no evidence of fields < 0.4 pT being associated with an increase
in the latter.5?

The other main field of study has been the investigation of the mechanism by which

some animals, most commonly birds, can use the earth’s magnetic field to navigate. In

order to function as a source of directional information to animals, a system must fulfil
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several criteria. Firstly, the system must be anisotropic, i.e. the response of the system
to the magnetic field must depend not only on the presence or absence of the field, but
must also differ depending on the direction between the field and some axis of the animal.
This axis could either be intrinsic to the molecular system, this system being in a fixed
orientation within the animal,%® or the axis could be defined by the biological system
within which the molecules are contained.®” Other requirements include a way for the
magnetically sensitive molecules to interact with the nervous system of the animal, and
an effect large enough to be detected.

68,69

Although magnetic sensitivity has been claimed in a range of plants and ani-

70-72

mals, much work has focussed on avian magnetoreception, and two competing hy-

potheses for the mechanism have been proposed. The first is that single-domain magnetite

/™ in much the same way as a compass needle

crystals provide the required alignment
works. Although some animals, for instance fish,”® are known to use magnetite crystals
to orient themselves, several peculiarities of the avian compass have been noted which
suggest a different mechanism. Firstly, studies of European Robins have indicated that
they do not respond to the polarity of the magnetic field, instead using the inclination of
the field* to sense direction.” Secondly, the magnetic orientation behaviour shows a com-
plex wavelength dependence, but preferred orientation is under blue and green light.”6"®
Furthermore, the European Robin has been shown to be disoriented under magnetic fields
oscillating at between 50 kHz and 5 MHz.7 80 These facts suggest that a SCRP could
instead be responsible for the orientation behaviour.8!

The study of the macroscopic magnetic response of animals has been complemented
by work concentrating on the theoretical and microscopic behaviour and requirements
of magnetically sensitive systems. Magnetically sensitive reactions involving SCRPs have
been studied since the 1970s, but it was in 2000 that a potential candidate avian mag-
netoreceptor was proposed.®%82 This protein, cryptochrome, is a blue light photoreceptor
protein found in a wide variety of plants and animals, and is known to mediate a variety of
biological responses, including the entrainment of circadian rhythms in mammals.® Cryp-
tochromes are closely related to photolyases, proteins which transfer electrons to repair
the cyclobutane-pyrimidine dimer or pyrimidine-pyrimidone (6—4) adducts resulting from
UV-photodamage to DNA.%3

Both photolyases and cryptochromes contain a highly conserved region, the photolyase

homology region, which contains a flavin adenine dinucleotide (FAD) cofactor. Throughout

*Inclination is the angle between the field direction and the ground.
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the photolyase/cryptochrome family there is a highly conserved tryptophan triad, a series
of three tryptophan (Trp) residues which can serve as an electron transfer chain.®* In the
case of photolyases, W306 transfers an electron to the excited state of FAD, generating
FADH™, the catalytically active state.8? In cryptochromes, the triad also mediates the
transfer of an electron, forming a SCRP between the FAD and the terminal tryptophan.5¢
In their speculated role as avian magnetoreceptors, it is this SCRP which acts as the
magnetically sensitive apparatus.%6

The difficulty of obtaining cryptochromes, which must be made recombinantly, typi-
cally in small quantities and at low concentrations, has meant that work has also focussed
on model biological systems, often consisting of a flavin or other chromophore with a
tryptophan residue.8”%° In this work, carried out in collaboration with Mr Nils Pompe,

the model system of flavin mononucleotide (FMN) with hen egg white lysozyme (HEWL)

protein, was studied using bulk fluorescence and confocal microscopy.

3.2 Spin correlated radical pairs

A spin correlated radical pair consists of two electrons which are formed in a spin-selective
manner, i.e. in either a singlet or triplet state. Interconversion between these states can
take place, with the rate of this process being affected by an applied magnetic field. Spin-
selective recombination of the SCRP can take place, either exclusively from the singlet
or triplet state, or at different rates from the two states. This process of spin-selective
formation, spin mixing, and spin-selective recombination is referred to as the radical pair
mechanism (RPM). The spin dynamics can be broadly divided into three regimes: zero,

low, and high field, which will each be discussed in turn.

3.2.1 A one-nucleus radical pair

In order to examine the process by which singlet and triplet radical pairs can be intercon-
verted, we first consider the radical pair Hamiltonian for two electrons, in the absence of
any electronic spin-spin coupling, with a single spin—% nucleus isotropically coupled to one
of the electrons:

H = gappBoSa: + gpusBoSp: +aS} - I (3.1)

with all quantities as defined in Section 1.1.
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Table 3.1: Zero field eigenbasis of the Hamiltonian in Equation 3.1.

3.2.2 Zero field

At zero field it is best to consider the states of the Hamiltonian in the total angular
momentum basis. Defining an operator, F, representing the total angular momentum of
the system

F=S+Y1I (3.2)
J
where S is the total spin operator for the electrons and I is the spin operator for the
nucleus, taking the sum over all nuclei j. Furthermore, F, is the spin projection operator
for F' onto an arbitrary axis. The eigenbasis in F' and F} is given in Table 3.1.

The selection rules at zero field are

AF =0 (3.3)

AF, = 0. (3.4)

The only mixing of states that is allowed is therefore between the two pairs given in first

half of Table 3.1.

3.2.3 The low field effect

In the presence of a magnetic field the selection rules are relaxed such that only F, is
conserved. Application of a magnetic field therefore additionally allows mixing with \%, +%>
and |%, —%} This means that there is increased mixing between singlet and triplet states at
small magnetic fields relative to zero field. This ‘low field effect’ is prominent in calculations

of one-nucleus radical pairs,”’ and can be observed experimentally for some systems.5" The
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Figure 3.1: Vector model of the mixing between S and Ty. A difference in the Larmor
frequencies of the two radicals causes interconversion of S and Tp.

low field effect is not observed in the work presented here, however, mostly likely due to
a combination of the presence of hyperfine couplings on both radicals, relaxation, and

exchange coupling.”?

3.2.4 At high magnetic fields

Considering the high field limit, where By > a, the spins are quantised along the field
direction, and the T4 states are energetically isolated from the S, T states; interconversion
between T4+ and the S, Ty manifold cannot occur under this Hamiltonian.

The S and Ty states, in the o3 basis, are %(]a@ —|Ba)) and %(]a@ + |Ba)) respec-
tively. Within the vector model of spin (Section 1.1.4), the two states differ simply with
respect to the phase between the two vectors. Any process which leads to a difference in
phase of the two vectors will contribute to mixing between the two states (Figure 3.1).
Examining Equation 3.1, there are two contributions which will change the relative phase
of the two spin vectors, the difference in g-factors of the two electrons, and the hyperfine

coupling.

3.2.4.1 Ag mixing

The first two terms on the right-hand side of Equation 3.1 are the Zeeman interaction of
each electron with the magnetic field. If the g-factors of the two electrons are identical
then the contribution of the Zeeman effect to the Larmor frequency of each electron is
identical, and the relative phase of the two spin vectors will not change due to the Zeeman
terms.

If the two g-factors are different, then the rate of phase change, and therefore the rate

of interconversion between the Ty and S states, contributed by the Zeeman terms will be
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given by

Aw = A%“B Bo. (3.5)

At the fields used in the experiments in this thesis, the difference in g-factors of the two
(carbon centred) radicals is generally small, and the contribution of this mechanism to

spin mixing is negligible!.

3.2.4.2 Hyperfine mixing

The third term is Equation 3.1 is the hyperfine coupling of electron A with a spin—%
nucleus.

For an isotropic hyperfine coupling, a, the contribution of the coupling to the difference
in Larmor frequencies is

|Aw| = g (3.6)

with the hyperfine coupling therefore driving a change in phase between S and Ty. This

contribution to the spin mixing is independent of By.

3.2.4.3 Relaxation

Interconversion between singlet and triplet states can also occur via relaxation. Spin-lattice
(Section 2.3.3.1) and spin-spin (Section 2.3.3.2) relaxation serve to mix T1—S and S-Ty

states respectively.

fAn upper bound on Ag might be 5 x 107,92 giving a interconversion frequency of 0.12 MHz at
18 mT, compared to the hyperfine couplings of H31 and HB2 on TrpH™'" of 44.8 MHz. In any case, the
radical pair lifetime would have to be very long, greater than 10 ps, for spin mixing at 0.12 MHz to have
an effect on the populations.
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3.2.4.4 Spin mixing in the context of the Hamiltonian

The spin mixing processes as described above can also be understood by examining the

matrix elements of the spin Hamiltonian:”3

S;a) [5,8) [To,e) [To,B) |Ty,e) [Ty, 8) [T—,a) |T-,p)

‘S,O&> 0 0 A+ By 0 0 —As 0 0
|S,ﬁ> 0 0 0 —A1+ By 0 0 As 0
|T0,a> A+ By 0 0 0 0 Ag 0 0
‘T0,5> 0 —-A1+5B 0 0 0 0 Ay 0
T+, @) 0 0 0 0 Al + By 0 0 0
|T+, ﬁ> — Ay 0 As 0 0 —A1+ By 0 0
‘T_,Oz> 0 AQ 0 A2 0 0 —A1 — BQ 0
IT_, B) 0 0 0 0 0 0 0 A — By
a
A=
a
P
2 23
B, = g9 g gQ,UBB
B, = & ;”MBB. (3.7)

The off diagonal elements in the top left quadrant consist of hyperfine and Ag terms that
mix S and Ty states. These correspond to the Ag and hyperfine mechanisms described
above. The diagonal terms in the bottom right quadrant consist of Zeeman and hyperfine
terms that energetically isolate the Ty states. Finally, there are hyperfine mixing terms
in the top right and bottom left quadrants which can mix T1+—S and T.—T(. The rate of
mixing between these states is therefore governed by the relative size of the aforementioned
Zeeman terms and the hyperfine coupling - at fields where the terms are comparable,
mixing can occur. As By increases, the Zeeman terms dominate, and the rate of mixing

between T+—S and T+—T decreases.

3.2.4.5 Anisotropic spin mixing

In the above discussion we have assumed an isotropic hyperfine coupling. However, as

discussed in Section 1.1.7, if the molecules are not tumbling there will be an anisotropic
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contribution to the coupling and we must use the full hyperfine tensor, A. In this case the

one-nucleus spin Hamiltonian is
o= QAHBBOSAZ + gB,uBBong + S”I‘ AT

Note that strictly the full g-tensors should also be considered, but at the fields herein the
anisotropy of g is so small that it can be neglected. With this Hamiltonian, in the high
field limit, the contribution of the hyperfine coupling to the Larmor frequency depends on
the orientation of the molecular frame in the magnetic field. The hyperfine contribution

to the rate of spin mixing is therefore orientation dependent.

3.2.5 Magnetic field effects

The spin mixing processes discussed in Section 3.2 serve to interconvert radical pairs
between singlet and triplet. In order to see the effect of this on the transient population
of the radical pair, consider a scheme such as that in Figure 3.2, where the radical pair
can undergo back electron transfer from the singlet state only. If the radical pair is formed
entirely in the triplet state, in the absence of electron-electron couplings, then at zero field
all three triplet states are degenerate with the singlet, and are free to mix with it. The

rate of spin mixing (from Equation 3.7) is
1
Zero field: ks =2A1 +4A2 = a (2 + \/5) (3.8)

At high field, the Ty states are energetically isolated from the Ty, S states, and mixing
can only occur between Ty and S. The rate of spin mixing is then

1
High field: kst =241 =a <2> (3.9)

For a triplet born RP, more radical pairs will remain as triplets under a large magnetic
field compared to the zero field case. The number of RPs undergoing the BET pathway
is therefore reduced, and the application of a magnetic field leads to an increase in the
number of radicals that remain in solution. This increase in the transient yield of radicals
also has an effect on the ground state population - fewer RPs undergoing BET means a
lower ground state population. This is a magnetic field effect on the population of the
radical pair and of the ground state.

This can also be understood from the populations of the spin states. Consider the case
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Radical pair

Zero field:  S[FMN— Trp+] TIFMN~ Trp ]
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BET
SFMN
TI[FMN ~ Trp]
High field: .
S[FMN'~ Trp ]
- -
BET
SEMN >

Figure 3.2: Diagram showing a radical pair that can recombine from the singlet state
only. At high field the Ty states are energetically isolated from the S state, and therefore
cannot mix with it. Energies not to scale.

where the RP is being continuously formed with equal populations in each of the triplet
sublevels, and the recombination is slow such that the populations of the RP sublevels are
allowed to equilibrate according to transitions allowed by the Hamiltonian. At zero field,
spin mixing can occur between all triplet and singlet states, and they are all degenerate,
so the equilibrium fractional population in each state will be approximately 1/4. At high
field, the T4 states are energetically isolated. Only the T state can mix with the singlet,
so the equilibrium fraction population of the singlet will be close to 1/6. Now considering
recombination from the singlet state, the rate of back electron transfer will change from
~ kpgr/4 at zero field to ~ kpgr/6 at high field, corresponding to a reduction in the
ground state population under a magnetic field. This is shown schematically in Figure 3.2,

and is summarised in Table 3.2.

Zero field High field
State | Population State | Population
S I S I
To : Ty i
T, : T, :
T_ 1 T 1

Table 3.2: Summary of the approzimate equilibrium populations of each radical pair
state under zero and high magnetic fields.
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Figure 3.3: Structures of flavin mononucleotide (FMN), as used in these experiments,
and flavin adenine dinucleotide (FAD), as is found in cryptochromes. Both cofactors
share the three-membered isoalloxazine ring and ribityl side chain.

3.2.6 The FMN-HEWL system

Flavin mononucleotide and hen egg white lysozyme together is a system that, suitably
photoilluminated, forms SCRPs.87:94% These radical pairs may undergo magnetic field
dependent spin mixing, with their singlet and triplet states experiencing different fates.

FMN is a biomolecule, consisting of a three-membered isoalloxazine ring and ribityl
side chain, as shown in Figure 3.3. The isoalloxazine acts as the chromophore in the
cofactors of a wide range of blue-light photoreceptors,”” and can undergo electron transfer
reactions to give semiquinone (one e”) and fully reduced (two e™) forms. A range of flavins
are found in nature, including flavin adenine dinucleotide, the cofactor in photolyases and
cryptochromes, also shown in Figure 3.3. The flavins all share the isoalloxazine moiety,
but differ in the identity of the side chain. This structural similarity means that the flavins
as a class share similar photochemical and redox properties.

Hen egg white lysozyme is an enzyme that catalyses hydrolysis of polysaccharides
in bacterial cell walls. HEWL contains solvent exposed tryptophan residues which can
undergo electron transfer to oxidising agents, such as FMN.%

The photocycle of the FMN-HEWL system is shown in Figure 3.4. Firstly, a photon
of the appropriate wavelength excites the ground state of the chromophore, SFMN, to the

singlet excited state, SFMN*. This state has a lifetime of 4.6 ns?1% either returning to
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Figure 3.4: FMN-HEWL photocycle, showing excitation (hv), fluorescence (ks ), in-
tersystem crossing (kisc), electron transfer (kgr), back electron transfer (kpgr), escape
(kesc), oxidation/reduction processes (kog, kreq), and free radical recombination (krecom)-

the ground state via radiative or non-radiative processes, or moving to the TEMN* state
by intersystem crossing within around 10 ns.!°! From the triplet excited state (1 = 0.5 —2
11s),12 the flavin can undergo electron transfer from nearby reductants, giving a SCRP
formed exclusively in the triplet state (by conservation of spin). For FMN reacting with
HEWL, this electron transfer occurs primarily from tryptophan residues.’*

The triplet radical pair can now proceed along one of two main pathways. Firstly, direct
recombination of the triplet radical pair back to the ground state is a spin forbidden
process, but escape of the radicals from the solvent cage (~ 103 s~!) and subsequent
reduction /oxidation by redox agents or other free radicals in solution (~ 109109 Mm~1s71)
can return the radicals to the ground state.

The second pathway is via the singlet radical pair, from which geminate recombination
is allowed (7 ~ 10 ns).”® The spin mixing processes which can interconvert triplet and
singlet radical pairs are as described in Section 3.2.1.

Application of a magnetic field reduces the rate of spin mixing and traps some RPs in
the T4 states. The rate of back electron transfer is reduced since there are fewer singlet
RPs to undergo that process, and more RPs will escape to form free radicals, increasing
the transient yield of radicals. This also corresponds to a decrease in the ground state
population, and hence a reduction in the fluorescence observed from S[FMN]*. The rate
of spin mixing, and consequently the effect of the applied magnetic field, can therefore be
monitored by observing the fluorescence intensity of FMN.%

The FMN-HEWL system is used as a model magnetoreceptor for a variety of reasons.
Firstly, the components are readily available and are rather inexpensive compared to
recombinant expression of cryptochrome. Secondly, the system is relatively robust against

degradation by light and heat, at least compared to cryptochromes, and in any case can
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Figure 3.5: ‘Bulk’ fluorescence experiment setup as described in the text.

simply be discarded and replaced if necessary. Thirdly, the radical pair (FMN and Trp) is
similar to that in cryptochrome (FAD and Trp).

Of course, the radical pairs in cryptochrome and FMN-HEWL do differ, primarily
in that cryptochrome forms an intramolecular radical pair,®® while FMN-HEWL is an
intermolecular system.”® Both the electron transfer characteristics (cryptochrome forming
a singlet born radical pair, FMN-HEWL being triplet born) and subsequent dynamics
(diffusion, relaxation, etc) will differ between the two systems.'9? However, despite these
differences, the use of FMN-HEWL as a model system both to investigate the magnetic

field response in crystals and for methodology development is well justified.

3.3 Fluorescence detected MFEs

As stated in Section 3.2.6, application of a magnetic field can affect the ground state pop-
ulation, and hence the fluorescence intensity, of FMN. This fact can be used to monitor
the magnetic field effect. The ‘bulk’ fluorescence experiment is shown in Figure 3.5. A
diode laser (Power Technology, 405 nm, 350 mW) is used to excite FMN, causing both the
formation of radical pairs as well as the FMN fluorescence. The beam is passed through
an adjustable neutral density filter to control the intensity. The sample solution is con-
tained within a flow-cell (Hellma, Quartz SUPRASIL, 130.427 QS), and is flowed using
a micropump (Bartels, mp6-pp, ~ 1 mLmin~!) to replenish the probed area with fresh
sample. Surrounding the sample cell is a pair of home-built Helmholtz coils, controlled by
a computer. The coils provide a cw magnetic field at strengths of up to 16 mT.

The fluorescence is collected (with an exposure delay of 0.1 s after field switching) by
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Figure 3.6: Magnetically altered reaction yield (MARY) curve for a triplet born radical
pair recombining from the singlet state only. The low field effect (Section 3.2.3) is ne-
glected here. Highlighted is By, the field at which the MFE is half its saturation value.

an achromatic doublet pair (including light reflected from behind the sample by a spherical
mirror, to improve the collection efficiency) after passing through a 475 nm long pass filter
to exclude scattered laser light. The collected fluorescence is then focussed onto the end
of an optical fibre, which is in turn coupled via a ball lens into the slits of a spectograph
(Andor Technology, Shamrock 303i). The spectograph disperses the light onto a CCD
camera (Andor Technology, Newton 920) which is used to measure the intensity of the
fluorescence at all visible wavelengths simultaneously. All experiments were carried out at
room temperature.

A typical experiment consists of a series of measurements with and without the applied
magnetic field. This series of ‘on’ (Bp) and ‘off’ (By = 0) measurements can be done
either at a fixed magnetic field, or varying the magnetic field. In either case, each ‘on’
measurement is compared to the interpolated value of the adjacent ‘off” measurements,

with the magnetic field effect being measured as

AIf(Bo) = I;(Bo) — I;(Bo = 0)

MFE(By) = <If(§olf:0)> x 100 (3.10)

where Aly is the ‘subtraction’ value, and the MFE is the percentage change in the fluo-
rescence intensity on application of the magnetic field.

If the MFE is measured as a function of the applied magnetic field strength, then
a curve such as the one in Figure 3.6 can be obtained. This is a ‘magnetically altered
reaction yield” or MARY curve. The magnitude of the MARY curve will increase with
increasing By as the T4 levels become increasingly energetically isolated, until they are

completely separated and the MFE becomes saturated. The width of the MARY curve is
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determined by the size of the hyperfine couplings and the relaxation of the radicals, and
can be characterised by the By /5 value, the magnetic field at which the MFE is half of the
saturation value. Weller et al. showed that the effective hyperfine field on an electron i is

given by!03

1/2
B; = (Z a2 I (I, + 1)) (3.11)
k

and that the By can be related to the hyperfine field for the two electrons by

2(Bf + B3)

3.12
B1 + By (312)

By =

Weller and coworkers found this equation in good agreement for experiments on Pyrene/N,N-
dimethylaniline. It is common, however, for exchange coupling and relaxation to broaden
the MARY curve such that B;/; exceeds the value predicted by the Weller formula.

The fluorescence experiment has the advantage of higher sensitivity over more typical
absorption techniques which monitor the radical concentration—magnetic field effects in
the FMN-HEWL system have been observed down to nanomolar FMN concentrations
using fluorescence.’® This increased sensitivity is somewhat offset by the fact that under
most conditions the radical population is rather small, so the (~ 10%) MFE on the radical
population translates to a smaller MFE on the ground state population as measured by

fluorescence (~ 1071 —107%%). The origin of this effect is discussed later in Section 3.7.1.

3.4 MFEs in protein crystals

In liquid samples, the isotropic orientation distribution and fast tumbling of both donor
and acceptor means that any anisotropic interactions will be averaged, and no anisotropic
MFE can be measured. In prior work, this problem has been solved using either polarised
laser beams to selectively photoexcite the molecules in a frozen glass (photoselection), or
using liquid crystals to force molecular alignment.%® For photoselection, the chromophores
are excited with a probability proportional to cos?f, where 6 is the angle between the
molecular transition dipole moment and the polarisation direction; a frozen solvent matrix
holds the molecules so that their spin dynamics then occur with a fixed angle relative to
the magnetic field. For the liquid crystal approach, the molecules are aligned within a
liquid crystal matrix so that their orientation is fixed. In both cases, the anisotropy of

the MFE can be monitored by changing the angle of the magnetic field relative to the
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orientation axis.

For protein systems, another practical solution might be to use crystallisation as a
method of aligning the molecules. This solution has the advantage of potentially providing
a high degree of alignment, depending on the space group of the crystal. For instance, in
P1, the only symmetry operations are translations, meaning that all molecules are aligned
in a particular direction.

To investigate the practicality of using crystallisation as a method of alignment, and
to investigate magnetic field effects within the crystal environment, HEWL crystals con-

taining FMN were grown.

3.5 Protein crystallisation

Proteins can be crystallised, just as small molecules or ionic salts can. There are, however,
several complications in macromolecular crystallisation that make the process different.

For all crystallisations the goal is to precipitate a crystalline form of the solid from
solution (or, from a melt or the gas phase). For, say, sodium chloride, this can be accom-
plished by saturating a volume of water with the salt, followed by cooling or evaporation
of the solvent in order to cause supersaturation and promote crystal growth. With salts,
this process can be relatively straightforward. However, for proteins, many combinations
of conditions will cause the protein to amorphously precipitate out of solution.

The crystallisation phase transition can be illustrated on a diagram such as that shown
in Figure 3.7. In this diagram, the two axes are protein concentration and precipitant con-
centration. Other experimental parameters, such as pH, temperature, etc, could also be
represented on the axes. In the undersaturation area, the protein is soluble and crys-
tallisation will not occur. In the supersaturation area precipitation will occur, and the
behaviour of the system can be further divided into three zones. Firstly, there is a precipi-
tation zone, where the protein is very supersaturated, and it will amorphously precipitate
out of solution. Secondly, there is a nucleation zone, at moderate supersaturation, where
a small number of molecules will come together to form clusters. If the nucleus is too
small, then it will simply redissolve, but under the correct conditions stable nuclei with
the molecules arranged in an ordered structure will form. Finally, at low supersaturation
there is a ‘metastable zone’, where crystal growth, but not nucleation, will occur.

Crystallisation occurs in two steps. The first is nucleation, when an ordered cluster

of molecules forms. This defines the structure of the subsequent crystal. The second step
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Figure 3.7: Protein crystallisation phase diagram, showing points where the protein
is soluble, (a), and where nucleation, (b), and crystal growth, (c), are occurring. The
dotted line shows a path along which the system might move if the solvent is allowed to
evaporate.

is crystal growth; the nuclei grow in an ordered manner to form macroscopic crystals. In
order for this to occur, the system must move across the phase diagram in a suitable path,
as shown in Figure 3.7 for example.

The system can be moved along this path in a number of different ways, with perhaps
the most common method being evaporation of the solvent. Along this path, the system
starts in the undersaturation zone, at point (a). Here both the protein and precipitant
concentrations are such that the protein is soluble. As the solvent evaporates, the protein
and precipitant concentrations will both rise, moving the system through the metastable
zone and into the nucleation zone. At point (b) nuclei will form, and growth follows. As the
crystals grow, the protein concentration will drop, moving the system into the metastable
zone towards point (c), where crystal growth will continue, but nucleation will cease.

If the path taken across the phase diagram moves through the precipitation zone,
then the protein will amorphously precipitate instead of forming crystals. Additionally, if
the system spends too long in the nucleation zone, then a large number of nuclei will be
formed, and the experiment will not produce large, high quality crystals. Careful control
of all experimental parameters is therefore crucial to obtain the best crystals (or, indeed,

crystals at all).
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3.5.1 Crystallisation methods

Crystallisation can be promoted in a number of ways. These include:!%4

Batch and microbatch In the batch method the sample is mixed with precipitant
and other additives such that a supersaturated solution is created, and sealed in a small vial
before being left to crystallise. The microbatch method uses a small droplet of the solution
immersed in an inert oil drop, preventing evaporation. In both methods nucleation occurs
when the protein and precipitant solutions are first mixed, with the final mixture being
in the metastable zone, where crystal growth can occur. The only movement across the

phase diagram is due to the reduction in protein concentration caused by crystal growth.

Dialysis The dialysis method uses diffusion of the precipitant molecule through a
semi-permeable membrane to increase the precipitant concentration and move the system
into the supersaturation zone. This can be carried out either using dialysis tubes, or using
a ‘Cambridge button’, where a small (5-100 pL) drop is placed on top of the button,
and covered with dialysis membrane; the button can then be placed into the precipitant

solution.

Free interface diffusion This method involves layering precipitant solution on top
of the protein solution in a narrow capillary, which is then sealed with wax. At the bound-
ary between the solutions there is a region of high supersaturation where nucleation is
promoted. The system moves into the metastable zone as the solutions mix. This method
can also be carried out by connecting droplets of protein and precipitant solution using a

needle to form a ‘liquid bridge’.

Hanging drop vapour diffusion This method controls the protein and precipitant
concentrations by allowing diffusion of the solvent out of a droplet. A ‘well’ is prepared
containing precipitant solution. A droplet containing the protein and a lower concentration
of precipitant (typically half that in the well) is placed on a siliconized glass cover slip
that is then inverted and sealed over the well. Solvent molecules will then diffuse out
of the droplet, into the well, in order to equalise the precipitant concentrations. The
evaporation of solvent from the droplet raises the protein and precipitant concentrations,
moving the system into the supersaturation zone and promoting crystallisation. Variants

of this method include ‘sitting drop’, where the droplet is placed on a small bridge inside
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the well, and ‘sandwich drop’, where the droplet is placed between two cover slips, one of

which seals the well.

In the experiments in this thesis the hanging drop vapour diffusion method was chosen
for a number of reasons. Firstly, the technique is relatively simple, and the conditions for
crystallising HEWL by this method are well studied.'® Secondly, the crystals are grown on
a glass coverslip, which can be used directly in microscope experiments, instead of having

to transfer the crystal onto a slide. This greatly simplifies the handling of the crystals.

3.5.2 Crystallisation protocol

The crystals used in this thesis were grown using the following protocol. Crystallisation
was carried out using 24 well pregreased Linbro plates (Crystalgen Superclear) by the

hanging drop method. Solutions were prepared to the following recipes.

Stock solutions of 2.5 M NaCl, 500 mM NaOAc buffer at pH 3.8 to 4.4, and 2.5, 5,
and 7.5 mM FMN were prepared, filtered through 0.2 pm syringe filters, and stored at

—20°C in sterile falcon tubes.

Well solutions consisting of 100 mMm NaOAc buffer at pH 3.8 to 4.4 and 0.7 to 1.2
mM NaCl were made up in-situ in the wells using the stock solutions and deionised, sterile-
filtered water. pH and [NaCl] gradients could be set up on the two axes of the plates to

screen these conditions.

Droplet solutions of 100 mM NaOAc buffer at pH 3.8 to 4.4, 20 to 50 mgmL ™!
HEWL, and 0.01 to 5 mM FMN were made up using the stock solutions and deionised,
sterile-filtered water. [HEWL] and [FMN] gradients could be set up on the two axes of the

plates to screen these conditions.

Droplets were pipetted out onto circular siliconised glass cover slips (Jena Bioscience
GmbH), 1 pL of well solution mixed in situ with 1 pL of droplet solution. Typically three
droplets were deposited per cover slip. The slips were inverted and sealed over the matching
well, and the plates were placed in the dark at room temperature. Plates were checked
periodically, and crystals were usually observed to grow to a few hundred microns across
within a few days.

The crystals ranged from pale to strong yellow in colour, depending on the concen-
tration of FMN in the droplet. Representative crystals both with and without FMN were

measured by X-ray crystallography by Dr Steven Johnson. The crystals were in the space
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group P432,2 with lattice parameters a = b = 78.4 A, ¢ = 37.1 A. Checks for crystal
pathologies showed no unusual statistics, ruling out twinning, anisotropy, data incom-
pleteness or other pathologies. The resolution was between 1 and 1.5 A. For the crystals

containing FMN, there was no evidence of ordered FMN in the crystals from the X-ray

data.106

3.6 Confocal microscopy

Typical protein crystals are a few hundred microns across, meaning that they can be
difficult to handle. Furthermore, protein crystals are typically ~ 40% solvent,'%7 and are
extremely fragile. Crystal handling is greatly simplified if the crystals need not be removed
from their mother liquor. This would, however, complicate a fluorescence experiment as
described in Section 3.3, as the laser beam would excite fluorophore in the mother liquor,
making the obtained data a convolution of fluorescence from both crystal and solution.

A better experiment is to exploit the spatial resolution of a confocal microscope in
order to probe only a small volume of crystal. This ensures that the measurement is of
the MFE inside the crystal, and not that of the surrounding solution.

Laser scanning confocal microscopy (LSCM) is a fluorescence microscopy technique
characterised by the use of a pinhole placed in front of the detector, in the focal plane, in
order to obtain good depth resolution and contrast.

The instrument works as shown in Figure 3.8. A laser beam is reflected from a dichromic
mirror before passing through the objective. The light is focussed by the objective to a
diffraction limited spot in the sample, typically 0.25 to 0.8 pm in diameter. This spot
can be scanned across the focal plane in a raster pattern by adjusting mirrors within the
microscope.

The light is absorbed by fluorophores in the sample, and re-emitted as fluorescence,
which is collected by the objective. Although the laser has been focussed to a spot in the
focal plane, fluorescence is also emitted by molecules above and below the focal plane.
The fluorescence has a longer wavelength than the laser, so passes through the dichromic
mirror, through a 475 nm long-pass filter (which removes scattered laser light), towards
the detector, normally a photomultiplier tube.

In front of the detector is a pinhole. The pinhole is in the same focal plane as the focus
of the objective, so fluorescence emitted from molecules in the focal plane passes through

the pinhole. Light emitted from above and below the focal plane is not focussed to this
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Figure 3.8: Simplified scheme for a laser scanning confocal microscope. Beam paths
of the laser (blue) and fluorescence (red) are only partially shown for clarity. Off focal-
plane fluorescence (yellow) is mostly rejected by the pinhole.

point, so is mostly excluded.

In this way a focal plane of very thin section (pm) can be chosen by moving the
objective in the z-axis, and the image can be built by scanning the laser across the sample
(in z and y). The resolution in the z-axis can be controlled with the size of the pinhole,
a smaller pinhole being more selective as to the light it rejects, and therefore the z-axis
resolution. 3D images can be built up by scanning a series of focal planes and assembling
the resulting images.

The experiments presented here were performed using a Zeiss LSM5 laser scanning
confocal microscope. The laser was a 25 mW Argon laser operating at 458 nm, which
could be varied in power from 0.2 to 100% of the maximum power. All experiments were

performed at room temperature.

3.6.1 MFE detection by confocal microscopy

Confocal microscopy can be used to detect magnetic field effects by monitoring the fluores-
cence intensity as a function of magnetic field, just as in the ‘bulk’ experiment described
in Section 3.3.

For liquid samples, a flow cell can be used to ensure rapid replenishment of the sam-
pled volume, minimising the effect of photobleaching. The MFE can be calculated by

interpolating adjacent ‘off” data points over each ‘on’ point, and calculating the MFE us-
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ing Equation 3.10. This can be done using linear interpolation since the flowing sample
ensures that that the photobleaching of the sample is minimised, with the bleached sample
being replaced continually by flow.

However, for protein crystals the same section of sample must be probed repeatedly in
order to compare the response with and without the magnetic field. The act of probing the
sample causes the fluorescence intensity to change (via photobleaching), so it is not possible
to simply compare I;(By = 0) and I¢(By). Instead the modulation of the fluorescence
intensity by the magnetic field is superimposed on a decaying signal, and the two must be

deconvoluted to find the pure magnetic field-response signal.
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Figure 3.9: Fluorescence intensity time trace collected by confocal microscopy. The
steps in Iy are caused by changing magnetic field. Note that Iy falls by half during the
experiment, making extraction of the MFE difficult.

A typical confocal measurement of a HEWL crystal containing FMN is shown in Figure
3.9. The crystallisation conditions here were 2 mmM HEWL, 1.6 mMm FMN, 1 M NaCl, 0.1
M NaOAc buffer at pH 4.8. By was 17 mT for the measurement. The mean fluorescence
intensity value for the entire image is plotted against time, with the magnetic field being
modulated ‘on’ and ‘off” for 50 frames each (~7 s). The whole trace is the convolution of
the magnetic field step function with an unknown, non-exponential decay due to photo-
bleaching, which makes any attempt to fit the decay and extract the MFE modulation
difficult.
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However, over two adjacent ‘off” steps, I7(By = 0) can be fitted to good residual using
a double exponential function, as shown in Figure 3.10 (the ‘off” steps, shown in red, are
fitted to give the black line.) This function can then be interpolated to find the expected
value of I;(Bg = 0) at intervening times. The data from the ‘on’ step (shown in blue) can

then be used to calculate the MFE, defined as

MFE(By) = <If (B‘};(jgolfi%‘)’ ﬁ:t)o’ﬁt)> x 100 (3.13)

An example result is shown in Figure 3.11, with the ~ —1.6% field effect being clearly
visible. This process can be repeated for each ‘on’ step, with the standard deviation or
standard error of the MFE being calculable for each ‘on’ step.

Towards the end of the experiment, photobleaching has caused the mean fluorescence
intensity to fall to less than half of the initial value. The decrease in the signal to noise ratio
can interfere with the fitting process. In this case, the fitting procedure can be rejected as
no longer suitable when the R? drops below a certain level, chosen here to be 0.95.

The experiments performed herein used a set of home-built Helmholtz coils that could
provide magnetic fields up to 17 mT. The magnetic field strength was varied between 0
and 17 mT in a square wave function (period = 14.78 s, duty cycle = 50%) using a function

generator (Rigol DG1022).

3.6.2 Fluorescence recovery after photobleaching

The spatial control of the confocal microscope can also be used to perform experiments
to measure the diffusion taking place in the sample.

Fluorescence recovery after photobleaching (FRAP) uses a high power laser beam to
photobleach an area of the sample, and the recovery of the fluorescence intensity is then

monitored as non-photobleached molecules diffuse into the bleached area. This experiment

108 09

can be performed in a number of different ways;'%® the approach taken here is as follows.!

Firstly, a square shaped area, smaller than the total view of the microscope, is bleached
using the full power of the laser (25 mW nominal, 0.786 s per scan). This is done by
repeatedly scanning (50 iterations) the same area until a large proportion of the molecules
have been bleached. The laser is then drastically reduced in power (1 mW nominal, 0.8181 s
per scan), and used to monitor the fluorescence intensity over the entire field of view. Over

time, non-bleached molecules will diffuse into the bleached area and vice versa.

The image immediately after this bleaching process is as shown in Figure 3.12, left.
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Figure 3.10: The fluorescence intensity at zero field (I;(Bo = 0)) is fitted using a dou-
ble exponential function. The expected value of Is(By = 0) during the intervening field-
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on step can thus be interpolated, and MFFE calculated.
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Figure 3.11: %MFE as calculated using the fitting procedure above. The intermediate-
valued points at ~ 46 and 61 s are due to the field switching during a frame. The field
s not capable of being synchronised to the microscope, so some intermediate points are
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Figure 3.12: FRAP experiment, showing bleached area, left, and (1) at various times
after the bleach, right. The diffusion constant, D, can be extracted by fitting the shape of
the bleached area. Note that, over time, the intensity of the non-bleached area is reduced
due to photobleaching by the laser.

The bleached area is clearly visible as the black square at centre. In order to analyse the
diffusion, the mean intensity is taken for a section in the y direction, in this case from
y = 17 to 37 nm, and plotted against x. This is shown in Figure 3.12, right, for various
times after the bleach. Over time the fluorescence in the bleached area recovers towards
that of the non-bleached area. The intensity profile around the edges of the bleached area
can be described in the following way.

Firstly, the probability of finding a fluorescent particle at position x at time ¢, given

an initial position xg, is

1 (x — 0)?
,t) = - 3.14
P 20,8) =\ oy P ( ADt (3.14)
where D is the diffusion coefficient. The position axis is then divided into two sections
about the edge of the bleached region, one from & = —oo to 0, which contains the un-
bleached section, the other and from x = 0 to co which contains the bleached section.
The probability of finding a fluorescent particle at position z, independent of its starting

position xg, is

p(x,t) = /Ooo p(x, xo,t)dzy = % (1 —erf [%}) (3.15)

where erf(z) is the error function. This expression is simply equal to the normalised inten-
sity profile around the edge of the bleached region. In practice, the finite width of the laser

beam causes a deviation from the above formula, with the normalised intensity profile
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Figure 3.13: Fitting of edge of the bleached region using Equation 3.16. Plotting the
width parameter, C, against t allows extraction of the diffusion constant, D.

instead being given by

I(z) = % (1 —erf {%})
C=Dt+b (3.16)

where b is a broadening parameter related to the half width of the laser beam. The pa-
rameter C' can be found for each time ¢ by taking the intensity profiles shown in Figure
3.12, normalising and fitting them around each edge using Equation 3.16 (an example fit
is shown in Figure 3.13). Plotting C' against ¢ then allows a determination of the diffusion

coefficient D.

3.7 Results

3.7.1 Laser power dependence for HEWL crystals

For cw illumination, the magnetic field effect is dependent on the power density of the
excitation source. This is not due to a direct effect on the spin-mixing process, but can
be understood by considering how the pumping rate affects the proportion of FMN in the
radical state.

A higher power density leads to faster formation of SFMN*, with more RP subsequently
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being formed:
SFMN 2% SpMN* A1, TRy N+ % T[FMN™ Trp™*] (3.17)
Jr

A larger proportion of FMN-HEWL therefore undergoes magnetic field-dependent spin
mixing, and hence becomes trapped in the radical state. This leads to a smaller ground
state population. Now, application of a magnetic field causes a fractional increase in the
(larger) absolute radical population and corresponding (larger) absolute decrease in ground
state population. The percentage decrease in the ground state population is therefore larger
at higher pumping rates.

This effect is shown numerically in Table 3.3. For a total population of 100 FMN
molecules, and a 5% change in radical population on application of a magnetic field (in-
dependent of pumping rate), the observed MFE on the ground state population increases
from —1.25% to —3.33% when the radical population is doubled by, say, increasing the

pumping rate.

Low pumping rate High pumping rate
By=0| By#0 By=0| By #0

Nrad 20 21 Nyrad 40 42

Ngs 80 79 Ngs 60 58

MFE = 1289 5 100 = —1.25% MFE = &89 » 100 = —3.33%

Table 3.3: Calculation showing how a larger radical population, ny.q, caused by a higher
pumping rate, can serve to increase the size of the observed magnetic field effect on the
ground state population, ngs, for a fized percentage change on the radical population (5%
here).

The magnetic field effect for crystals grown with 1 mM FMN is shown in Figure 3.14.
The magnitude of the MFE increases with increasing laser power as expected; higher laser
power leads to a larger radical population, and hence a greater change in the ground state
population on application of the magnetic field.

In Figure 3.14, it appears that the magnitude of the MFE will not continue to rise
indefinitely, but will stabilise somewhere around —4%. This is most likely due to increas-
ingly fast recombination of free radicals, the rate of which, in the limit of kox = Kkyed,
goes with the free radical concentration squared (Equation 3.19). This causes increasingly

fast repopulation of the ground state at higher laser powers, balancing the rising radical
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Figure 3.14: Laser power dependence of the magnetic field effect for a« HEWL crystal
(8.5 mMm HEWL, 1 mMm FMN, 1 M NaCl, 0.1 M NaOAc buffer, pH 4.4). The laser power
is plotted as direct output from the laser, before the objective; some loss of power will
necessarily occur through the objective and other optics. The wavelength of the laser was

458 nm, scan time 147.8 ms per frame. Error bars show the standard deviation of the
calculated MFE.

population:

FMN; + Trpih, 2ecomy FMN + Trp (3.18)

free

Rate = kyecom[FMNj | [Trpit, ]

~ krecom[FMN;. ]2 (3.19)

free

As is often the case, there is the temptation here to work at the highest possible laser
power, both to maximise the MFE and the fluorescence intensity. However, as can be seen
from the figure, the signal to noise ratio actually becomes significantly worse at higher laser
powers. This is due to the fact that photobleaching of the sample becomes increasingly
strong at high laser powers, both reducing the measured fluorescence, and making fitting
of the data more difficult. A balance must therefore be struck between the various factors.

The power density of the pump laser is perhaps the most crucial difference between
the bulk and confocal experiments, when performed on identical solutions. Although both
experiments use a nominally similar laser power (25 mW for confocal, 350 mW for bulk)

the power density is vastly different due to the area over which the laser is focussed. For the
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bulk experiment, the area is approximately 5 mm?, giving a power density of 70 mW mm 2.

The confocal experiment focusses the beam to an area of a few square microns, with an
estimated power density of 100 kW mm~2, six orders of magnitude higher. There will
hence most likely be a dramatic difference in the size fluorescence-detected field effects as

discussed above.

3.7.2 Solution phase concentration dependence

A comparison of the results from the ‘bulk’ and confocal experiments using solution phase
samples was carried out in order to ensure that behaviour observed for the crystals was
due to the samples themselves, and not some quirk of the confocal experiment. To this
end, presented here are comparisons of the MFE as measured by ‘bulk’ (Section 3.3) and
confocal (Section 3.6.1) experiments, studying the effect of FMN and HEWL concentra-
tion.

The size of the magnetic field effect within a given experiment setup will depend on the
concentrations of donor and acceptor. This effect acts partly through the rate of electron
transfer, which will depend on the amount of HEWL in solution: a higher concentration of
HEWL relative to FMN allows electron transfer to compete more effectively with pathways
which return TFMN* to the ground state (quenching by oxygen, reverse ISC, or triplet-

triplet annihilation, for instance®®):

kq, kiscr, k
@ A8 T TRppIN' BT TIFMNT Trp ] (320)
+HEWL

FMN

More subtly, the MFE will also depend on the concentration of FMN since the rate
of return to the ground state by pairs of FMN and HEWL free radicals (Kkyecom), in the
limit of kox = kred, depends on the free radical concentration squared (Equations 3.18 and
3.19). A high concentration of FMN therefore increases the rate of return to the ground
state, and hence decreases the magnetic field effect on that state.

The dependence of the magnetic field effect on FMN concentration is shown in Figure
3.15 for both bulk and confocal experiments. All experiments were performed with 1.5 mM
HEWL, with the trend clearly the same for both experiments; the magnetic field effect
decreases with increasing FMN concentrations, as expected from the above discussion.

The magnetic field effect is approximately ten times higher for the confocal experiment
compared to the bulk fluorescence. This is due to the higher power density of the confocal

beam, as discussed in Section 3.7.1.
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Figure 3.15: Magnetic field effect plotted against [FMN] for both bulk fluorescence and
confocal experiments. The magnitude of the MFE decreases with increasing [FMN] due
to the increasingly fast recombination of free radicals. The solutions also contained 1.4
mM HEWL, 0.1 M NaOAc at pH 4.2, 50% v/v glycerol.
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Figure 3.16: Magnetic field effect plotted against [HEWL] for bulk fluorescence and
confocal experiments. At low concentrations the MFE is limited by the availability of
donor tryptophan residues. The solutions also contained 100 uyM FMN, 0.1 M NaOAc

at pH 4.2, 50% v/v glycerol.

88



The dependence of MFE on HEWL concentration is also similar for both experiments
(Figure 3.16). The magnitude of the MFE is also approximately ten times higher for the
confocal experiment, and a similar trend is seen. Here the MFE reaches a peak at around
1.5 mm HEWL ([FMN] = 100 pM for all experiments). At low HEWL concentration, the
rate of formation of radical pairs is limited by available donor tryptophans, reducing the
MFE. Above 1.5 mM the MFE decreases slightly. One explanation for this trend is that
the rate of formation of singlet radical pair from the singlet excited state (kgT,s) increases

relative to intersystem crossing as the the donor concentration is increased:

SIFMN™ Trp*] «—E5S_ SpyN* M50, TRyN® —FET Ly TIpyN- Tep ] (3.21)
+HEWL +HEWL
d[SFMN*
[dt] = —kprs[PFMN*][HEWL] — krsc[SFMN*| (3.22)

These singlet radical pairs show the opposite sign MFE to triplet born ones, and hence
decrease the apparent magnitude of the MFE. This effect has been observed with FMN
in unpublished data by Evans, who could observe the sign of the MFE changing from
negative (triplet born) to postive (singlet born) as the donor (ascorbic acid) concentration
was increased.!1?

In this analysis, some of the more complex photochemistry, such as the production
of lumichrome and disproportionation reaction has been neglected. In recently published
work by Evans and coworkers, it was suggested that these effects can indeed be ignored
if the sample is flowed.”® Evans does, however, note that ‘these processes are expected

to impact the viability of the two-state model ... in determining flavin populations from

MARY experiments obtained by prompt fluorescence’.

3.7.3 MFEs in crystals

Hen egg white lysozyme crystals were produced using the protocol described in Section
3.5.2. The crystals varied in size, but were typically between 50 and a few hundred mi-
crons across. The crystals were observed to be more fluorescent than the surrounding
solutions at all concentrations below 3.5 mM FMN (droplet concentration), above which
the fluorescence intensity was comparable. This suggests that, given the quantum yield of
fluorescence would be expected to decrease inside the crystal due to the higher concentra-
tion of available electron donors, FMN must be accumulating inside the crystals.

The concentration of FMN used in the droplet solutions for crystal growth was varied
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between 0.01 and 5 mM. Over this range, the MFE varied between —1 and —3%, with no
clear trend of the MFE on the concentration of FMN being discernible. The MFE also
varied between —1 and —3% between different crystals grown under the same conditions,
and between different points in each crystal when the position of the crystal or focal plane
was moved.

For experiments where the crystal was not moved between measurements, the MFE
was found to be consistent over the field of view. This would suggest that either a) the
magnetic field effect depends strongly on structural effects not visible in this experiment
(across distances greater than 50 pm), or b) other factors, such as the depth of the focal
plane inside the crystal or the structure of the crystal lying between the objective and the
focal plane, affect the size of the observed MFE. This variation of the MFE at different
points in a crystal may be due to differences in the laser power reaching the focal plane.
If the crystal is positioned such that the laser must pass through a large depth of crystal
before reaching the focal plane, then scattering or absorption of the laser before it reaches
the focal plane will cause a decrease in the effective laser power at the detected region,
and hence a corresponding decrease in the MFE. This effect will vary depending on the

specific orientation of the crystal and the chosen focal plane.

3.7.4 Spatially resolved MFEs

While the magnitude of the magnetic field effect varies between different crystals, making
quantitative comparisons difficult, it is possible to compare the size of the MFE in different
parts of the image, say between the crystal and the surrounding solution.

Figure 3.17 shows the intensity profile at the edge of the crystal at various times
after the start of the experiment. The drastic photobleaching inside the crystal can be
observed, with the fluorescence intensity within the crystal dropping to a third of the initial
value after 15 seconds of illumination. Notable is the relatively small drop in fluorescence
from the solution; the rapid diffusion of FMN means that the bleached fluorophores are
exchanged with non-bleached molecules quickly. This was confirmed by FRAP experiments
on FMN-HEWL solutions, where the bleached area was completely replenished before the
first measurement frame could be scanned.

The higher fluorescence intensity at the crystal-solution interface, and at the left-hand
edge of the frame can also be attributed to diffusion, the replenishment of bleached FMN

in these areas being faster than in the centre of the observed region of the crystal. The
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Figure 3.17: (I;) plotted against position across the frame for various times. The crys-
tal extends from x = 0 to ~ 33 nm, and the solution from x =~ 33 to 50 pm. Note
the dramatic photobleaching of the crystal, and the higher fluorescence intensity at the
crystal’s edge (~ 33 pym) and frame edge (0 pm) relative to the centre of the crystal.

exchange of bleached and unbleached FMN at the crystal-solution interface is faster than
at the edge of the frame due to constant replenishment of the solution at the interface by
fast diffusion. This can be seen in Figure 3.19, where an area of the crystal was bleached
in order to observe the diffusion; recovery of the fluorescence is faster from the edges of
the crystal than from the boundary between bleached and non-bleached areas inside the
crystal.

The difference in brightness at the crystal-solution interface could also be attributed to
a difference in the scattering of the laser in this region. If the crystal solution interface were
sloped slightly, and not precisely parallel to the z-direction, then the laser power density
could be slightly higher at the interface than in the bulk of the crystal. However, the fact
that the photobleaching is less intense at the interface, and the fact that the fluorescence
intensity is also higher at the left-hand edge of the frame (where there is unlikely to be
some structural feature that produces this effect), suggests that this is not the case.

The MFE can be resolved spatially with respect to the position x, as shown in Figure
3.18. Firstly, the MFE is —0.17 4+ 0.07% in the solution. This is in line with the solution-
phase data in Section 3.7.2 for an FMN concentration of 1 mM.

The MFE is approximately —3% in the crystal, much higher than the solution MFE,
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Figure 3.18: Top: (Iy) att = 5.9 s, as also shown in Figure 3.17. %MFE for the data
in Figure 3.17, plotted with respect to position, x. The magnitude of the MFFE is much

lower in solution than in the crystal, and the MFFE is also lower at the edge of the crys-
tal and frame.
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Solution

Bleached area

Figure 3.19: Bleached area showing faster diffusion of FMN into the crystal from so-

lution than from inside the crystal itself. a) Pre-bleach, b) t = 0 after bleach, ¢) t = 90
s, d) t = 180 s. The blue arrows in d) demonstrate the direction of diffusion from the

surrounding solution, the red arrow from inside the crystal.

despite the fact that the FMN concentration is higher in the crystal than in the solution,
which would be expected to decrease the magnitude of the MFE. Also noticeable is the
fact that, within the crystal, the MFE is lower at the crystal-solution interface and at the
left-hand edge of the frame where the fluorescence intensity is higher.

This result can be explained by considering the diffusion of FMN through the crystal.
Bleached FMN can be more rapidly replenished at the edge of the crystal and of the
frame, making the fluorescence intensity higher here. At the same time, FMN radicals
can also diffuse out of these regions relatively quickly, and are replaced by ground state
FMN molecules, effectively adding an additional return pathway to the ground state and
reducing the concentration of trapped radical, and hence the MFE.

At the centre of the crystal region probed, relatively slow diffusion of the FMN will
mean that the population of trapped radicals remains higher than at the edges, and the

population of fluorescent FMN is lower, raising the MFE. The slower replenishment of
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bleached FMN in this region also means that the effective FMN concentration is lower,
which would be expected to increase the size of the MFE (in line with what is observed
in solution.)

Another possible explanation of the observed behaviour is that reoxidation of free FMN
radicals by molecular oxygen is responsible for the observed effect: Os inside the crystal
is consumed rapidly on illumination, and diffusion of Oy from the crystal edges increases
the rate of this return pathway to the ground state, and hence reduces the MFE. This is
unlikely however; the diffusion constant for molecular oxygen in protein crystals is likely
similar to other small molecules, such as water, which has been found to have a diffusion
constant of around 107'® m? s~ This value is similar to that for fluorescein in bulk
water.!12 113 Given that the diffusion of FMN was too fast to be observed in the solutions
measured here, the diffusion of molecular oxygen in the protein crystal is also likely too

fast to explain the observed effect.

3.7.5 Diffusion in lysozyme crystals

As discussed in Sections 3.7.3 and 3.7.4, the diffusion of FMN through the protein matrix
is important in determining the size of the magnetic field effect. Cvetkovic et al. have
studied the diffusion of fluorescein in HEWL crystals, with effective diffusion coefficients of
between 6 and 120 x 10715 m?s~! being observed depending on the crystal morphology.'
This is three to five orders of magnitude slower than that reported for water molecules in
tetragonal HEWL crystals,''! and for fluorescein in water.''? 113 Interestingly, the diffusion
is anisotropic (described by a tensor, rather than a scalar coefficient), since the pores in
the crystal through which molecules can pass are anisotropic.

In order to gather further evidence about whether the differences between magnetic
field effects measured in crystals and in solution can be ascribed to the diffusion character-
istics of each system, the diffusion coefficient of FMN in tetragonal HEWL crystals using
FRAP was measured.

A square was bleached in the crystal using 50 iterations at 35 mW nominal laser power.
The fluorescence intensity was then monitored over 400 s using 1.4 mW laser power. This
is shown in Figure 3.20, along with the mean intensity over y = 17 to 37 pm against x
position for various times.

The intensity profiles were then processed according to the procedure outlined in Sec-

tion 3.6.2. This was carried out for all four edges of the square. In principle, if the ori-
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Figure 3.20: Left: bleached area inside the protein crystal. Right: (Iy) plotted against
position, x. The bleached area recovers over time to the average fluorescence. Note the
minor amount of bleaching of the whole image over the experiment.

entation of the crystal is known then the experiment could be arranged such that two of
the components of the diffusion tensor could be measured using the adjacent sides of the
square. However, lacking the ability to finely manipulate the position of the crystal within
this experiment, this could not be achieved here, and the measured constants are effective
coefficients for this particular orientation.

Figure 3.21 shows the plots of C' against ¢ (Equation 3.16). Fitting straight lines to the
points allows extraction of D for the four edges. Note that the plots deviate from a straight
line after approximately 200 s, and that the scatter of the points increases. In principle C'
should continue to increase without limit. However, photobleaching of the FMN continues
even at the lower laser power. Furthermore, in this case the fluorescence of the bleached
area does not recover to its pre-bleached value, even over the course of hours. The value
of C' does not therefore continue to increase linearly as expected. This fact indicates that
either the crystal is somehow damaged by the laser, changing the properties and reducing
the equilibrium concentration of FMN, or that some of the FMN is bound to the crystal
and is not replaced by diffusion. The increased scatter in C' after 200 s is due to the
fact that the contrast between bleached and non-bleached area decreases with time as the
fluorophore diffuses, reducing the accuracy of the fit.

The four measured values of D are listed in Table 3.4, with an average value of 25.4 x
107" m?s!, broadly in line with that reported for fluorescein. These data suggest that
the diffusion of FMN can account for at least some of the increase in the magnitude of

the MFE observed in FMN-doped lysozyme crystals, as well as the spatial variation of the
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Figure 3.21: Plots of C against t from fitting the four sides (clockwise from top left:
left, right, bottom, and top) of the bleached area using Equation 3.16. The gradient of
the fitted lines gives D, the diffusion coefficient.

Edge ‘ D /1071 m2s7!

Left 24.0
Right 26.2
Top 24.5
Bottom 27.0

Table 3.4: Diffusion constants measured from the four sides of the square bleached in
Figure 3.20
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MFE observed at the crystal-solution interface.

3.8 Conclusions and future directions

The experiments presented here demonstrate that magnetic field effects in solution and in
protein crystals can be studied using confocal microscopy. MFE experiments performed on
identical solutions using confocal detection and conventional bulk-fluorescence show that,
although the magnitude of the magnetic field effect was approximately ten times higher
for confocal detection due to the higher power density of the microscope, similar trends
with FMN and HEWL concentration occur in both experiments.

Hen egg white lysozyme was crystallised in the presence of FMN; the yellow colour
and fluorescence of the crystals indicated that FMN was contained within, although no
ordering of the FMN could be observed by X-ray crystallography. The crystals were found
to be in the space group P432,2, with no crystal pathologies.

The high power density of the laser in the confocal microscope experiment resulted
in significant photobleaching of FMN. This could be mitigated by flowing the solution
phase sample, but was unavoidable for the crystals, the MFE experiment traces being a
convolution of the MFE step function with a non-exponential decay. A fitting procedure
was therefore devised in order to obtain reliable measurements of the MFE.

In the HEWL crystals containing FMN, the magnitude of the magnetic field effect was
observed to increase with increasing laser power, attributed to the decreasing ground state
population. This effect is counterbalanced at the highest laser powers by increased free
radical recombination. The MFE was typically observed to be between —1 and —3% for
crystals grown with 0.01 to 5 mM FMN. Although the MFE was consistent for a given
crystal position, it was observed to vary for different crystals grown in the same droplet, or
for different places in the same crystal. This discrepancy is most likely due to the variation
of effective laser power density with focal plane due to scattering or absorption.

A magnetic field effect could be observed simultaneously in solution and in the crystal,
and the MFE could be resolved with respect to position. It was found to be slightly lower
at the edge of the crystal, and at the edge of the frame. This effect can be explained
with reference to the diffusion of FMN through the crystal: faster replacement of bleached
with non-bleached FMN at the edges contributes an additional return path to the ground
state, which reduces the size of the MFE. The diffusion constant for FMN through HEWL

2

crystals was measured by FRAP and found to be ~ 25 x 10715 m2s™!, three to five orders
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of magnitude slower than in solution. The relatively slow replacement of bleached and free
radical FMN by ground state FMN by diffusion likely accounts for at least some of the
difference observed between the crystals and surrounding solutions.

Further work could extend this technique to a range of other systems, including crystals

1 116

of other molecules of interest, such as riboflavin''® or lumiflavin.
In addition, the ability to monitor the diffusion of fluorophores by FRAP is a potentially
powerful way to investigate the effect of diffusion on magnetically-sensitive systems.
Although no evidence of ordered FMN could be observed in HEWL crystals by X-ray
crystallography, confocal microscopy is potentially a powerful way to measure anisotropic
MFEs in protein systems. For cryptochromes, the fixed position of the FAD cofactor
within the protein allows its orientation to be controlled by crystallisation of the protein;

crystallisation may therefore allow measurement of anisotropic magnetic field effects in

these systems, a tantalising possibility.
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Chapter 4

Evanescent-wave broadband cavity

enhanced absorption spectroscopy

4.1 Optical spectroscopy methods

Ultraviolet-visible absorption spectroscopy is one of the fundamental spectroscopic tech-
niques. Probing electronic transitions, it is used for a variety of purposes ranging from
simple quantitative determination® to monitoring ultrafast kinetics.'!”

The basic principle of direct absorption spectroscopy is that the sample of interest can
be studied by monitoring a change in the absorption of light, either between the presence
and absence of the sample, or by some change that occurs to the sample (chemical reaction,

adsorption, photoexcitation, etc.) A huge variety of techniques has been developed around

this principle; the ones most relevant to the work in this thesis are as follows.

4.1.1 UV /vis spectroscopy

The most basic of the techniques presented here, UV /vis spectroscopy at its most sim-
ple uses a broad-band light source, typically an arc lamp. Light is passed through the
sample before being dispersed by a monochromator and measured by a detector, often a
photomultiplier tube or photodiode. The ratio of the light intensity in the presence and
absence of the sample at each wavelength gives the absorbance, and can, for instance, be
used to calculate the concentration of the sample using the Beer-Lambert law (Equation
1.32). A more sophisticated experiment might monitor the change in absorbance with

time, following the kinetics of a reaction in real time.
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4.1.2 Multipass spectroscopy

For a sample with either a small extinction coefficient or low concentration, the absorbance
may be very small; in this case, depending on the inherent noise of the instrument, the
absorbance may fall below the limit of detection. A simple solution to this problem would
be to increase the path length; this, however, requires a larger volume of sample. In cases
where this would be difficult, expensive, or impossible to obtain, an alternative approach
is required. One such approach is to increase the effective path length by passing the light
through the sample multiple times, typically using reflective mirrors. For a number of

passes, n, the Beer-Lambert law then becomes
I(\) = Ig(A\)10~Went (4.1)

and, for a fixed minimum detectable change in /1, the limit on measurable concentration
is n times lower. Many different mirror geometries have been considered, the most common

being as follows, and as shown in Figure 4.1.

Pfund cell A Pfund cell''® uses two spherical mirrors, each with the same radius of
curvature and a hole bored into the centre. The mirrors are placed a distance apart equal
to half the radius of curvature, and the light is passed into the cell through the central
hole in one of the mirrors. The beam is reflected twice before exciting through the hole in

the other mirror, passing through the sample three times.

White cell A White cell'!” uses three spherical mirrors (one large and two small)
with matching radii of curvature at a distance apart equal to the radius of curvature. The
number of passes can be controlled by adjusting the rotation of one of the small mirrors,

with over 100 passes being common.

Herriott cell A Herriott cell'?” has two spherical mirrors, one of which has a hole
bored into the centre which serves as both an entrance and an exit for the light. The

number of passes can be controlled by changing the separation of the two mirrors.

Limitations on the above geometries include the fact that the light passes through a
range of different paths in the cell, limiting the extent to which the sample volume can be

miniaturised.
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Figure 4.1: Ezamples of multipass cell geometries which can be used to increase the

number of passes a beam of light makes through a sample. (a) Pfund,'8 (b) White, 19
and (c¢) Herriott'?? multipass cells.

4.2 Cavity methods

The multipass idea—reflecting the light multiple times through the sample—can be taken
to its ultimate extreme using an optical cavity, or resonator, to increase the number of
passes through a particular volume. An optical cavity consists of a set of mirrors that can

support standing waves.

4.2.0.1 The étalon

One of the simplest types of optical cavity is an étalon, or Fabry-Pérot interferometer,
which consists of a transparent plate with two reflecting surfaces or a pair of parallel mir-
rors. The transmittance of this device varies with wavelength due to interference between
reflections. Consider a beam that enters the étalon and undergoes reflections as shown in

Figure 4.2. The phase difference between each transmitted pair (7715, etc) is'?!

0= (2)75) 2nl cos (4.2)

where A is the wavelength of the light, n is the refractive index of the material between
the reflecting surfaces, [ is the thickness, and 6 is the angle at which the light enters the

étalon.
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Figure 4.2: An étalon, a simple optical resonator consisting of two parallel reflecting
surfaces. The total transmittance is a function of the angle of the beam, 6, the refrac-
tive index of the material, n, the thickness of the étalon, I, and the reflectances of two
surfaces.

For a resonator with both surfaces having a reflectance R, the transmittance is

(1- Ry

T = .
1+ R2—-2Rcosé

(4.3)

Maximum transmission through the étalon occurs when 2nlcosé is equal to an inte-
ger number of wavelengths, corresponding to maximal constructive interference between
waves. The separation of the maxima (or free spectral range), A\, is given by

S

A= ——————
2nglcos O + Ao

(4.4)
where )¢ is the central wavelength of the nearest transmission peak, ng is the group
refractive index, and m is an integer.
The free spectral range is related to the FWHM of the transmission peaks, d\, by the
finesse, F 122
B A N VR

F= a1 R

(4.5)

Increasing reflectivity of the mirrors leads to a higher finesse, and a corresponding narrow-
ing of the transmission maxima relative to the free spectral range. The cavity therefore
becomes more selective to the wavelengths it transmits. Increasing the length of the cavity
decreases the free spectral range, and increases the density of longitudinal modes that the
cavity will support. For an air-filled, 10 cm long cavity, the free spectral range in the visible

region is around a picometer, with the finesse being approximately 300 for R = 0.99.
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4.2.0.2 Spherical mirror cavities

An optical cavity can also be set up using a pair of spherical mirrors. For a Gaussian

beam, polarised in the x direction, entering a cavity with spherical mirrors, the lowest

order intensity distribution in the plane orthogonal to the cavity axis (z) is!?

I=1I (;L()z))QeXp l_Q(xZ‘é‘ y?)

with wp being the minimum spot size (at the beam waist, = = 0) and the width, w(z),

(4.6)

being
w(z) = wo l1 + <z)2r (4.7)

20— ——. (48)

This is the familiar Gaussian transverse mode. The radius of curvature of the wavefronts
is

r(z) =z + %0 (4.9)

ranging from oo at z = 0 to a minimum at zg, and growing thereafter linearly with z for
large z. By inserting mirrors with radii of curvature matching that of the wavefronts the
beam will retrace itself and, if the round trip phase shift is a multiple of 27, then the beam
can exist self-consistently within the boundary conditions created by the mirrors.

The phase of a Gaussian beam is'?3

o(p,z) =kz—((2) + 2r(2) (4.10)

where ((z) = tan~!(z/29) and p = 2% + 3. On the cavity axis (p = 0), at the mirror

positions z; and zo the phase is

©(0, 21) = kz1 — ((21)

©(0,22) = kzo — ((22) (4.11)
and the phase change between the two mirrors is
Ap =kd — A (4.12)

103



where d = 23 — z; and A{ = ((z2) — ((21). Since the mirrors have been chosen such that
their radii of curvature match the wavefronts, this is true at all points on the mirrors. The

round-trip phase change is therefore 2kd — 2A(, and the resonance condition is
2kd —2A( =2qm q=0,4+1,4£2, ... (4.13)

Substituting k& = 27v/c and vp = ¢/2d, the longitudinal modes supported by the cavity

are

A
Vg = qup + 7CI/F. (4.14)

The spacing between adjacent modes is ¢/2d, the same as for the étalon.
The spherical mirror cavity will also support higher order modes, corresponding to the

Gauss-Hermite polynomials:'23

2 2 2
wo o [aV2) o (yV2 2(2° +y7)
Ln = 1 H H: | —— - 4.15
mn 0 <(JJ(Z)) m (w(z)> n (w(z) exp w(g) ( )
The resonance frequencies are then given by
A
Vmng = qQUr + (M +n + 1)%1/1:. (4.16)

The index q covers the longitudinal modes, and modes of different ¢ but identical m and
n have the same intensity distributions. m and n cover the transverse modes. Note that
the resonance frequencies in Equation 4.16 depend only on the sum of m and n, not each
index individually; modes of equal m + n are degenerate.

In practice, with a cavity length on the order of centimeters and a broad-band light
source, myriad cavity modes will be excited, and we need not worry about the particular

mode structure.

4.2.0.3 Stability of the cavity

In building an optical cavity, variables such as the radii of curvature and spacing of the
mirrors must be chosen. For some combinations, the size of a beam propagating through
the system will grow without limit until it is greater than the size of the mirrors — light
is then lost from the cavity. This type of cavity is unstable. A stable cavity is one where
the beam is periodically refocussed such that it cannot escape from the cavity beyond the

limit of the mirrors.
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Figure 4.3: Cavity stability diagram, showing unstable cavity arrangements (shaded re-
gions). Highlighted are plane-parallel (étalon), confocal, and concentric configurations.
Figure adapted from Lipson et al.’®

The stability condition is'?*

0<(1—Td1> (1—i><1 (4.17)

where d is the distance between the mirrors and r; and 79 are the radii of curvature. This

can be represented graphically, as in Figure 4.3, where

=(-2)om=(-2)

The unstable regions, where light is not completely refocussed into the cavity, are shaded.
The plane parallel (corresponding to the étalon discussed in Section 4.2.0.1), confocal,
and concentric arrangements are highlighted. In each of these arrangements the cavity is

conditionally stable, and highly sensitive to misalignment.

4.2.1 Cavity ring-down

An elegant extension of the multipass arrangement is cavity ring-down spectroscopy (CRDS).

126,127 and first employed spec-

Developed as a method of measuring mirror reflectivity,
troscopically in gas-phase measurements,'?® CRDS measures the rate of decay of a light

pulse trapped within a high finesse optical cavity. The rate of light loss from the cavity,
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as monitored by the light transmitted through the exit mirror of the cavity, is typically
a simple exponential with decay components corresponding to mirror loss, scatter, and
absorption by the sample. This can be understood by considering the light intensity with
respect to the number of round trips made through the cavity.

In CRDS the light pulse enters the cavity through the centre of the first mirror. During
a round-trip period through an empty cavity, t,, the intensity will fall due to the non-unity
reflectance of the mirrors, as well as due to scattering, so the output intensity, S(¢), will

drop in accordance with??

S(t+ nt,) = R*S(t)

= exp[2nIn(R)]S(t) (4.19)

where n is the number of round trip passes, and R is the effective mirror reflectivity, taking
into account all intracavity losses not due to an absorber. For R ~ 1, In(R) ~ —(1 — R),
and defining the round trip losses for the empty cavity as Lo = 2(1 — R), the output
intensity becomes

S(t + nt,) = exp(—nLy)S(t). (4.20)

Typically the detector is not fast enough to detect individual output pulses or the round-
trip time is shorter than the pulse duration, so the parameter n can be replaced with the
time such that ¢ = 2nt,, and

S(t) = exp(—Lot)S(0). (4.21)

The exponential decay of the output intensity can therefore be fitted to find the losses due
to the mirrors.

Filling the intra-mirror volume with an absorber with absorption coefficient «, the
round trip losses now include a term 2al, where [ is the length of the cavity. The loss

coefficient is now

L=2[(1-R)+ ol (4.22)

and the absorbance is therefore given by
1
al = §(L — Ly). (4.23)

By taking the ring-down times for the two situations, 7 = t,/L and 79 = t,/Lo, the
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absorbance can be related to the measured ring-down times by

l_@Tg—T
a= 2 T
=1-Rr°-T (4.24)

T

The absorbance of a solution can therefore be measured using the ring-down times of the
empty and filled cavity. No other calibration (for instance, measurement of a sample of
known absorbance) is necessary, and the technique is insensitive to fluctuations in laser
power, the time constant of the exponential decay being the important parameter. The
laser wavelength can also be scanned in order to measure the absorption spectrum.
Several experimental requirements must be fulfilled to achieve optimum sensitivity and
precision. Firstly, in conventional CRDS the linewidth of the laser is often larger than the
free spectral range of the cavity, meaning that several longitudinal and transverse modes
are excited simultaneously.!3% 13! Beating of these modes introduces high frequency struc-
ture into the cavity decay that can complicate fitting. Secondly, if the laser linewidth is
wider than the absorption feature, then the absorption coefficient a(\) is not a constant,
and the decay will be non-exponential,'? further complicating fitting. Since linewidths in
the gas phase are typically narrow, 0.1 cm™! or less, very narrow-band lasers are neces-

131 This can be achieved using a narrow-band

sary to obtain a single exponential decay.
continuous-wave laser to ‘charge up’ the cavity before switching the laser off and observing
the resulting decay. This approach entails experimental challenges of its own in frequency
matching the laser and cavity.!??

There is nothing that prevents the use of CRDS in condensed phase applications,
beyond certain experimental difficulties, and this technique has been applied successfully
to solutions.!??133 In this case the cavity loss includes an additional term for the losses

caused by introducing a cell into the cavity.

4.2.2 Cavity enhanced absorption spectroscopy

Complementary to CRDS is cavity enhanced absorption spectroscopy (CEAS), also known
as integrated cavity output spectroscopy (ICOS). First implemented by O’Keefe,'>* CEAS
uses a continuous-wave laser to pump the cavity, but monitors the integrated output from
the cavity instead of the ring-down. In this case, the integrated output intensity of the

cavity is given by taking the sum over all passes (Figure 4.4). For the first pass, the output
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Figure 4.4: Optical cavity containing an absorber of length I, continually pumped by an
input intensity, Iy, showing the output of one of the mirrors after each pass. This figure
shows curved mirrors; the theory is equally applicable to any stable resonator.

intensity, I is

I = Iy(1 — R)*(1 — A) (4.25)

where I is the input light intensity, R is the effective mirror reflectivity (taking into
account all non-absorptive intracavity losses), and A is the sample absorbance. The output

for the second pass is

I = I;(1 — A)*R? (4.26)

= Iy(1 — R)*(1 — AR (4.27)

Taking the sum of the output intensities over an infinite number of passes, the total output

intensity, I, is
oo

I=1I3(1-R*(1—A)> R*™1 - A)*. (4.28)
n=0

This expression can be rewritten as the sum of a geometrical progression since R < 1 and
A<,
(1-R)*(1—-4)

=h—ma_ap

(4.29)

Taking the ratio of intensities without (Iy) and with (I) the absorber, and substituting

(1 — A) = e~ from the Beer-Lambert law,

I 1-— (Re_al)Q
7 = 7(1 — R2)efal . (4.30)
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In the limit R — 1 and a — 0, this simplifies to give

o ? (IIO _ 1) (4.31)

or alternatively, with the decadic extinction coefficient, and remembering that the above

applies at all wavelengths,

_1-R() (L(¥)
eNe = o 10) (IO(A) - 1) . (4.32)

The per-pass absorbance of the sample can therefore be calculated by measuring the
output intensities in the absence and presence of the sample, assuming that the effective
reflectivity of the mirrors is known. Often the 1 — R(A) term in this expression is expressed
in terms of the ‘cavity enhancement factor’, CEF(\), a measure of the increased sensitivity
due to the cavity, with CEF(\) = (1 — R(\)) L.

The cavity enhancement factor is an experimental parameter that depends on the
nominal reflectivity of the mirrors, the transmittance of any intra-cavity elements, as well
as the alignment and contamination of all elements in the cavity. This is an unknown
parameter for any particular setup, and must be calibrated in order to obtain quantitative
measurements of ec. This calibration can be done using a dye of known absorbance (taken
using a UV /vis spectrometer). Performing a measurement of the known absorber in the
aligned cavity, the only unknown term in Equation 4.32 is then CEF()\), which can be
calculated. Samples of unknown absorbance can then be measured quantitatively using
the calibration value for CEF(\).

The error on the approximation made in deriving Equation 4.32 depends on R and
Iy/1, and decreases with increasing R and decreasing Iy/I. Calculations comparing it to
the exact result for a range of mirror reflectivities are shown in Figure 4.5. For R = 0.999,
the error is less than 0.15% for Ip/I < 100, making this approximation acceptable for the

experiments described herein.

4.2.3 Broad-band CEAS

In the original paper reporting CEAS,!3* O’Keefe employed a pulsed dye laser as a tunable
light source to scan the wavelength axis between 688.5 and 690.5 nm. A similar experi-
ment was reported almost simultanously by Engeln et al. using tunable diode lasers.!3®

While wide enough to cover the measured oxygen b Yi(v=10)-X 32;(1/ = 0) band, the
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Figure 4.5: Calculations comparing Equation 4.32 (o) to the exact result (-) for a
range of effective reflectivities, R. The error on the approximation decreases with in-
creasing R and decreasing Io/I. For R = 0.999 and Iy/I < 100 (well outside the typical
range in these experiments) the error is less than 0.15%.

small wavelength range of tunable dye or diode lasers is of limited use in monitoring mul-
tiple species or broad absorption bands. In the condensed phase in particular, bands are
significantly wider, spanning potentially hundreds of nanometres.

Fiedler et al. reported incoherent broad-band CEAS (IBBCEAS), using a short-arc
Xe-lamp as the light source, and monochromator and intensified photodiode array as the
detector. The use of an arc lamp allows transitions over a 190 nm—10 pm wavelength
range to be probed, including wavelength regions that are difficult to reach using diode
lasers. Furthermore, this approach is relatively simple compared to CRDS or tunable-laser
based CEAS. While the spectral resolution of this technique is limited by the detector
(~0.026nm vs ~0.003nm for CRDS), in many cases extremely high wavelength resolution
is not necessary (for example, if the spectra are inhomogeneously broadened) and higher
resolution measurements are in principle possible at the expense of sensitivity using a
longer monochromator.

Ball and coworkers developed a broad-band CEAS (BBCEAS) system using red and
green light emitting diodes to achieve a bandwidth of 60 nm,®® approaching the limits of
the CRDS mirrors used. Ball was able to measure the spectra of NOg, NOo, and I, but was

only able to quantify the absolute absorbances within an uncertainty of approximately 15%
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due to systematic errors in measurement of the mirror reflectivities using water vapour
bands and uncertainty in the absorption cross sections of the species themselves. Later
work by the same workers used LEDs and a miniature bench-top spectrometer intended
for in situ field measurements of atmospheric NO,.137

The first application of broad-band CEAS to the condensed phase was by Fiedler et al.
in 2005, who modified a commercial UV /vis spectrophotometer to accept cavity mirrors
surrounding the cuvette.'®® They used R ~ 0.99, 415-640 nm mirrors to achieve a close to
theoretical maximum improvement in the signal to noise ratio.* This use of a commercial
spectrophotometer somewhat nullifies the advantage of the broad-band light source due to
having to scan the monochromator to record the spectrum. However, the simplicity and
low cost of this setup makes it an attractive approach. Fiedler also reported a home-built
broad-band CEAS setup using a polychromator and CCD array in the same paper.

An interesting variant for condensed phase measurements was introduced by McGar-
vey and coworkers, who used a wet-mirror setup to measure Bacteriochlorophyll a in so-
lution.!3¥ In their work a high finesse Fabry-Pérot resonator was filled with liquid sample,
similar to an approach used in CRDS previously.'32:140 The elimination of the intra-cavity
cell reduces the background cavity loss, improving sensitivity. Their experiments were not
broad-band, but did achieve very high sensitivities (being able to measure Bacteriochloro-
phyll a concentrations down to ~200 pM.)

Islam et al. used a 2 mm long cuvette, LEDs, and compact CCD spectrograph to
study a number of analytes in solution. Cavity enhancement factors of ~40 to 100 were
achievable using this setup, and the entire spectrum could be measured at once. However,
the divergent nature of the LEDs meant that much light was lost attempting to coupled
light into the cavity, ultimately setting the limit of detection.

The advantage of using broad-band sources such as LEDs or arc lamps, including
low cost and simplicity as well as the broad spectral range, is somewhat mitigated by
the increased difficulty in coupling light into the cavity. Laser sources generally produce
more collimated beams, and this fact was used by Johnston et al. in 2008, who used a
supercontinuum laser source. In this work, broad-band light (500-1750 nm) was generated
by pumping ~ 20 m of highly nonlinear photonic crystal fibre using a 1064 nm, 10 ns

pulsed laser running at 30 kHz. Interestingly, the cavity was formed using two Brewster’s

*In fact, Fiedler reported an improvement of ~10, larger than the theoretical maximum of 7, due to
quantisation error in the adc of the single-pass experiment. Presumably the actual improvement in the
signal to noise ratio was close to the theoretical maximum.
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angle retroreflector prisms, instead of a pair of mirrors. A spectrograph and CCD detection
allowed simultaneous detection of the entire broad-band spectrum.

Schnippering et al. also demonstrated the use of a supercontinuum source (SCS) to
monitor the interfacial generation of Ir(1v).!*! This work was continued in 2010 by van der
Sneppen and coworkers, comparing the supercontinuum source to a white LED source'42.
They found that ‘one of the major advantages of incorporating an SC' light source within
a BB-CEAS arrangement is that the enhanced spectral irradiance it provides over other
light sources permits the rapid acquisition of spectra with a high signal to noise ratio’, and
noted that the collimation of the SCS beam allowed a smaller sample volume to be probed
compared to using an LED.

The use of supercontinuum radiation was continued by Kiwanuka et al. in 2010,'43 who
used a fibre laser-pumped photonic crystal fibre to generate light with a bandwidth of 480
to 1800 nm. Using an intra-cavity cell, they were able to monitor the oscillating Belousov-
Zhabotinsky reaction across almost the entire visible region. Similar experiments by Neil
et al. used a commercial supercontinuum source to monitor microfluidic droplets'#* and

magnetic field effects in cryptochrome proteins!4®

across the visible region.

Ultimately BBCEAS, compared to CRDS, trades wavelength resolution, calibration-
free absolute absorption measurements, and some sensitivity, for spectral bandwidth. This
exchange may be useful in order to measure several gas-phase species simultaneously, or

in the case of condensed phase measurement where spectral bands are typically broad.

4.2.4 Evanescent-wave CEAS

BBCEAS has been widely applied to low concentration samples in pursuit of increased
sensitivity. Comparing the Beer-Lambert law (Equation 1.32) and the absorbance mea-
sured by CEAS (Equation 4.32), we can see that the CEF is a measure of the increased
sensitivity of the CEAS experiment versus a single pass. In the limit of small ecl, when

exp(—ecl) = 1 — ecl

1
Single pass: In10 - ecl = 70 -1 (4.33)
CEAS: CEF - In10 - ecl = %— 1 (4.34)

TBoth of these papers will be further discussed with regards to the interfacial nature of the measure-
ments in Section 4.2.4.2
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Typical CEF values for 99.98% reflective mirrors with a quartz sample cell or intra-cavity
prism are in the range 300-600. In most application, this enhancement has been applied
with the aim of reducing the lowest detectable concentration. However, it is equally ap-
plicable to situations where the path length is short due to miniaturisation of the sample
cell, or due a desire to probe interfacial processes where the path length is intrinsically

short. This second situation is the case in evanescent-wave CEAS (EW-CEAS).

4.2.4.1 The evanescent wave

Consider an electromagnetic wave directed at a transition between materials with refrac-
tive indices, n; and ng (for instance, the boundary between fused silica and water). For a
beam coinciding with the boundary at an angle 7 to the surface normal (Figure 4.6), the
reflection and transmission coefficients for polarisations parallel, ||, and perpendicular, L,

to the surface normal, are!?

RL:cosi—nrcosf (4.35)

CcOS? + n, cost

D eos i
T = 288t (4.36)

COS? + n, cost

COST — N, COS?
Rj= — "7 4.37
l COST + Ny COS 1 ( )

9 .
T = L (4.38)
COST + My COS 1

where n, = ny/ny and 7 is the angle between the surface normal and the angle of refraction.

These concepts are familiar from Snell’s law:
sin? = n,sin . (4.39)

Taking Snell’s law, if n,. < 1, then there is no real solution for # if 7 < sin~! n,.. This is total
internal reflection (TIR), where the incident angle 7 is greater than the critical angle. In
this case, both |[R 1| and |Rj|| are unity. Neither transmission coefficient is zero, however.

The space dependent parts of the transmitted waves are

E = Epexp[—i(kz cos? + kx sin )]

= Eyexp(—kfBz) exp|—ikz(1 + 2)Y?],  cost = +if (4.40)
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Figure 4.6: Total internal reflection at the boundary between media of different refrac-
tive indices.

where F is the electric field strength. A small amount of the wave is therefore transmitted
beyond the boundary, forming an evanescent wave. Note that the transmitted part of
the wave decays to zero as z — oo, with characteristic length (k3)~!. We can define a
penetration depth, d,, which is the depth at which the magnitude of the electric field has
decayed to 1/e as

A

dp = . (4.41)

24in2% — n2
2my/ngsin®t — nj

The penetration depth therefore depends on both the angle of incidence and wavelength,
and the intensity of the evanescent wave decays exponentially. A more convenient measure
of the amount of material probed is the ‘effective thickness’, de, the thickness of material

required to give the same absorbance at normal incidence:

iy = (250 — nj) cosi (4.42)
1 w1 = md)[(1 + nP)sin? i — n?](sin?i — n2)!/?

NpA1 COS?
de | = . 4.43
el 7(1 — n2)(sin?2 — n2)1/2 ( )

The effective thickness is different for waves polarised parallel (||, or p-wave) and perpen-
dicular (L, or s-wave) to the surface normal, the || case penetrating further. An example

calculation is shown in Figure 4.7.
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Figure 4.7: Effective thickness of ||, L, and unpolarised waves, calculated for i = 72°,
ny = 1.46965, ne = 1.35. The p-wave (electric field aligned parallel to the surface nor-
mal) penetrates further into the medium than the s-wave (electric field perpendicular to
the surface normal).

4.2.4.2 Evanescent wave spectroscopy

The short penetration depth of the evanescent wave can be used spectroscopically to probe
only those species close to the boundary. An example of this is attenuated total reflection
(ATR) spectroscopy. In this method the sample is placed atop a prism, with total internal
reflection occurring at the boundary. The evanescent wave can then be used to measure
the absorbance of the sample. Since the effective thickness of the absorber, and hence
sensitivity of a single pass, is small, multiple total internal reflections can be used to boost
the sensitivity of the technique. This can require prisms several centimeters long, and
hence relatively large sample volumes. Another possibility is the use of an optical fibre
which has been stripped of its cladding. TIR events along the stripped portion can then
be used to probe the sample.

Applying the cavity approach to this problem, a prism can be contained within an
optical cavity, the TIR being part of the beam path. The light will therefore undergo many
TIRs, drastically increasing the sensitivity, and the probed volume can be miniaturised,
in principle to microlitres or less.

Pipino et al. demonstrated in 1997 that an evanescent-wave CRDS experiment can

be designed to probe molecules at surfaces.'6147 They described both a monolithic ring
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resonator, formed of a six-sided polygonal fused-silica cavity, and a Pellin-Broca prism
encased in a conventional mirror-cavity used to probe Iy at the silica surface. Pipino also
reported using a four-sided monolithic minicavity to measure the orientation of Iy at the
surface by detecting the || and L polarisations separately.!48

Shaw and coworkers reported a similar experiment in 2003, using a Dove prism to
investigate the interfacial absorbance of crystal violet as a function of bulk pH, monitoring
at 640 nm.'? This was extended further in 2005,'%° modelling asdorption isotherms after
measuring the interfacial absorbance as a function of bulk concentration.

Li and Zare used polarised EW-CRDS in 2005 to study the orientation of methylene
blue at the silica—air interface as a function of surface concentration.'® They observed a
decrease in the average orientation angle relative to the surface normal as the concentration
increased, interpreted as the molecules moving from almost flat to the surface at low
coverages to ‘standing up’ as more packed onto the surface. Li and Zare did speculate,
however, that an appreciable amount of H-type dimer formed at the higher concentrations
studied, and were unable to interpret their orientation-angle data taking the dimer into
account.

Li, Zare, and coworkers also went on to study crystal violet at the silica-CH3CN inter-
face using EW-CRDS.'®2 Here they were able to deduce the tilt angle of the molecules sit-
ting on two different types of silanol groups at the interface: they found that the molecules
were bound isotropically to the isolated, type I SiO~ sites, but had a distribution bi-
ased to adsorption flat to the surface at the vicinal, type II, sites in order to minimise
intermolecular repulsion.

EW-CRDS has also been applied to such varied studies as polymer /solvent interac-

153 jce monolayers,'®* electrochemical deposition™*!1%5 of Fe(CN)3™ and IrCI3™, and

tion,
the adsorption of colloidal gold nanoparticles.!6

In 2008 Schnippering and coworkers reported the development of EW-CEAS,'! com-
bining the broad-band nature of conventional solution phase CEAS with the surface speci-
ficity of the evanescent wave. They used this technique to monitor deposition of IrClg_
in this paper, and again in 2010.'42 A similar setup has also been reported by Ruth and
Lynch, who used a short-arc Xe lamp as the light source to measure metallo-octaethyl

porphyrins in acteone films and on fused silica.'”
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Figure 4.8: Ezperimental apparatus for polarised evanescent-wave broad-band CEAS.

4.2.5 Polarisation-sensitive evanescent-wave broad-band CEAS

One of the major strengths of the EW-CRDS experiments described above is the ability to
measure || and L polarisations separately in order to determine the molecular orientation
at the surface. Extending this approach to broad-band CEAS, we present here polarisation-
sensitive evanescent-wave broad-band CEAS.

The experiment, as employed in these studies, is shown in Figure 4.8. A supercontinuum
source provides pseudo-cw light across the entire visible region. A variable neutral density
filter is used to attenuated the brightness of the SCS. Additionally, a blue-coloured filter is
placed at the SCS output. The SCS is brighter at the red end of the spectrum, reducing the
effective dynamic range of the CCD at the blue end; the blue filter reduces the brightness
of the red light, ‘balancing’ the brightness across the visible region, increasing the usable
dynamic range in the blue. The light from the SCS is coupled via an optical fibre into
the cavity, formed of two broad-band, spherical mirrors. An intra-cavity fused silica prism
folds the light path, total internal reflection occurring at the silica—solvent interface. Either
an open sample cell or flow cell can be made atop the prism using an o-ring to seal a PTFE
cell to the prism.

After the cavity output mirror, a polarising beamsplitter separates the || and L po-
larisations, with subsequent polarisers ensuring the purity of the polarisations. The two
polarisations are focussed by achromatic doublet pairs onto two leads of a multichannel
optical fibre, and are dispersed by a spectrograph onto separate vertical regions of the

CCD detector.
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The two polarisations, || and L can be monitored separately by binning the two vertical
regions of the CCD independently. The observables for the experiment are therefore the
intensities for the two polarisations, both in the presence (I!l and I'+) and absence (I(|)| and

I3) of the sample. The extinction for each polarisation is then simply

[

I 1

ep=[2-1 (4.44)
Ill In10 - Il - CEF/

o= (4 ! . (4.45)
I+ In10 - [+ - CEF*

Here both the effective thickness, [, and the cavity enhancement factor are specified indi-

vidually for || and L polarisations. As described in Section 4.2.4.1, the effective thickness
depends on the polarisation of the incoming beam. The effective reflectivities, and hence
the cavity enhancement factor, will also depend on the incoming polarisation, to a greater
or lesser extent depending on the alignment of the cavity. In either case, it is trivial to mea-
sure the CEF for each polarisation with a procedure effectively identical to that described
in Section 4.2.2.

Using the extinctions for || and L polarisations, it is possible to define a molecular
orientation parameter. Firstly, defining unit vectors for the two polarisation directions,

E-+ and Ell, and for the transition dipole moment, p,

1 0 sin 6 cos ¢
Et = |o Ell= |g M = |sinfsin ¢ (4.46)
0 1 cos 6

These vectors are shown in Figure 4.9. The extinction, ec, for each polarisation direc-

tion, assuming ¢ is independent of the orientation of the TDM, is then given by

ccl x /0 u /0 "B - ul?P(6, )d0ds (4.47)

2T T
ecHoc/O /O|EH-m2P(9,¢)d9d¢ (4.48)

where P(6, ¢) is the orientational probability distribution of the molecules. Now, assuming
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Figure 4.9: The orthogonal polarisation directions of the evanescent wave, EX and Ell,
and the angles 6 and ¢ which parameterise the direction of the transition dipole moment,
w, are defined as shown here. The prism surface is in the x—y plane, and the propaga-
tion direction of the light is in the y—z plane.

an isotropic distribution of the TDMs in ¢ (i.e. around the surface normalt),

€c| o /0 ” /0 " sin? 0 cos? #P(0, ¢)dOd¢ (4.49)
=7 /0 " gin? OP(6)d6. (4.50)
ec|| o /O%/OWCOS2HP(9,¢)d0d¢) (4.51)
= /O " cos? OP(6)d6. (4.52)

This expression cannot be used to extract information about the precise orientational

probability distribution. However, using the property of a delta function that

/ )0 — a)dz = F(a) (4.53)

a—e€

to evaluate the integral, the expectation value of the angle to the surface normal, (0), is

related to ec) and ec|| by

ecy  tan?(f)
= = 4.54
ECH 2 ( g )

0) = arctan( 2) . (4.55)

Note that we cannot distinguish between the case where the TDMs all lie at a specific
orientation (where (f) = ) and a distribution of TDMs with that expectation value. For

an isotropic distribution of TDMs, (¢) = 54.7° (the magic angle), and ec; = ec|. In the

#This assumption is justified on the basis that there is no inherent directionality in the plane of the
fused silica prism surface to induce long range order within that plane.
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case that the orientation of the TDM within the molecular framework is known, it is
possible to specify the orientation of that molecular axis.

The advantage of the CEAS experiment over CRDS is the ability to monitor all visible
wavelengths simultaneously. This approach means that it is possible to monitor multiple
adsorbing species, the change in the shape of absorption bands over time, as well as the
molecular orientation of each species, or any other spectral feature, in real time. This
comes at the cost of time resolution (tens of ms vs ps for CRDS), as well as the necessity

of calibration.

A note about ec Equations 4.44 and 4.45 above are both written in terms of ec,
the ‘attenuation coefficient’; they could, of course, be reformulated in terms of the more
familiar A, the unitless ‘absorbance’. However this has two drawbacks. Firstly, the effective
thickness of the evanescent wave, [, depends on wavelength (Figure 4.7), distorting the
shape of the absorption band. This may or may not be important depending on the
application. Secondly, the effective thickness of the evanescent wave is ~ 10% times smaller
than the path length typically used in a single-pass experiment. Handling the data in terms
of ec normalises the data with respect to [, and allows direct quantitative comparison
of EW-CEAS and data taken by conventional single-pass spectrometry (for instance, a
doubling of ec in the evanescent wave compared to the bulk corresponds to a doubling of
the effective concentration at the surface). It is therefore much more convenient to use ec

as the measure in most cases where direct comparison is advantageous.

4.3 The silica-water interface

4.3.1 The silica surface

The broad-band nature and surface-sensitivity of EW-CEAS make it trivial to monitor
differences in the absorption bands of molecules at the interface as compared to in bulk
solution, as well as track real-time changes in the spectra. An understanding of the nature
of the interface is therefore crucial in interpreting EW-CEAS data.

The surface of a piece of silica formed under normal conditions consists principally of
siloxane linkages (Si-O-Si) and silanol groups (Si-OH). The silanols at the surface exist
as both isolated and vicinal groups, with populations of 19 and 81% respectively.!®8 159

Isolated silanols are > 5.5 A from each other. In contrast, the vicinal groups are close

enough that they can form hydrogen bonds either directly with their neighbours (< 3.3 10&,
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Figure 4.10: Different types of silanol groups found at the silica surface in HyO. The
pK, is 4.9 and 8.5 for isolated and vicinal sites, respectively.

46%) or via a bridging water molecule (3.3-5.5 A, 35%). These configurations are shown
in Figure 4.10.

The isolated silanol sites have a pK, of 4.9, and can be deprotonated at neutral pH,
giving the surface a negative charge.'®® The pK, of the vicinal groups is higher, at 8.5.

The isolated silanols were further categorised into two types by Dong et al., who used
crystal violet in acetonitrile as a probe in second harmonic generation studies.'®® They
were able to discern two types of isolated silanol groups by modelling the adsorption
isotherm of crystal violet onto the surface. Type-I groups are surrounded by a large empty
area (>120 A), and Dong proposed that crystal violet adsorbs flat on-top of this type of
silanol. Type-II groups include the rest of the isolated silanols, with a tilted adsorption
geometry for crystal violet due to repulsion from neighbouring silanol groups. Later work
by Fan and coworkers showed, however, that at low concentrations in acetonitrile, crystal
violet adsorbs isotropically to type-I sites, with the molecules aligning laterally at type-II

sites as the concentration is increased.152

4.3.2 Aggregation at the surface

One process at the silica-solvent interface which might be monitored by EW-CEAS is
aggregation.

Aggregation of dyes is common at the solid-liquid interface, modifying both the local
concentration and spectral properties of the dye. Spectral shifts due to aggregation can be
categorised into two types: H-type aggregation, which corresponds to a blue-shift in the
absorption bands, is caused by face-to-face stacking; J-type aggregation, which corresponds
to a red-shift in the absorption bands, is due to end-to-end stacking of the molecules.

161,162

The shifts can be understood within the context of molecular exciton theory. Fig-

ure 4.11 is an energy level diagram for H- and J-type dimers as compared to the monomer.
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Figure 4.11: Energy level diagram for H- and J-type aggregates. The S level is split
by the inter-molecular potential, with the transition-moment being almost zero for the
antiparallel dipole case. Adapted from Kasha.'®!

The intermolecular potential causes a splitting of the S; state: for H-type aggregates the
parallel dipole exciton state is the higher energy one; for J-type aggregates, the parallel
case is the lower energy level. The transition moment for the dimer is the vector sum of
the individual transition dipole moments; since, in order for the transition to be allowed,
the perturbation of each molecule should be in-phase, transition to the antiparallel state is
forbidden, while transition to the parallel case is allowed. This, combined with the relative
energies of the exciton states, corresponds to a blue-shifting of the absorption band for
H-type aggregates, and a red-shift for J-type.

Figure 4.12 shows how the relative energy of the two levels varies with stacking angle, a.
The absorption band is blue-shifted as the dimers move from the end-on-end configuration

to face-to-face.163

J-type H-type
LW 0

0 BT 90 o

Figure 4.12: The relative energies of parallel and antiparallel dipole configurations vary
with stacking angle, . Adapted from Severino.’%?
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Manufacturer | Layertec GmbH
Wavelength range | 400-800 nm
Reflectivity | 99.85-99.98
Radius of curvature | 500 mm
Diameter | 12.7 — 0.1 mm
Thickness | 6.35 & 0.1 mm
Wedge | <5 min
Front flatness | A\/4
Back flatness | A/10
Back coating | AR < 1%
Order | A-30657/8
Batch | R0209025

Table 4.1: Specifications of the cavity mirrors used in these experiments.

4.4 Experimental considerations

4.4.1 Cavity mirrors

The cavity mirrors used here are broad-band dielectric mirrors, that provide a high degree
of reflectivity over the entire visible region. These are made by depositing multiple layers
of dielectric coatings onto a substrate, with interference between layers creating reflectivity
at particular wavelengths. The mirrors are engineered such that the reflectivity is within
a certain range over the specified wavelength region, and due to this, the reflectivity
spectrum is not flat, but has a large amount of structure. This mirror structure is taken
into account in the cavity enhancement factor. The specifications of the mirrors used in

these experiments are shown in Table 4.1.

4.4.2 Prisms

The prisms used herein were ‘dual-cut’ from fused silica, with all four side faces cut
at an angle to the top face. This design provides optical access on the non-cavity axis,
which can be used to photoexcite the sample via an evanescent wave, hence minimising
photodegradation of the sample. In these experiments, the long axis of the prism was
designated the cavity axis; stringent tolerances were specified for these faces, such that
their normals lie in the same plane. The dimensions of the prisms are given in Figure
4.13. The cleanliness of the prism is crucial to obtain the highest CEF, as well as for
repeatability of adsorption to the surface. Three faces of the prism form part of the cavity,
and any scattering from these surfaces will contribute to the cavity losses. Additionally,

the top surface forms one half of the studied interface, and the condition of the surface

123



20 mm

S
N

35 mm

15 mm /
T a

72° 72°

Figure 4.13: Dual-cut prism as used in these experiments. Manufacturer: Tower Opti-
cal Corporation.

(contamination, surface roughness, charge, etc) may have a large role in determining the
adsorption properties.

This effect of the surface condition on measurements has been observed by Mazurenka
et al., who studied the deposition of citrate stabilised colloidal gold nanoparticles at the
silica surface.'® They did not observe interfacial adsorption of the nanoparticles onto
new optical-quality prisms that had been cleaned using plasma ashing; they did however
observe some adsorption onto prisms which were shown by subsequent AFM imaging
to be significantly scratched or contaminated. They speculated that previously reported

4 could be due to initial

multilayer adsorption of citrate stabilised AuNPs onto silica'®
deposition into scratches, that acted as nucleation sites for further adsorption.

Before each set of measurements presented here the prism was cleaned by wiping with
fresh optic cleaning tissues moistened with spectroscopic grade methanol, rinsed with

Milli-Q grade water, and plasma ashed. Care was taken throughout the procedure not to

handle the prism by the top or cavity axis faces to prevent contamination.

4.4.3 Supercontinuum source

The cavity light source used in this thesis is a Fianium SC400-4 supercontinuum source
(SCS). This is a laser light source that produces broad-band light using non-linear optical
processes in a laser-pumped photonic crystal fibre.

The Fianium SCS produces light between 400 and 2600 nm, with 4 W over the entire
spectrum. In these experiments, the SCS was coupled via optical fibre to a ‘splitter’ (Fia-
nium Splitter-950). This was used to select a portion of the output (400 to 950 nm), the

rest being discarded. Over this region the power is >600 mW.
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The SCS is a pseudo-cw source, operating at a pulse rate of 40 MHz, with a 6 ps
fundamental pulse length. The shortest integration time of the CCD detector being 4 ms,
this is treated as effectively cw.

An acousto-optical tunable filter (Fianium AOTF) was also used in conjunction with
the SCS to give narrow band output which could be used to align the cavity. The experi-
ment could then be switched over to the full visible output of the SCS while maintaining
alignment by switching the optical fibres from the AOTF to the ‘splitter’.

The SCS light was passed through a blue glass filter (Thorlabs FGS900S) before en-
tering the cavity to reduce the brightness of the red end of the visible, as discussed in

Section 4.2.5.

4.4.4 Spectrograph and CCD

After exciting the cavity, the light is split into || and L polarisations by a polarising
beamsplitter (Thorlabs CM1-PBS251), with the polarisation purity being ensured by two
Glan-Taylor polarisers (Thorlabs GT10-A) placed at the beamsplitter outputs.

The beams are each focussed by an achromatic doublet pair onto the end of a two-
way fibre bundle (Andor SR-OPT-8020). This fibre bundle has two ‘legs’ as inputs, with
the cores of the legs being arranged into two collinear groups at the output. The output
can then be positioned at the slits of a spectrograph such that the light from each leg is
dispersed onto the CCD in the wavelength (horizontal) direction normally, but separated
vertically. The binning of the CCD can be controlled such that the spectrum from each
leg, therefore each polarisation, is recorded independently (in ‘multi-track’ mode).

The spectrograph was an Andor Shamrock 303i. This 303 mm spectrograph has a
wavelength resolution of 0.1 nm, much higher than is necessary for these experiments.

An Andor Newton 902 CCD camera was the detector. The Newton camera is a full-
frame CCD, meaning that the bins remain sensitive to light while being read out. A
mechanical shutter was therefore placed before the cavity to block the SCS during read-
out, and prevent the two polarisations ‘mixing’ together when using the multi-track binning
mode.

The maximum cycle rate for the CCD is 250 Hz; in most experiments in this thesis any
kinetics were much slower than this, and a longer integration time was used to improve

the signal to noise ratio.
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4.4.4.1 Optimum integration time

In optimising the signal to noise ratio of the experiment, it is necessary to consider the
integration time of the acquisition. Consider an experiment where a total of N shots are
acquired, and the number of shots to integrate over to give us the best signal to noise ratio

is to be found. The standard deviation over all shots taken individually is o

1N
o= N;m-w (4.56)

where p is the mean. The standard deviation of the measurements can be reduced by
integrating over groups containing a number of shots, y. In this case, the limit of detection

is then given by the standard deviation over the integrated groups, oy,

M
0g = > lwily) — p)? (4.57)
where M = N/y. When white noise dominates, the spread of the measurements decreases
with /y as expected. However, as the integration time is increased, long term drift in the
measurement will serve to introduce additional errors. The optimum integration time for
a particular experiment is a balance between the high-frequency noise and low frequency

drift, and can be determined using the Allan variance, o 4165 166

M-1

4=\ 5T L e ) (4.59

The Allan variance is a measure of the difference between adjacent measurements, and as
such captures long term drift. As the integration time is increased, the Allan variance will
decrease as the high-frequency white noise is averaged. At some point, long term drift in
the experiment will cause the difference between adjacent integration periods to increase,
and the Allan variance will also increase, indicating that the long period drift is coming
to dominate the noise. The standard deviation and Allan variance for the experiment in
this thesis are shown in Figure 4.14.

The Allan deviation decreases with increasing integration time between 4 x 10™3 and
5 x 1072 s (the plot is a straight line of gradient —0.5, indicating white-noise is domi-
nating). However, although the standard deviation continues to decrease with increasing

integration time, the Allan variance has a minimum at between 0.05 and 0.5 s, depending
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Figure 4.14: Standard deviation and Allan variance for this instrument, plotted as a
function of integration time. Based on these data, an integration time of between 0.1 and

1 s was typically used.
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on wavelength. No additional improvement in the signal to noise ratio can therefore be
gained by increasing the integration time above this, as long term drift of the experiment

dominates the noise.

4.4.5 Cavity calibration

In order to measure ec quantitatively, the effective mirror reflectivities, which include the
effect of intracavity losses, must be known. CEAS therefore requires calibration, normally
using a sample of known absorbance, or by CRDS. The accuracy of this calibration is key
to obtaining quantitative measurements from the technique.

In the experiments performed here, a mixture of dyes of known absorbance, 1 mm
amaranth with 1 mM acid green 25, was used to calibrate the cavity. It was found that
aggregates or other particulate matter in the solution interfered with the calibration mea-
surement, so the dye mixture was filtered through a 0.2 pm syringe filter and stored in the
dark. The spectrum (e(\)c) of the filtered mixture was taken using a UV-vis spectropho-
tometer, and the CEF could therefore be found from the measured Ip(\) and I(\).

An example of several measurements of the cavity enhancement factor for the same
cavity alignment is shown in Figure 4.15. Repeated measurement of the CEF shows a
mean standard deviation of 1.4% across the visible region. This uncertainty will translate
directly into the calculated ec.

The optimum integration time for the experiment, as discussed in Section 4.4.4.1, was
found to be between 0.1 and 1 s depending on wavelength. The Allan variance captures
the long term drift of the output intensity of the cavity between the sample-free, Iy,
measurement, and the subsequent I measurements. However, there is also a contribution to
the long term drift from the effective reflectivities of the mirrors. Any process which causes
these to change (drift in the cavity alignment, dirt on any intracavity element, etc) will
induce a drift in the CEF over time, reducing the accuracy of quantitative measurements.
A new CEF calibration was therefore taken after each realignment of the cavity, typically

taking place after cleaning of the prism.

4.4.6 Limit of detection

Following from Equation 4.32, the limit of detection of the CEAS experiment is'??

S 1 (AImin) (4 59)
“min = 190 CEF -1\ I ‘
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Figure 4.15: Repeated measurements of the cavity enhancement factor using a non-
adsorbing dye mixture of known absorbance (1 mM amaranth and 1 mM acid green 25).
The CEF shows an average standard deviation of 1.4% across the visible region.

where Al is the minimum detectable change in the output intensity. Comparing this

to the equation for single-pass spectroscopy,

1 AImin
6Cmi“_lnm-l( To ) (4.60)

the cavity has reduced the limit of detection by a factor of CEF. In the cavity experiments
presented here, noise on the output intensity dictates the minimum detectable change
in output intensity. Defining this as three times the noise level, the minimum detectable
change in ec for this experiment over the spectrum as a whole is around 0.05 cm™!.
This corresponds to a minimum detectable absorbance of around 3 x 10~%, comparable to
other CRDS and CEAS experiments.'®” An example of a spectrum with an attenuation
coefficient of approximately 0.05 cm™! is shown in Figure 4.16.

It should be noted that, in the condensed phase, the limit of detection will not continue
to decrease linearly with increasing mirror reflectivity. Scattering losses due to the prism
and solution are, per pass, effectively fixed. For increasingly weak absorbers, the intracavity
losses will eventually be dominated by scattering, and no increase in signal-to-noise ratio

will be gained by increasing the number of passes.

The maximum detectable ec is in practice limited by the approximation made in deriv-
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Figure 4.16: Example of a sample (5 uM amaranth and 5 nM acid green 25) with
small ec, demonstrating the limit of detection of the EW experiment. The data has been
smoothed for clarity using a moving average filter (span = 15 nm ).

ing Equation 4.32 (that R ~ 1 and « = 0). For mirrors with R = 0.999, this approximation
holds within 0.15% for Iy/I < 100, which corresponds to an ec of around 10° for CEF =
600 to 200. This approximately 100 times larger than the highest value of ec measured in

these experiments.

4.4.7 Angular resolution

By measuring the intensity of the cavity output polarised parallel and perpendicular to
the surface normal it is possible to calculate an expectation value for the angle of the
transition dipole moment relative to the surface, (#), using Equation 4.55. The angular
resolution of this measurement is limited by the birefringence and optical activity of the
cavity, which serve to cause rotation of the polarisation within the cavity.

Dielectric mirrors have an intrinsic birefringence caused by the mirror structure, rang-
ing from 1077 to 1073 rad per reflection.'® Additionally, mechanical and thermal stress
can induce additional birefringence in the mirrors. Birefringence in fused silica prisms has
also been observed by EW-CRDS:; Li'® observed an angular dependence of the ring-down
time, but did not investigate the origin of this effect.

In addition to these effects, the cavity itself possesses optical activity. The phase shifts
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Figure 4.17: Il and I+ measured with the cavity input beam being plane-polarised par-
allel to the surface normal. A small amount of light is detected at the cavity output po-

larised perpendicular to the surface normal (3.25% over 400-750 nm ), indicating some

optical activity in the cavity.

upon total internal reflection, d, for || and L polarisations are given by!™

[ 220 Ay _ 1)1/2

tan (5) _ ny(n; sin (rA Tf) 1) (4.61)
2 cos(? — 7)
L 250208 8 1)1/2

tam - _ (ng sin®(7 ATC)A 1) (4.62)
2 n, cos(? — )

where 7. is the critical angle and the other symbols are as defined in Section 4.2.5. The
multitude of optical paths through the cavity will therefore serve to each introduce their
own phase shift, and if the beam is plane-polarised before entering the cavity, it will exhibit
a range of polarisations at the cavity output depending on the balance of the above factors.
This is shown in Figure 4.17, where the mean ratio I+ /T I'is 0.0325 over the range 400 to
750 nm for an input plane polarisation parallel to the surface normal.

The uncertainty on (f) depends on the per pass absorbance and angular distribution
of the transition dipole moments, and is therefore difficult to quantify in a general way. It
can be said, however, that the difference between the measured expectation value for the
angle of the transition dipole moment and the magic angle (i.e. [(#) — 54.7°]) is a lower

bound, since the effect of any optical activity in the cavity is to make this measure appear
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more isotropic.

An estimate of the statistical uncertainty in the measurement can be obtained from
repetition of any particular experiment. For the work presented here studying crystal violet
at the bare silica interface (Section 4.8.3), the value of (f) was found to be repeatable to
between 0.5 and 2°. The uncertainty that can be attributed to the instrument is difficult

to estimate, however, without an independent measurement of (f).
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4.5 Cresol red

Cresol Red (o-Cresolsulfonephthalein) is the triarylmethane dye shown in Figure 4.18. It
is a pH indicator (pKa = 8.2), with a colour change from yellow to red at pH 7.2-8.8.
A solution made up in milli-Q grade water was observed to be an orangey-red colour.
Measuring a flowing (5 mLmin~!) solution of cresol red by EW-CEAS, a sharp rise in
ec was observed upon introducing the sample into the cell, with no further increase in ec
being seen over time (Figure 4.19). The initial rise in ec (Figure 4.19, inset) occurs over
the course of ~ 0.7 s, and can be attributed to the time taken for the solution front to
sweep across the probed region.

The spectrum of the dye is shown in Figure 4.20. ec|| and ec are equal, and very close
to the bulk measurement taken by a single-pass UV /vis spectrophotometer. This indicates
that the dye monomers are not adsorbing to the surface, and the EW-CEAS experiment

is simply probing a thin, isotropic, layer of solution next to the interface.
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Figure 4.18: Structure of Cresol Red.

Of minor note in the spectrum are two small bands in addition to the one observed in
the bulk spectrum. Firstly, there is a band between 500 and 600 nm, most likely due to
the deprotonated form of the dye.!”* Secondly, the small band between 620 and 670 nm is
a possible indication of J-type aggregation occurring at the surface. This band, however,
is only a minor component of the total spectrum, and interpretation of its precise nature
is therefore difficult.

The broad lack of adsorption behaviour for cresol red at the interface means that
the EW-CEAS experiment is not necessarily any more useful than a ‘bulk’ single-pass
experiment. The fact that the value of ec matches for bulk and EW experiments does,

however, confirm that the experiment is capable of quantitative measurement.
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Figure 4.19: Kinetic trace of cresol red (flow = 5 mLmin~!) measured by EW-CEAS,
shown at 450 nm. The inset shows the initial rise in ec, taking place over approrimately
0.7 s, commensurate with the estimated rise time for this flow rate. The sharp rise and
subsequent unchanging, equal values of ec) and ecy indicate that cresol red does not ad-
sorb to the silica surface.
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Figure 4.20: Spectra of cresol red as measured by EW-CEAS and a conventional UV-
vis spectrometer. The almost identical spectra add further evidence that cresol red is not
adsorbed.
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4.6 Gold nanoparticles

Colloidal gold nanoparticles (AuNPs) are submicron sized particles of gold suspended in
a solvent, commonly water. They can be produced by reduction of HAuCly by citric acid,
which is both the reducing agent and acts to charge stabilise the particles, with the size of
the particles being controlled by the synthesis process. The colour of the resulting solution
depends strongly on the size and aggregation of the particles, ranging from red to blue.
The varying colour of the particles is due to two bands in the visible spectrum - the 5d—6sp
cluster band of bulk gold, and the localized surface plasmon resonance (LSPR) centred
around 525 nm.

The localized surface plasmon resonance is a coherent oscillation of electrons in the
conduction band induced in nanoparticles smaller than the wavelength of the photon. For
gold, this oscillation occurs in the visible region. The position of the LSPR peak, as well as
the relative strength of the LSPR and cluster bands is determined by the size and shape
of the particles, their aggregation state, and by environment of the particles, including the
presence of ions and molecules.!”?

AulNPs have a large variety of uses as chemical and biological colorimetric sensors,
ranging from metal ions and small molecules, to oligonucleotides and proteins.'™ A wide
range of techniques such as FRET, electrochemical detection, quartz crystal microbal-
ances, and SERS have been employed in similar sensors employing AuNPs.'™ In some
cases, control over the structured deposition of nanoparticles is desired (for instance, into
arrays).175:176

Mazurenka et al. studied solutions of 5 and 20 nm gold nanospheres depositing onto
poly-L-lysine functionalized silica surfaces using EW-CRDS. They found that 5 nm par-
ticles readily and irreversibly adsorbed to the functionalized surface, forming a monodis-
persed submonolayer.!%6

The adsorption process can also be monitored by EW-CEAS, as is shown here. The
silica surface of the prism was coated with poly-L-lysine by placing a solution of 1 mg mL™!
PLL in water onto the prism surface for 20 minutes prior to the experiment. The adsorption
of AuNPs onto the PLL was then measured by removing the PLL solution with a pipette
and replacing it with a solution of 5 nm citrate-stabilised gold nanoparticles (~ 5.5 x 10'2
particles mL~1). This solution was left quiescent on the surface for the remainder of the
experiment.

Figures 4.21 and 4.22 show the kinetic trace and spectrum of the gold nanospheres
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Figure 4.21: Kinetic trace of 5 nm gold nanspheres adosorbing onto a poly-L-lysine
functionalized silica surface from quiescent solution, measured at 520 nm.

adsorbing onto the surface. The kinetic trace observed here is similar to that observed by
Mazurenka, with the nanospheres adsorbing over the course of minutes until a maximum
absorbance is reached. The kinetics as measured at 420 nm (bulk band) and 520 nm
(LSPR band) are identical within the noise. In these experiments, the interfacial coverage
corresponds to approximately 4 x 10~* of a monolayer, around three times lower than
observed by Mazurenka.!%6

Figure 4.22 shows a comparison of the evanescent-wave (left axis) and bulk (right axis)
spectra. The magnitude of ec in the two cases is different, being larger in the EW case
due to adsorption of the NPs onto the surface. The shape of the spectra match quite well,
indicating that the particles are monodispersed; if aggregation were occurring, the LSPR
peak would be expected to shift to longer wavelengths. For the EW spectra, ec for each
polarisation is identical within the signal to noise.

The relatively slow adsorption of the AuNPs is well suited to monitoring by this tech-
nique, with the broad-band nature making it possible to study aggregation properties, or
for colourimetric measurement of analytes at the silica surface. Furthermore, the ability
to measure ec in an orientation sensitive manner could be applied to, for instance, gold

nanorods, which show differences between longitudinal and transverse surface plasmon
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Figure 4.22: Comparison of the spectra of 5 nm gold nanospheres on a poly-L-lysine
funcitionalized silica surface (left axis) and in the bulk (right axis). Note the almost
identical values of €c|| and ecy for the EW experiment.
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4.7 Methylene blue

Methylene blue (MB) is a tricyclic aromatic dye with the structure shown in Figure 4.23.
MB has a wide variety of uses, including as a redox indicator and a biological stain. It is
also commonly used in the textile industry;'”® much work has therefore been carried out

studying the adsorption process, with regard to removal of MB from waste-water.!79-183

Figure 4.23: Structure of methylene blue.

4.7.1 Bulk absorption spectra

The bulk absorption spectra of methylene blue in ethanol and water are shown in Figures
4.24 to 4.27.

In ethanol, methylene blue exists as the monomer only. The shape of the bulk absorp-
tion spectrum (Figure 4.24) does not change with concentration, as can be seen clearly in
the normalised spectra (Figure 4.25).

In water the spectrum can be described by a monomer-dimer equilibrium at concen-
trations below 1.25 x 10~* M.'¥% The monomer spectrum has a peak centred at 664 nm,
with a shoulder at ~ 600 nm. The dimer spectrum has a major peak at 600 nm, with an
additional minor peak at 696 nm. The shift from monomer to dimer as the concentration
is increased can be seen in the normalised spectra (Figure 4.27) with the dimer peak grow-
ing in at 600 nm. Between 1 and 26 uM there is a minor increase in the amount of dimer

present in the bulk solution; the monomer remains the dominant species, however.
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Figure 4.24: Bulk absorption spectrum of Figure 4.25: Bulk absorption spectrum of
MB in EtOH, normalised to the main peak.
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Figure 4.27: Bulk absorption spectrum of
Figure 4.26: Bulk absorption spectrum of MB in water, normalised to the main peak,

with the growth of the dimer peak indicated
by the arrow.
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4.7.2 Methylene blue at the silica/ethanol interface

Figure 4.28 shows EW-CEAS spectra of methylene blue in ethanol, at the same concen-
trations as in the bulk spectra in Section 4.7.1. The spectra for the 26 pm solutions are
compared in Figure 4.30. The spectra of the dye at the interface are clearly different to
that of the bulk, with the shoulder at 600 nm being more pronounced relative to the
maximum at 656 nm. Additionally, ec for the evanescent wave is approximately 50 times
that of the bulk measurement, indicating significant adsorption of the dye to the surface.
The increased intensity of the shoulder at the surface compared to the bulk, as well as
the increased strength of the shoulder at higher concentrations (Figure 4.29) also suggests
the formation of some H-type dimer at the surface. Ohline et al. have previously shown
that methylene blue forms dimers on silica in dried films.!®> A similar effect has also been
observed by Severino and coworkers in SDS micelles and AOT reverse micelles.!63
Although there is a difference between the bulk and EW spectra, indicating the pres-
ence of dimers, the change is relatively minor, suggesting that the majority of the molecules

at the surface are monomers.
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Figure 4.29: EW spectrum of MB in
EtOH, normalised to the main peak, with
arrow indicating the growth of the shoulder.

Figure 4.28: EW spectrum of MB in
EtOH at various concentrations.
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Figure 4.30: Comparison of the spectra of 12 nM methylene blue in EtOH as taken for
the bulk using a commercial UV-vis spectrometer (using a 1 cm cell) and using the EW-
CEAS apparatus. The difference in spectral shape and in ec suggest adsorption of the
MB to the silica surface.
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4.7.3 Methylene blue at the silica/water interface

In aqueous solution, methylene blue shows quite different adsorption behaviour than in
ethanol. In Figures 4.31 to 4.34 the EW-CEAS spectra of four concentrations of methylene
blue in water at various times after introduction to the surface can be seen.

Firstly, note that in all cases, ec increases steadily over the course of minutes, indicating

relatively slow adsorption to the surface (as can be seen in the kinetic traces in Figure

4.35).
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Figure 4.31: EW spectrum of 156 nMm
methylene blue.

Figure 4.32: EW spectrum of 312 nm
methylene blue.
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Figure 4.33: EW spectrum of 625 nMm
methylene blue.

Figure 4.34: EW spectrum of 1.25 nM
methylene blue.

For the 156 nM spectrum, two peaks can clearly be observed, the monomer peak at
approximately 660 nm, and the H-type dimer at 600 nm. Over time, the dimer peak
increases in strength relative to the monomer, corresponding to an increase in the dimer

population as more MB packs onto the surface. This can be seen in Figure 4.36, where

142



I
—1.25 pMm

60 -

DO
o
T

0 20 40 60 80
Time / s

Figure 4.35: Kinetic traces of the interfacial absorbance of 156 to 1250 nM methylene
blue, monitored at 600 nm. Note the relatively slow adsorption, over the course of min-
utes, before a limiting value is reached.

the spectrum has been normalised to 666 nm.

As the solution concentration is increased, the population of the H-type dimer increases
relative to the monomer, with the dimer peak almost completely dominating at 1.25 pM.
In addition, the peak blue-shifts at higher concentrations, suggesting either a change in

the stacking angle of the dimer,'® or the formation of higher order aggregates,'®% or both.
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Figure 4.36: Spectra of 1.25 uM methylene blue measured by EW-CFEAS. Note the in-
creasing strength and blue-shift of the multimer peak (indicated by the arrow) as MB ad-
sorbs to the surface.
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4.7.4 Fitting the methylene blue spectra

In order to further analyse the spectra, deconvolution into the constituent species (monomer,
dimer, etc) can be carried out.

Ohline and coworkers have carried out similar work for methylene blue at the silica
surface, employing singular value decomposition of the spectra.'® This approach cannot be
used in this case, however, as it relies upon elemental conservation, the fact that the total
surface concentration is the weighted sum of each species; in the experiments performed
here, the total surface concentration is unknown, and so the spectra cannot be decomposed
into individual species in this way.

It is possible, however, to remove the contribution of the monomer from the spectra,
assuming the spectral shape is the same in solution and at the surface. Taking the lowest
concentration, 156 nM, Figure 4.31, the spectrum can be decomposed into two components,
shown in Figure 4.41. The remaining EW spectra can then be fitted using these two
components, using the relative amount of each species as the only parameters.

The fitted spectra for all four of the above concentrations are shown in Figures 4.37
to 4.40. At 156 nM the spectra are fitted quite well at all times up to 90 s, suggesting
that the only species present are indeed monomers and dimers. As the concentration is
increased, the spectra remain well-fitted at earlier times. The fit becomes less good over
time, however, as the multimer peak blue-shifts.

Turning to the kinetics of dimer formation, the kinetic traces at 520 nm are shown
in Figure 4.42. This wavelength corresponds to mostly dimer/multimer, with a minor
contribution of the monomer. It can be easily seen that increasing concentration in solution
leads to both an increased equilibrium concentration and a higher rate of formation of
dimers at the surface. The very start of the adsorption is shown in Figure 4.43. The slopes
of the traces are linear in this initial region, and correspond to the rate of formation of
dimer.

The rate constant of formation of the dimer can be extracted from these data using

the initial rates method. For a reaction

2A =B (4.63)
with rate equation
dB] _ 2
T k[A] (4.64)
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Figure 4.41: Spectra of monomer and dimer of methylene blue, deconvoluted from the
data in Figure 4.37
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Figure 4.42: Kinetic traces of methylene blue adsorption at 520 nm, corresponding to
multimer formation.

a plot of the initial rate of formation of B against [A]? should give a straight line of slope
k. For the data in Figure 4.43, the plot of the initial rate against [MB]? is shown in Figure
4.44. At low concentrations the plot is linear, indicating that the assumption that dimers
are the dominant species is valid. At higher concentrations, the initial rate is not linear in
[MB]?, indicating the formation of higher order aggregates.

The effective rate constant extracted from Figure 4.44 is 0.53 cm~'pm~2s~!. The
extinction coefficient of the dimer at 520 nm is 3.3 x 1072 pM~ em ™1, giving a final
rate constant of 16 pM~!s™! for the formation of the dimer.

One point of note is that, over repeated experiments, while the amount of monomer
at the surface reaches a repeatable value, the limiting amount of dimer varies between

runs by as much as 50%, as seen in Figure 4.45. One interpretation of this is that that the

condition of the surface is very important in determining the resulting build-up of MB.
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Figure 4.44: The initial rates fitted in Figure 4.43 plotted against [MBJ.
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Figure 4.45: Comparison of the fitted amounts of monomer and dimer for three experi-
ments, all performed with 312 nM methylene blue. Note that the three monomer traces
lie almost on top of each other, but the dimegrtraces show almost 50% variability in

the limiting value. One interpretation of this effect is that the limiting amount of dimer
formed is heavily dependent on the surface condition.



4.8 Crystal violet

Crystal violet (CV) is a triarylmethane dye used as a histological stain, the structure of
which is shown in Figure 4.46

.~

Figure 4.46: Structure of crystal violet.

The adsorption of crystal violet has been widely studied, both with regard to the use

180,187

of low cost adsorbents as a method of removing it from solution, and studying its

149,150,152, 188,189 1190-193

adsorption behaviour onto silica and minera surfaces.

The aqueous, bulk absorption spectrum of crystal violet is shown in Figure 4.47. There
are two bands, the main peak at around 600 nm, with a shoulder near 550 nm. The origin
of the shoulder has been a source of controversy for 75 years, starting with work by Lewis,
Magel, and Lipkin, who found that the shoulder shrinks with decrease temperature.'®
They posited that the two bands were due to isomerisation of the molecule, with the main
band being due to the symmetrical helical (or ‘propeller’) isomer, and the shoulder being
due to a distorted helical structure.

This hypothesis can be rejected, however, based on calculations by Lueck et al. indi-
cating that rotational isomerism could not explain the observed spectra, and by studies of
CV in acetone and toluene, where the relative intensities were found to be independent of

195 Lueck instead argued that the shoulder is the result of splitting of the Sy

temperature.
state due to the electronic interaction of the dimethylamino groups with dipoles or anions.
The aggregation of crystal violet in solution was also studied by Lueck and coworkers, who
were able to deconvolute the spectra of monomer, dimer, and trimer.'%

Femtosecond pump-probe experiments by Maruyama et al., however, suggest that CV
has two ground states.'®” Maruyama found that the temporal rise of the shoulder depended
on the excitation wavelength, and concluded that there are two ground state conforma-

tions, the ‘propeller’ D3, and pyramidal Cs.

Photodissociation spectra recorded by Loison and coworkers of the unsolvated CV
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Figure 4.47: Bulk absorption spectrum of 2 uM crystal violet, measured using a com-
mercial spectrometer and a 1 cm cell.

molecule show a single band, and calculations suggest that the main contribution to the
shoulder in solution is the interaction of a solvent molecule at the central carbon.!”® Further
computational studies by Macovez et al. add evidence that the pyramidal Cs conformation
is responsible for the shoulder.'

Much work has also been done studying the spectrum of crystal violet adsorbed to
surfaces. Coon et al. found that a reversible transition between monomers and aggregate on
the surface of titanium dioxide resulted in a spectral change, similar to that for aggregation

192

in solution.””* Yamaoka and Sasai studied the adsorption of CV on to montmorillonite

clay, and were able to deduce the profile of eight sub-bands in the spectrum, and the angle
of each relative to the surface.!"!
Fan et al. used EW-CRDS to characterise the adsorption of crystal violet to the silanol

152 They found that there were two types of bound CV

groups on fused silica surfaces.
molecules: at type I, isolated, silanol groups, the molecules are oriented randomly; at type
II sites, where there are neighbouring silanols, the orientation of the molecules is restricted
by repulsion from neighbouring groups and the tilt angle increases with concentration as
more molecules adsorb. The interaction of crystal violet with anionic surfactants has also

been used by Lin and coworkers in order to determine the critical hemimicelle concentra-

tion at the surface by EW-CRDS.!8?
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Few of these experiments have been able to study both spectral and kinetic behaviour
simultaneously. Making use of the broad-band range of EW-CEAS, presented here is a
spectral and kinetic study of crystal violet adsorbing onto silica, and onto the highly

charged surfaces of poly-L-lysine and poly-L-glutamic acid coated silica.

4.8.1 Crystal violet adsorption on the poly-L-lysine/water interface

Poly-L-lysine (PLL) is the polymer of L-lysine, the amino acid with the side chain (CHg)4NHa.
The conjugate acid of the side chain amine has a pKa of 10.54, making PLL positively
charged at neutral pH. Application of a solution of poly-L-lysine to a bare silica surface
results in a deposited layer on the surface, resulting in a positively charged surface. All
PLL coated surfaces here were created by placing a 1 mgmL ™! solution of PLL onto the
bare silica surface for 20 minutes.

Crystal violet, being positively charged in aqueous solution, would be expected not to
bind to the PLL coated surface. Figure 4.48 shows the spectrum of 25 nM crystal violet in
water (flow rate = 5 mLmin~!) shortly after its introduction to the PLL-coated surface.
The spectrum for both || and L polarisations matches the bulk spectrum, suggesting that
there is little immediate adsorption to the surface.

There is a small discrepancy in the height of the shoulder relative to the mean peak
as compared to the bulk solution spectrum. Two mechanisms could explain this change.
Firstly, the interaction of CV with PLL coated surface could cause a change in population
of the conformers present, changing the ratio of main peak to shoulder. This would be
consistent with a change in the conformations present, towards either fully planar or
with a reduction in the pyramidal angle of the D3 conformer, or both. Alternatively, the
presence of PLL could promote dimerisation, which would enhance the dimer band at 550
nm. In either case, the slight reduction in ec for the EW spectrum suggests that the local
concentration at the surface is marginally lower than in the bulk, as might be expected due
to the like charge on the surface and molecule. At this time the average orientation angle
is 54.941.6° across the spectrum, the isotropic value of 54.7° being within the uncertainty,
indicating there is negligible preferential orientation of CV at the interface (Figure 4.51).

Over the course of eight minutes the spectrum evolves to that shown in Figure 4.49,
the kinetic trace being shown in Figure 4.50. There is an increase in both ec and ecy
over time, indicating some adsorption to the surface. Whether this involves displacement

of PLL from the surface is unclear from this data. Note that after the initial rise, ec |
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Figure 4.48: The spectrum of 25 uM crystal vio-
let on a PLL coated prism t = 8 s after introduc-
tion of the dye solution to the surface.
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Figure 4.50: Kinetic trace of 25 uM crystal
violet on a PLL coated prism at 600 nm. The
dashed line indicates ec for the bulk solution at
the same wavelength.
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Figure 4.49: The spectrum of 25 nM crystal vio-
let on a PLL coated prism t = 8 min after intro-
duction of the dye solution to the surface.
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Figure 4.51: The average orientation angle of
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TEJLONS.

151



is greater than ec|, indicating that the molecules are partially aligned with TDMs tilted
towards the surface. At this time the average orientation angle over the range 530-600 nm
is 58.6 + 0.8° to the surface normal, the molecules being moderately tilted towards the
surface. This can be seen in Figure 4.51.

In contrast, in Figure 4.49 there is clearly an additional contribution to ec; around
450-500 nm, and between 620 and 660 nm. This causes the average orientation angle
in these regions to approach 70° (Figure 4.51). The appearance of these additional bands
suggests the formation of both H- and J-type aggregates (as discussed in Section 4.3.2) with
a strong preference for alignment with TDMs flat to the surface. However, the relatively

small change in (0) suggests that the majority of molecules exist as monomers here.
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4.8.2 Crystal violet adsorption on the bare silica/water interface

On the bare silica surface, the adsorption behaviour is more complex than on PLL, depend-
ing strongly on the concentration of the solution. Presented below are three concentrations,

250 nM, 1.25 pM, and 25 pM, which cover the range of behaviour exhibited.

4.8.2.1 At 250 nM

The EW-CEAS spectrum of a solution of 250 nM crystal violet in water being flowed (10

mL min~!) over a bare silica prism is shown in Figure 4.52.
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Figure 4.52: FEvanescent-wave spectrum of 250 nM crystal violet, t = 60 s after be-

ing introduced to a bare silica surface. Data has been smoothed using a running average
(span = 15 nm) for clarity.

Here a step change in ec is observed as the dye solution is introduced to the surface
(Figure 4.53). €cmax is approximately 12 times that of the bulk solution, indicating that
the dye is adsorbed to the surface. Although the signal-to-noise ratio makes the shape
of the spectrum quite difficult to observe, it is clearly similar to the monomer spectrum,
suggesting that little aggregation is occurring, and that CV molecules sit individually on
the surface.

ec and ec) are identical within the noise, giving an average orientation angle of close to
the magic angle. This is consistent with an isotropic distribution of molecular orientations,

as found by Fan et al. for CV sitting at type I silanol sites.'®2
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Figure 4.53: Evanescent-wave kinetic trace of 250 nM crystal violet at the bare sil-
ica/water interface, monitored at 600 nm (flow rate = 10 mLmin~'). The data have
been smoothed using a moving average filter (span = 1's) for clarity. The dashed line
indicates ec for the bulk solution at the same wavelength.
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4.8.2.2 At 1.25 yM

At 1.25 nM the spectrum (Figure 4.54) is again similar to that at 250 nM. ec is around ten
times higher than for the bulk solution (0.1 cm™" at 600 nm), and e is almost identical to
ec) , implying an isotropic distribution of orientations indicating that at this concentration,
the spectrum remains dominated by isolated monomers at the silica surface, isotropically

oriented at type-I silanol sites.
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Figure 4.54: Spectrum of 1.25 uM crystal violet flowed (10 mLmin~=!) on a bare silica
surface, t = 60 s after introduction to the surface. No change in the spectral shape is
discernible over the course of the experiment.

At 1.25 nM the spectral shape is clearer than at 250 nM. The shoulder is more intense
relative to the main peak than in bulk solution, similar to the spectrum observed on the
poly-L-lysine coated surface (Figure 4.48). The similar observation with both PLL and
bare silica suggests that either dimerisation or direct contact with the silica is responsible
for the change, and not interaction with PLL.

In the kinetic trace (Figure 4.55), there is a sharp rise in ec as the solution is introduced
to the cell, followed by a small peak which falls to the equilibrium value within seconds.
One possible supposition might be that small aggregates fall close to the surface, causing
a minor increase in the local concentration, but are quickly disrupted by interaction with
the surface to form adsorbed monomers; there is, however, no spectral evidence in favour

of such a hypothesis. No changes in the spectral shape are discernible over the course of
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Figure 4.55: Kinetic trace of 1.25 uM crystal violet being flowed (10 mLmin~!) on a
bare silica surface, shown for 600 nm. The inset shows the initial rise in ec, correspond-
ing to the solution sweeping over the probed area (see text). The dashed lines indicate ec
for the bulk solution at the same wavelength.

the experiment.

The inset in the figure shows the initial rise as the sample is introduced to the cell.
This occurs over less than 1 s, similar to the value for the non-adsorbed cresol red system,
suggesting that the adsorption occurs faster than the flow of the solution across the probed

area; as such the bulk cannot be readily distinguished from the interfacial adsorption.
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Figure 4.56: EW spectrum of 25 nM crystal violet with a bare silica prism, at t = 60
s after introduction of the solution to the surface. Note the difference between the two
polarisations, indicating ordering of the C'V molecules.

4.8.2.3 At 25 M

At higher bulk concentrations of crystal violet, the adsorption behaviour is more complex.
The spectrum of 25 pM crystal violet adsorbed onto bare silica is shown in Figure 4.56.
Here the spectrum is vastly different to that of the bulk solution, with the absorption
maximum significantly blue-shifted.

The ratio of ecj/ec) varies across the spectrum, with ec; being larger at the blue
end, and ec; being larger in the red. This suggests that multiple species are present
at the interface, each with a different, non-isotropic orientation. Qualitatively, there is a
shoulder at around 600 nm, visible in both || and L polarisations, suggesting that there is a
contribution to the spectrum from the monomer. In addition to this, there are two other,
clearly visible components to the spectrum: firstly, there is an intense band at around
505 nm, seen most strongly in the || spectrum; additionally, there must be at least an
additional band at around 540 nm to account for the peak of the | spectrum, and also
for the remaining intensity of the || spectrum.

The kinetics at 600 nm are shown in Figure 4.57. Here there is a slow rise in ec
over the course of a minute, in contrast to the situation at lower concentrations, where

an equilibrium is reached within seconds. This rise was observed to continue over time,
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reaching a steady interfacial absorbance within 10 min (Figure 4.57, inset).
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Figure 4.57: Kinetic trace of 25 uM crystal violet flowed (10 mLmin=!) on a bare sil-
ica surface at 600 nm. The dashed line indicates ec for the bulk solution at the same
wavelength. Inset: the rise in interfacial absorbance continues over the course of ~ 10
min before reaching a steady value (data from second experiment).

After the above experiment was completed, the solution flowing over the prism was
changed to water (flow rate = 10 mL min~—!), and the interfacial absorbance again recorded.
The interfacial absorbance was observed to fall to almost zero within a few seconds of the
commencement of water flow (Figure 4.58).

The spectra over the course of the water flow experiment are shown in Figure 4.59,
normalised to the shoulder at 600 nm. From these spectra, it is easily seen that, although
the interfacial absorbance decreases across the spectrum, the band at 505 nm falls more
rapidly than the shoulder at 600 nm. This is further evidence of the presence of more than

one species at the interface.
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Figure 4.58: Kinetic trace of crystal violet being washed from the prism surface by
flowing water (10 mLmin—!) after the experiment shown in Figures 4.56 and 4.57 (mea-
sured at 600 nm). The interfacial absorbance falls to zero within seconds, indicating re-
moval of the crystal violet to below levels detectable by this instrument. The dashed line
indicates the bulk ec for the 25 pym C'V solution at the same wavelength.
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Figure 4.59: EW spectra of 25 nM crystal violet being washed from the bare sil-
ica/water interface by flowing water (10 mLmin~!). Note that, although the interfacial
absorbance decreases across the spectrum, the band at 505 nm falls more rapidly than
the shoulder at 600 nm. No detectable interfacial absorbance remains after one minute.
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4.8.3 Fitting the crystal violet spectra

Moving beyond a purely qualitative description of the spectra can be accomplished in a
number of ways. If the total surface concentration is known, in dried films for instance,
spectra at a range of concentrations can be used to deconvolute spectra of the individual
species using singular value decomposition, as described in Section 4.7.3. In the work
presented here, however, the total surface concentration is not independently known so
this approach cannot be used. Instead, using either a priori knowledge of the spectral
features, or by performing a global fit to the spectra using sensibly shaped bands, the
kinetics of individual components can be separated.

Prior work by Yamaoka et al. found that the spectrum of crystal violet in the presence
of Montmorillonite K-10 clay could be decomposed into eight Gaussian sub-bands by
analysing the reduced dichroism spectra.!!

The spectra of 25 um crystal violet adsorbing onto bare silica presented here (Figure
4.56) can be fitted well using three components, made up of six Gaussian sub-bands, as
listed in Table 4.2. The main peaks occur at 505, 543 and 594 nm, consistent from the

qualitative prediction from inspection of the spectrum.

Label | Apax / nm | FWHM / nm | Relative intensity
505 nm 505 24 -
485 35 1
543 nm 543 37 7.2
618 15 1
594 28 7.5
594 nm 640 30 1

Table 4.2: List of partial absorption bands decuded from fitting the EW-CEAS spectra
of 25 nm CV adsorbing to a bare silica surface.

Six Gaussian sub-bands were found to be the minimum number with which an ac-
ceptable fit was able to be achieved, and are broadly consistent with the peaks found by
Yamaoka, although not a precise match for their measurements of either free CV or that
bound to montmorillonite. This discrepancy can be attributed to the difference between
the silica and clay surfaces.

The six Gaussian sub-bands found here could be grouped into three fitting components
by their matching kinetics, relative intensities, and (6).

The fitted spectrum at 600 s can be seen in Figure 4.60, and contributions of the
individual bands in Figure 4.62 and 4.64. As can be seen from the figure, the spectrum

for both || and L polarisations is fitted well by the three components listed in Table 4.2.
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Figure 4.61:
Figure 4.60: Spectrum of 25 pM crystal violet

Kinetic trace of the component at

505 nm.
on a bare prism, 60 seconds after introduction
to the surface. Fits are shown by the dotted and
dashed lines.
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Figure 4.63: Kinetic trace of the component at
Figure 4.62: Total fitted spectrum and three 548 nm.
spectral components of ec| from Figure 4.60.
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Figure 4.64: Total fitted spectrum and three

594 nm.
spectral components of ec| from Figure 4.60.
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Figure 4.65: Kinetic trace of the component at



Component | 0y /°
505 nm | 43.6 £ 0.1 (0.25)
543 nm 56.7 + 0.1 (1)
504 nm | 58.0 +0.1 (+0.5)

Table 4.3: The expectation values for the angle of the TDM relative to the surface nor-
mal for the three components of the spectrum of 25 uM crystal violet at the silica/water
interface. The uncertainties are the variation of the calculated angle over the timescale
of the experiment — this does not take into account the uncertainty in the measurement
itself. Shown in brackets are estimates of the statistical uncertainty from repeated mea-
surement.

Fitting the intensity of each component at each time step, the kinetic behaviour of
each component for both || and L polarisations can be found, and are shown for this
experiment in Figures 4.61, 4.63, and 4.65.

Note that we can assign sub-bands to the same species based on the fact that the
kinetics of each are identical, and even more confidently if the average orientation angle
is the same; it is unlikely that different species would have identical kinetic profiles and
angular distributions. Here the three Gaussian sub-bands that make up the 543 nm band
have identical kinetics and (#), as do the two Gaussian sub-bands of the component at
594 nm.

All three components show significant anisotropy, indicating ordered absorption for all
three species. The average orientation angles for the three components are shown in Table
4.3.

Both the bands at 543 nm and 594 nm have orientation angle expectation values of
56.7° and 58.0° respectively, close to the magic angle, indicating a modest tilt of the TDM
towards flat to the surface. The component at 505 nm, however, is more anisotropic, lying
at 43.6° to the surface normal.

A possible assignment for the three components would be to monomer (594 nm), dimer
(543 nm), and H-type aggregate (505 nm). This assignment would be consistent with Lueck
et al., who assigned the spectra of monomer, dimer, and trimer from solution data, with
increasingly blue-shifted absorption maxima moving from monomer to dimer to trimer.2%°

The increased deposition of CV at 25 pM compared to 1.25 pM (and, indeed, qualita-
tively different behaviour) suggests some measure of cooperativity. At concentrations up
to 1.25 pM, crystal violet adsorbs monomerically and isotropically, presumably at type-I
silanol sites as found by Fan and coworkers.'®? The surface concentration is enhanced rel-

ative to the bulk, but is in proportion to the bulk concentration (increasing approximately
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five times between 250 nM and 1.25 pM solution).

At 25 pM, however, the adsorption is markedly increased (ec being over ten times
greater than the proportionate increase in concentration as compared to 1.25 pMm). This,
combined with the large blue-shift in the absorption maximum, is consistent with the for-
mation of dimers and H-type higher aggregates; with increasingly concentrated solutions,
a critical surface concentration is rapidly reached whereupon runaway aggregation occurs.

Even after deposition of crystal violet from 25 pM solution, the crystal violet can be
completely removed from the surface within 60 s by flowing water across the prism.

One way to investigate the aggregation behaviour of crystal violet at the interface
further would be to use poly-L-glutamic acid to increase the negative charge on the surface,

and observe the effect on adsorption.
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4.8.4 Crystal violet adsorption on the poly-L-glutamic acid/water in-

terface

Poly-L-glutamic acid (PLGA) is a polymer made up of L-glutamic acid units, the car-
boxylic acid side chain of which has a pKa of 4.1, making it negatively charged at neutral
pH. The deposition of a layer of PLGA therefore leaves a highly negatively charged surface
in water.

Since the bare silica/water interface has a negative charge after plasma cleaning (due
to the free silanol groups at the surface), it might be expected that crystal violet would
adsorb in a similar way to PLGA as it does to a bare silica surface. The observed spectra
do indeed show similarities. Experiments using 250 nM CV on PLGA show spectra similar
to those seen at 25 puM on bare silica (the different concentrations being accounted for
by the increased negative charge of PLGA). There are also key differences, however, with
respect to the fate of the adsorbed molecules at long times.

In all experiments here, PLGA was deposited onto the silica surface by applying a

solution of 1 mgmL~! PLGA in water to the prism surface for 20 minutes.

4.8.4.1 At 250 nM

For a 250 nM solution of crystal violet in water, flowed at 5 mL min~!, the EW-spectrum
quickly gains the appearance as shown in Figure 4.66. Qualitatively similar to the spectrum
of 25 nM CV on bare silica, the three components of the spectra are clearly visible, and
can be fitted fairly well using the components listed in Table 4.2.

As in Section 4.8.2.3, the band at 505 nm has an average orientation angle of of 43.4°
to the surface normal, while the components at 543 and 594 nm are oriented at 55.8°
and 58.3° respectively. These values are similar to those calculated for the experiments
at the bare silica interface, suggesting that similar aggregation processes are occurring on
bare silica and PLGA, only at lower concentrations of CV on PLGA due to the increased
surface charge.

The subsequent kinetic behaviour of the spectrum for PLGA (Figures 4.67 to 4.71),
however, is drastically different to that observed for the bare silica case.

As can be seen in the kinetic traces of the components (Figures 4.67 to 4.71), approx-
imately sixty seconds after the introduction of the solution to the cell there is a sudden
and irreversible drop in ec for all three spectral components. The peak at 505 nm falls

completely to zero, while the other two components fall to a lower, constant value. After
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Figure 4.67: Kinetic trace of the component at
505 nm, showing adsorption, PLGA film rupture,
and rapid loss of interfacial CV.

Figure 4.66: Spectrum of 250 nM crystal violet
on a PLGA coated prism, 100 seconds after in-
troduction to the surface. Fits are shown by the
dotted and dashed lines.
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Figure 4.69: Kinetic trace of the component at
Figure 4.68: Total fitted spectrum and three 548 nm.
spectral components of ec| from Figure 4.66.
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Figure 4.70: Total fitted spectrum and three
spectral components of ecy from Figure 4.66.
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Figure 4.71: Kinetic trace of the component at
594 nm.



Component ‘ ) /°
505 nm 43.4+£0.6
543 nm 55.8 £ 0.1
594 nm 58.3+04

Table 4.4: The expectation values for the angle of the TDM relative to the surface nor-
mal for the three components fitted for 250 nM crystal violet at the PLGA /water inter-
face. The uncertainties are the variation of the calculated angle over t = 45 to 100 s —
this does not take into account the uncertainty in the measurement itself.
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Figure 4.72: EW-CEAS spectrum of a 250 nM crystal violet solution adsorbed onto
a PLGA coated prism, 600 seconds after introduction to the surface. Data has been
smoothed using a running average filter (span = 15 nm) for clarity.

200 s, ec)| and ecy_ for both remaining components become almost equal, indicating a close
to isotropic distribution of molecules; () is 55.7+0.5° and 55.7£0.3° for the bands at 543
and 594 nm respectively. The spectrum at £ = 600 s is shown in Figure 4.72. The lower
signal to noise ratio here makes interpretation difficult, but the general shape appears
similar to that for 250 nM CV on bare silica.

One potential explanation of this behaviour is that the initially negative surface of
the PLGA film causes the positively charged CV molecules to adsorb more strongly than
to the bare silica surface. After a short time, the increasingly neutral PLGA film can
no longer remain attached to the surface, and ‘peels off’ the silica, taking most of the
adsorbed crystal violet with it. All that then remains is a small amount of isotropically
oriented monomer and dimer.

To test this hypothesis, experiments were performed at different flow rates, which

correspond to different rates of adsorption. The effect of flow rate is shown in Figure 4.73.
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Figure 4.73: ec at 600 nm compared for various flow rates of 250 nm CV on a PLGA
coated surface. The rate of adsorption and subsequent loss of CV increases with increas-
ing flow rate.

An increased flow rate increases both the rate of build up of CV on the surface through
increased mass transport, and the rate of subsequent loss. In each case, the rise in ec is
approximately linear, and the maximum ec reached is similar, although not identical; ec
after loss of the film is almost identical for each flow rate.

Firstly, this suggests that the loss process begins when a critical amount of CV is
adsorbed. In each case, roughly the same value of ec is reached before it begins to fall.

Secondly, the fact that the rate of the fall in ec depends on flow rate suggests that the
film is not lost suddenly once the critical concentration is reached, but piecemeal as the
adhesion between the PLGA and the surface is reduced. This could either be due to more
CV adsorbing, reducing adhesion between the film and the surface (which would happen
faster at increased flow rates), or due to a higher shear force on the film (which would also

be higher at increased flow rates).
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Component ‘ ) /°
505 nm 36.8+0.5
543 nm 63.8 £0.2
594 nm 65.3 £0.2

Table 4.5: The expectation values for the angle of the TDM relative to the surface nor-
mal for the three components fitted for 25 nM crystal violet at the PLGA /water inter-
face. The uncertainties are the variation of the calculated angle over t = 45 to 100 s —
this does not take into account the uncertainty in the measurement itself.

4.8.4.2 At 25 M

With 25 M crystal violet in water flowed across a PLGA coated prism at 5 mLmin™!,

the interfacial absorbance (Figure 4.74) is similar, but not identical, to that on bare silica.

1 1

Firstly, the maximum value of ec reached is higher, over 800 cm™", compared to 160 cm™".
This is due to the increased negative charge of PLGA compared to silica, driving interfacial
adsorption. Secondly, the difference in || and L polarisations is more pronounced, with ec)
being much stronger at the red end of the spectrum; the orientational distribution of the
different species has changed.

Fitting the spectra using the components from Table 4.2 is only partially successful.
Firstly the position of the peak in ec is clearly blue-shifted compared the fitted component
at 505 nm. This blue-shift indicates that stacking angle of the aggregate has moved further
towards the face-to-face orientation, in accordance with Figure 4.12. Indeed, the average
orientation angle for the fitted band is 36.8°, closer to the surface normal than for the
results on bare silica (43.6°). Furthermore, the values of (f) for the components at 543 and
549 nm also change to be further from isotropic (63.8 and 65.3° compared to 56.7 and 58°
on bare silica).

Secondly, the fit around 650 nm is poor, the fit under-representing the ec in this region.
The increased absorbance here is likely due to the presence of J-aggregates, the absorption
bands of which are red-shifted from the monomer.

The kinetic profile of each component is shown in Figures 4.75 to 4.79. Here, ec rapidly
reaches a maximum before slowly falling over the course of minutes, unlike on bare silica
where, at the same concentration, there is a continual rise over the course of minutes. The
dramatic fall in ec observed with 250 nM CV on PLGA is not seen here, instead a more
modest decrease occurs, and the component at 505 nm remains at long times.

The drop in ec can again be ascribed to the loss of the PLGA film, similar to the effect

at lower concentration. This loss occurs more rapidly than at 250 nM (within 20 s vs. 60 s)
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Figure 4.74: Spectrum of 25 pyM crystal violet
flowed (5 mLmin~!) over a PLGA coated prism,
100 seconds after introduction to the surface. Fits
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Figure 4.76: Three fitted components of ec| and
ecy from Figure 4.74. The three components for
each polarisation are summed to give the total fit.
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Figure 4.75: Kinetic trace of the component at
505 nm, showing rapid adsorption, PLGA film
rupture, and slow loss of interfacial C'V.
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Figure 4.78: Three fitted components of ec| and
ecy from Figure 4.74. The three components for
each polarisation are summed to give the total fit.
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Figure 4.79: Kinetic trace of the component at
594 nm.
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as would be expected for a more highly concentrated solution.

The fact that the aggregate band remains even after the loss of the PLGA film is
perhaps not surprising, given that the aggregate is seen even on bare silica at this concen-
tration (Section 4.8.2.3). Once the bare silica surface has been exposed by the loss of the

PLGA film, large aggregates are still able to be formed.
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4.9 Radical pairs at the interface

In Chapter 3, the idea of using crystallisation to align a magnetoreceptor was introduced.
That method had the benefit of a high degree of alignment; it is mainly applicable, however,
to systems that are fluorescent, and to ones with a significant MFE on the fluorescent
species. Additionally, the system must be one that crystallises readily, and where the
MFE is not suppressed by crystallisation.

Another approach to measuring magnetic field effects in aligned systems is to use a
surface as the source of alignment,?’! such as that provided by the silica-solvent interface
in EW-CEAS. If the magnetoreceptor could be aligned at the interface, then the magnetic
field effect on the radical absorption with respect to the field direction could be measured,
potentially probing any MFE anisotropy. In addition to this, the small penetration depth
of the evanescent field in EW-CEAS could allow miniaturisation of the sample volume
to around a microlitre; previously precious samples could then be treated as effectively
disposable. Furthermore, by using the dual-cut prism, the probed sample region can be
laser-excited using the evanescent wave, closely matching the sample volume exposed to
probe and pump beams. Light-induced degradation of the sample can therefore be min-
imised.

Presented here is a proof of principle for magnetic field effect measurement using EW-

CEAS, using the FMN-HEWL model system.

SFMN*

k ) .
Q TEMN* - Radical pair
—\ TIFMN~ Trpt] S[FMN~ Trp ]
hl/ kesc/
SFMN Free radicals

kox s kred ) krecom

Figure 4.80: FMN-HEWL photocycle, showing excitation (hv), fluorescence (ky), in-
tersystem crossing (kisc), electron transfer (kgr), back electron transfer (kpgpr), escape
(kesc), oxidation/reduction processes (koz, kred), and free radical recombination (krecom,)-

4.9.1 Experimental considerations

The magnetic field effect experiments presented here were performed using the polarisation

sensitive EW-CEAS instrument as described in Sections 4.2.5 and 4.4, with the addition
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of a set of home-built Helmholtz coils and a 450 nm, 50 mW diode laser.

The diode laser was used to photoexcite the sample. The beam path was arranged such
that it entered the prism along the non-cavity (short) axis, being totally internally reflected
at the top surface, photoexciting the sample via the evanescent wave. This arrangement
minimises photodegradation of the sample.

The magnetic field coils were placed surrounding the prism, centred around the probed
region, with the direction of the magnetic field parallel to the prism surface normal. The
coils could produce a magnetic field strength of up to 16 mT using a home built power
supply.

The magnetic field effect experiments presented here were performed using a function
generator (Rigol DG1022) to vary the magnetic field between 0 and 16 mT in a square
wave function (period = 2 s, duty cycle = 50%). The exposure time of the CCD was set
to be 0.5 s, with a cycle rate of 1 Hz. The square wave of the magnetic field was then
synchronised manually to the CCD, ensuring that the switching of the field occurred when
the CCD was not acquiring. The MFE could then be calculated as discussed in Section
3.3.

4.9.2 FMN

The spectrum of 1 mM FMN collected by EW-CEAS is displayed in Figure 4.81. FMN
does not noticeably adsorb to the silica surface, as evidenced by the fact that ec for
both polarisations are slightly less than the bulk value (indicating a non-enhanced local
concentration and isotropic orientational distribution), and that the kinetic trace shows a
step change in ec on introduction of the solution to the cell (Figure 4.82).

Photoillumination of FMN using 450 nm laser light causes excitation of FMN to the S;
state. With FMN alone, the two return pathways to the ground state are by fluorescence
from Sp, and via T;. No radical pair is formed, and there is expected to be no magnetic
field effect.

The MFE on application of a 16 mT field is shown in Figure 4.83; it is zero over the

ground state region of FMN, as expected.

4.9.3 FMN-HEWL

Photoexcitation of FMN in the prescence of HEWL results in the formation of radical

pairs between FMN and tryptophan residues on the surface of lysozyme;8"% the system
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Figure 4.81: EW-CEAS spectrum of 1 mMm FMN. ec| and ecy are very similar across
the entire spectrum, and are only slightly less than ecpyy, suggesting little to no interfa-
ctal adsorption.
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Figure 4.82: Kinetic trace of 1 mM FMN as it is introduced to the prism surface, mea-

sured at 450 nm. The lack of any discernible growth in ec over this timescale suggests
little to mo interfacial adsorption.
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Figure 4.83: MFFE spectrum of 1 mM FMN, as measured by EW-CEAS. There is no
perceptible MFE across the FMN band (415-500 nm). Note that the MFE measurement
is unreliable above 500 nm, since the absorbance of FMN is negligible in this region.

can then cycle around the photoscheme shown in Figure 4.80.

The spectrum of a solution of 1 mM FMN, 1 mM HEWL is shown in Figure 4.84. There
is a weak effect on the effective surface concentration of FMN caused by the addition of
HEWL; there is a modest increase in ec (3x) compared to FMN alone, with a slight
enhancement in ec; as compared to ec). Lysozyme is known to adsorb to silica,202-204

with the change in surface charge likely being responsible for the enhancement of FMN

concentration.
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Figure 4.84: EW spectrum of a 1 mM FMN, 1 mM HEWL solution. The slightly higher
ec than for mM FMN alone suggests a small amount of co-adsorption of FMN and
HEWL to the surface.
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Photoexcitation of the sample using a 450 nm laser results in the spectrum in Figure
4.85. There are two main features in this spectrum. Firstly, ground state bleaching can

L. around

be seen between 400 and 500 nm. The change in ec is approximately 0.2 cm™
1% of the FMN has been pumped out of the ground state at any one time. Note also the
scattered laser light at 450 nm.

The other band, between 500 and 700 nm, is the FMNH' radical,?*® one half of the
radical pair. The RP state is relatively long lived, tens of microseconds,?” compared to the
nanosecond lifetimes of S; and T;. Consequently, only the ground and radical states are

significantly populated, and the FMNH band appears approximately stoichiometrically
with the bleached ground state’
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Figure 4.85: Spectrum of photoexcited FMN-HEWL. The ground-state bleaching of
FMN can be observed between 400 and 500 nm; the FMNH radical band is observed be-
tween 500 and 700 nm.

Application of a magnetic field changes the rate of mixing between singlet and triplet
radical pair states, as discussed in Section 3.2.6, and thence modifies both the radical and
ground state populations via the radical pair mechanism. The percentage MFE in the
radical region on application of a 16 mT magnetic field is shown in Figure 4.86. The MFE
in the radical region between 525 and 600 nm is 0.42 + 0.19%; a similarly sized effect for
that observed in the experiments on Chapter 3. A magnetic field effect on the ground state
region is also expected here, but is obscured by noise. This is most likely due to the lower
brightness of the SCS in the blue region, with the consequently lower signal-to-noise ratio

obscuring the MFE in this region.

L 7206

SThis can be inferred from Liu et a which gives the extinction coefficients of the FAD states; it
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Figure 4.86: %MFE spectrum of 1 mMm FMN with 1 mm HEWL for an applied mag-
netic field strength of 16 mT. The mean MFE across the radical region is 0.42 £+ 0.19%.

is a reasonable assumption that FMN is similar.
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4.10 Conclusions and future directions

Presented here are results from a variety of systems, showing the breadth of possibilities
for EW-CEAS as a surface-sensitive optical spectroscopy method.

The use of an optical cavity to enhance the sensitivity of absorption measurements is
now well established, covering a range of approaches from CRDS to broad-band CEAS.
Each approach has benefits and drawbacks, and may be more of less suited to a particular
problem. Previous work using the evanescent wave as a probe of the thin layer at an
interface has focussed on EW-CRDS, which has the benefit of high time and spectral
resolution and calibration-free absorbance measurements.

The EW-CEAS experiment presented here extends upon this work, using the intra-
cavity prism design of EW-CRDS combined with the broad-band laser light source and
CCD detection of BBCEAS. This change trades time resolution for the ability to record
the entire visible region at once, with the minor additional cost of the CEF calibration.

Sections 4.5 to 4.9 show a variety of systems with different absorption behaviour mea-
sured by EW-CEAS. Cresol red does not adsorb to the silica surface, a fact easily dis-
cernible from the spectrum, which is quantitatively identical to that in the bulk, and
the flat kinetic profile. Gold nanoparticles adsorb onto the PLL-coated surface over the
course of minutes; the fact that they are monomerically dispersed can be inferred from
the position of the LSPR peak, which does not shift on adsorption.

A taste of the real power of EW-CEAS as a probe of interfacial processes is shown
in Section 4.7, which showing results of methylene blue adsorbing onto the surface. The
spectrum shows a large shift in the absorption maximum compared to the bulk solution,
which can be explained as dimerisation occurring at the surface. The spectrum of the
dimer can be extracted, and the rate constant for dimer formation determined from the
kinetic profiles.

The complex adsorption behaviour of crystal violet on silica and polyelectrolyte sur-
faces can be studied using polarisation sensitive EW-CEAS. Multimer formation occurs
at the surface here, and the ability to capture the entire visible spectrum means that
the kinetic behaviour of individual spectral components can be extracted and examined.
Furthermore, polarisation-sensitive detection allows information about the orientation of
each species relative to the surface to be determined.

The magnetic field effect experiments in Section 4.9 clearly establish the use of this

technique in the study of MFEs. Here a relatively small MFE of 0.4% was easily measurable
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for species with only a modestly increased surface concentration; a system which is strongly

adsorbed or tethered to the surface could in principle be measured to even higher precision.
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