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Abstract

The work described in this thesis is concerned with the development and applica­ 
tion of real-time photo-CIDNP (Chemically Induced Dynamic Nuclear Polarisation) 
to the study of protein structure and folding.

Chapters 1 and 2 introduce the protein folding problem, and its study by NMR, 
then go on to elucidate the mechanisms behind the photo-CIDNP phenomenon.

Chapter 3 applies photo-CIDNP spectroscopy to the study of a small cytochrome 
protein. The difficulties of performing these experiments on chromophore-containing 
proteins are discussed.

Chapter 4 begins with the development of a rapid mixing device for use in real- 
time NMR and CIDNP studies. Experiments used to characterise the device are 
presented. This chapter then goes on to describe CIDNP pulse labelling experi­ 
ments, used to investigate the surface structure of some molten globule states of 
two a-lactalbumins. This chapter concludes with an application of the rapid mixing 
device to the real-time refolding of hen egg white lysozyme.

Chapter 5 extends the work of the previous chapter, studying the real-time re­ 
folding of bovine pancreatic ribonuclease A. Refolding studies are performed from 
different denaturing conditions, and the effects of sample heating during the real- 
time CIDNP experiment are discussed.

Chapter 6 describes the use of illumination during an NMR experiment to study 
the conformational changes in a plant blue light receptor protein, phototropin. The 
structural changes are characterised with 2-dimensional NMR spectroscopy and 
photo-CIDNP. The kinetics of the ground state recovery are also investigated by 
real-time NMR spectroscopy.

Chapter 7 uses calculated hyperfine coupling constants and a radical pair dif­ 
fusion model from the literature to simulate the nuclear polarisation obtained for 
the amino acid tryptophan. Comparisons are made between theory and experiment.

Chapter 8 describes the structural characterisation of a homologous series of de 
novo peptides, designed for subsequent use in EPR experiments when derivatised 
with a suitable spin label.
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Chapter 1

Introduction

Protein folding has received a large amount of attention recently [1-5], following the 

discovery of a link between protein misfolding and disease [4]. There are currently 

more than 15 human diseases associated with the misfolding and aggregation of 

proteins in vivo [4]. The causes of protein misfolding are still largely not understood. 

This thesis is concerned with the development of real-time NMR methodology and 

its application to the study of protein structure, folding and conformational changes. 

This chapter outlines the background of the protein folding problem, then goes 

on to introduce the basic theory of nuclear magnetic resonance and the CIDNP 

phenomenon. An outline of the remainder of the thesis is then presented.

1.1 The Protein Folding Problem

How does a linear chain of amino acids fold to form a well defined, three dimen­ 

sional structure following synthesis on the ribosome? This is one of the major 

puzzles of modern biochemistry and molecular biology. If a protein were to at­ 

tempt an exhaustive search of all possible conformations in order to find the correct 

native fold, it would take a geological timescale! This is the basis of Levinthal's 

paradox [6, 7]. In reality, proteins fold on a timescale ranging from microseconds
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for the Trp-cage peptide [8] and the B-domain of protein A [9, 10] up to tens to 

hundreds of seconds for larger, more complex systems [11]. There are three major 

mechanisms proposed for protein folding. The framework model states that local 

elements of secondary structure are formed independently of the tertiary structure. 

These secondary structure elements then coalesce to form the native state [12-14]. 

The nucleation model argues that neighbouring residues form native contacts, and 

hence secondary structure, and act as nucleation sites from which folding occurs in 

a stepwise manner [15, 16]. The third proposed mechanism is the hydrophobia col­ 

lapse. In this postulate, the hydrophobic residues are quickly sequestered from the 

solvent, followed by a reorganisation of the protein to adopt the native fold [17, 18]. 

In reality protein folding in vitro is likely to be a subtle combination of these three 

models. In vivo, the presence of large molecular structures, called chaperones, aid 

the protein in its attainment of the correct functional fold and act as a cellular 

quality control mechanism [2].

1.1.1 The Free Energy Landscape

The concept of a free energy landscape has long been used in the explanation and 

interpretation of chemical reaction dynamics. Recently, the idea has been applied 

to the protein folding problem [19]. Figure 1.1 shows a schematic free energy funnel 

associated with protein folding, and a slice through that funnel. The native state 

of the protein is found at the global minimum of this free energy landscape, with 

partially folded species such, as molten globules often occupying local minima en 

route to this native state. Clearly any refolding experiment which starts from the 

denatured state will initially span an ensemble of conformational states which must 

all eventually end up at the native state.
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Unfolded states

Molten globule / 
partially folded states

- The native state

Some folding coordinate

(a) A schematic free energy funnel, 
taken from [19]

(b) A slice through the funnel

Figure 1.1: A representation of the free energy landscape associated with protein folding.

1.1.2 Following Protein Folding

The range of experimental techniques used to study proteins and follow their fold­ 

ing is vast. The biophysical techniques applied include UV/visible absorption spec- 

troscopy, stopped-flow fluorescence, Fluorescence Resonance Energy Transfer (FRET), 

Circular Dichroism (CD), Infrared Spectroscopy (IR), Differential Scanning Calorime- 

try (DSC), Nuclear Magnetic Resonance (NMR) and Electron Paramagnetic Reso­ 

nance (EPR) to name only the major methods.

A variety of real-time NMR methods have been used in the study of protein fold­ 

ing [20-23]. The principal approach is the use of one-dimensional NMR spectroscopy, 

due to the time constraints required to acquire a two-dimensional spectrum. Ex­ 

amples include the slow unfolding of various mutants of barnase and chymotryspin 

inhibitor 2 [24] in which unfolding is initiated by injection of native protein into a 

high concentration of chemical denaturant. The unfolding was followed over a pe­ 

riod of hundreds of seconds by observing changes in the methyl and amide regions
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of the spectrum as a function of time following the injection. A second example 

shows the use of 19 F labelling in the refolding of dihydrofolate reductase [25] fol­ 

lowed again by stopped-flow NMR over hundreds of seconds. The advantage of using 

fluorine-19 labelled tryptophan residues is the large spectral simplification achieved, 

allowing truly site specific data to be obtained, along with the greater chemical shift 

dispersion offered by the 19F nuclei.

The sensitivity of these one-dimensional experiments can be improved by appli­ 

cation of CIDNP (Chemically Induced Dynamic Nuclear Polarisation). Since only 

histidine, tyrosine and tryptophan residues are observed in the CIDNP experiment, 

this also allows site specific information to be obtained without the need for poten­ 

tially complex isotopic labelling strategies. Several proteins have been studied by 

this technique, including hen egg white lysozyme, on which real-time stopped-flow 

folding studies have been performed [26, 27]. Also, by production of a nitrogen-15 

labelled variant, a two-dimensional CIDNP experiment allowed more detailed infor­ 

mation about the number of solvent exposed tryptophan residues in the denatured 

state to be obtained [28]. A classic system for the study of protein folding is bovine 

Qf-lactalbumin. This has recently been studied with respect to the folding of the apo 

protein following the photochemical release of calcium ions into solution [29, 30]. 

Photo-CIDNP has also been implemented as a technique to probe the structure of a 

partially folded state of a-lactalbumin, by the transfer of nuclear polarisation from 

the partially folded state to the native state for detection [31, 32]. Site directed 

mutagenesis allows the replacement of specific amino acids in a protein sequence. 

In the case of the histidine-containing phosphocarrier protein from Escherichia coli, 

phenylalanine residues were selectively replaced with tryptophan to allow a stopped- 

flow CIDNP investigation [33].

More recently, two-dimensional techniques have been applied to slower folding 

proteins such as ribonuclease Tl [34] which was followed using a fast 15 N-HMQC
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method allowing changes at the backbone amides to be followed. Over much longer 

time periods it is possible to record a series of conventional 15 N-HSQC spectra to 

follow folding. An example of this is the folding of the /3-sheet protein apoplasto- 

cyanin [35]. The LOV2 domain from the signalling protein phototropin undergoes 

a marked conformational change upon exposure to blue light [36, 37]. The abil­ 

ity to trigger a reversible cycle between conformational states allows a modified 

time-resolved 15 N-HSQC experiment to be performed [38].

The remainder of this chapter outlines the basis of the NMR experiment, and the 

origins of the photo-CIDNP effect, in the context of proteins and biological systems.

1.2 Nuclear Magnetic Resonance

Atomic nuclei possess nuclear spin angular momentum which can be characterised 

by a nuclear spin quantum number, /, which can take integer values, including zero, 

or half-odd integer values. Common nuclear spin quantum numbers include 7   0 

for 12 C and 16 O, / = \ for 1 H, 13 C, 15 N and 19 F, and / = 1 for 2 H, 14 N. There are 

27+1 projections (m/) of this spin angular momentum onto the z axis, defined by 

the following series:

7,7-l,7-2,...,-7 (1.1)

In the absence of a magnetic field, these projections are degenerate, however, the 

application of a magnetic field lifts this degeneracy, with the energy of each state 

being given by:

E(mr ) = -hjBorrn (1.2)

where 7 is the magnetogyric ratio, defined as ft — 7-7, and fl is the nuclear magnetic 

moment vector and 7 is the nuclear spin vector. B0 is the applied static magnetic 

field. The separation of the nuclear spin states by the magnetic field will also result 

in a population difference between the levels at thermal equilibrium. Consider the
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case when / = |: this implies that there are two spin states, commonly referred to 

as the a state (m/ = +5) and the /3 state (m/ =   |). In the magnetic field there 

will be a population difference between these two states given by the Boltzmann

distribution:

n/3 f E/3 — Ea \ , , — = exp :  p-—r   (1.3) 
na \ kBT )

where n/3/na is the ratio of the populations of the a and j3 spin states, with energies 

Ea and E/3 respectively.

The selection rule in magnetic resonance is that Am/ = ±1, therefore resonant 

transitions will occur when the frequency of the applied radiation matches the energy 

gap between spin states separated by Am/   ±1. Therefore:

u = -7^0 (1.4)

where LJ is known as the nuclear Larmor frequency. The frequency of electromagnetic 

radiation required to induce these transitions is usually in the radio frequency range. 

Nuclear magnetic resonance was first demonstrated experimentally in 1946 by the 

groups of Bloch [39, 40] and Purcell [41]. The experiments described in this thesis 

were performed using modern Fourier Transform methods, the basics of which are 

outlined below.

1.2.1 Fourier Transform NMR

Since there is a population difference between the nuclear spin states in the magnetic 

field, this will result in a small bulk magnetisation in the sample, proportional to 

the expectation value (Iz ). This is so-called longitudinal magnetisation. It can 

be "tipped" into the transverse (xy) plane by the application of a short, strong 

radio frequency field (Bi), perpendicular to the main static field. The flip angle (in
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degrees) of the pulse is defined as:

0 = ---Tp x 360° (1.5)
ZTT

where rp is the duration of the pulse. For example, a 90° pulse applied along the 

x-axis, in a reference frame rotating at the spectrometer transmitter frequency, 

will result in the magnetisation vector being tipped into the transverse plane, and 

produce —Iy magnetisation. Observed from this rotating frame the transverse mag­ 

netisation will then precess about the static field £?0 , at a frequency corresponding 

to the difference between the Larmor frequency of the nucleus of interest and the 

spectrometer transmitter frequency. This frequency difference is known as the offset. 

As this magnetisation precesses it is detected in quadrature, resulting in a complex 

signal, or Free Induction Decay (FID), of the following form:

s(t) = exp(iflt) exp(~R2t) (1.6)

with n being the offset, and R% is the transverse relaxation rate (R2 — ^-), which 

governs the decay of the FID envelope.

The free induction decay is related to the NMR spectrum by a Fourier trans­ 

form [42] . The spectrum is obtained by computation of the following integral:

roo

s(u) = I s(t) exp(iotf)d£ (1.7) 
Jo

R2 i(u - Q)
(1.8)

The real part of this expression corresponds to an in-phase absorptive Lorentzian 

line shape, whilst the imaginary part is an in-phase dispersive Lorentzian.

The principal advantage of Fourier transform NMR over continuous wave (CW) 

methods is that several FT experiments can be performed in the same time required
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to acquire a single CW spectrum, thus allowing extensive signal averaging, signifi­ 

cantly improving the signal to noise ratio. By the choice and application of suitable 

radio frequency pulses and delays, Fourier transform NMR allows the separation and 

analysis of different interactions in the nuclear spin system. This allows powerful 

experiments to be designed which can be applied to the determination of molecular 

structures and dynamics.

1.3 Chemically Induced Dynamic Nuclear 

Polarisation

Chemically Induced Dynamic Nuclear Polarisation (CIDNP) was first observed ex­ 

perimentally in 1967 by the groups of Bargon and Fischer [43] and Ward and 

Lawler [44]. They observed anomalous intensities in the NMR spectra of radi­ 

cals produced during chemical reactions within the NMR magnet. The initial ex­ 

planations for these observations invoked Overhauser-type arguments of relaxation 

interactions between the nuclei and the unpaired electron in the radicals, hence 

the name "chemically induced dynamic nuclear polarisation" [45-47]. These ex­ 

planations were incomplete, and in 1969 the CIDNP phenomenon was explained, 

independently by Gloss [48] and by Kaptein and Oosterhoff [49], in terms of the 

Radical Pair Mechanism 1 .

Immediately following its discovery, the major application of CIDNP was in 

mechanistic organic chemistry. The NMR enhancements observed could be used 

to elucidate the pathways of reactions which proceeded via a radical pair inter­ 

mediate [52]. In 1978 photo-CIDNP was applied to the study of biopolymers by 

Kaptein [53]. This section outlines the theoretical background of the radical pair

lrrhis mechanism is also responsible for the electron equivalent of CIDNP, Chemically Induced 

Dynamic Electron Polarisation (CIDEP) [50], and for Magnetic Field Effects (MFEs) in radical 

pair recombination reactions [51].
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mechanism and its application to the CIDNP study of proteins.

1.3.1 Radical Pairs

Radicals are chemical species which possess an unpaired electron. When two radicals 

are closely associated, they can form a spin-correlated radical pair, that is the overall 

spin state of the pair is well defined. The total electron spin angular momentum of 

this radical pair is given by a Clebsch-Gordon series:

S = si + s 2 , si + s2 - 1,       , |si - s2 \ (1.9)

where Sj is the electron spin angular momentum of radical j in the pair. Therefore 

S can take the values 0 or 1. As is usual for angular momenta, there are 2S + I 

projections of this angular momentum onto the z axis. Therefore, the case S = 1 

has MS = 0, ±1 and is known as the triplet state. The singlet state has S   0 and 

correspondingly MS = 0.

The spin parts of the singlet and triplet wavefunctions can be defined in terms 

of products of the individual electron spin wavefunctions, a} and \(3). These wave- 

functions are given below:

\S) = (|ai^> - |/?i«2» (1-10) 

\T+ ) = Ka2 ) (1.11)

= \frfo) (1.13)

Figure 1.2 shows how the relative energies of these four spin states depend on the 

strength of the applied magnetic field (Figure 1.2(a)) and the inter-radical separation 

(Figure 1.2(b)). The |T+) and |T_) states are strongly dependent on the applied field
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(a) As a function of applied field (b) As a function of inter-radical separa- 

strength, BQ tion, r for BQ ^ 0

Figure 1.2: The relative energies of the singlet and triplet states. J(r] is the electron- 

electron exchange interaction, described in more detail below.

strength since both these states possess a resultant spin angular momentum either 

opposed to, or parallel with, the field direction. The \S) and |T0 ) states have no 

resultant spin angular momentum along the field direction, hence their energies are 

independent of the magnitude of the applied field. The separation of the \S) and |T0 ) 

states, even in zero field, arises due to the electron-electron exchange interaction, 

which is described in more detail below.

1.3.1.1 The Spin Hamiltonian

The spin dynamics of the radical pair in a magnetic field can be described in terms 

of a spin Hamiltonian:

H = Hz + Hhf + Hj (1.14)

^

where Hz describes the electron Zeeman interaction, Hhf describes the electron- 

nuclear hyperfine interaction and Hj the inter-electron exchange interaction. As 

the radical pair is free to undergo tumbling and diffusion in solution, all of the spin 

interactions in the radical pair are assumed to be fully isotropic, that is, there is no 

orientation dependence. Each of the terms in the spin Hamiltonian is discussed in
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more detail below.

The electronic Zeeman interaction is the interaction of electron spin angular mo­ 

mentum with the applied magnetic field, and is given by the following Hamiltonian:

3=1

*.

where Sjz is the z component of the electron spin angular momentum on radical j, 

which has an isotropic g- value given by QJ. The nuclear Zeeman interaction is 

assumed to be negligible since, for protons, it is approximately 660 times smaller 

than the electronic equivalent.

The interaction of electronic and nuclear spin angular momenta is described by 

the hyperfine Hamiltonian:

3=1 i

where aij is the isotropic hyperfine coupling between nuclear spin i and electron 

spin j. The isotropic hyperfine coupling arises from the Fermi Contact interaction. 

Hyperfine couplings between the unpaired electron on one radical and the magnetic 

nuclei on the other radical are usually negligible.

The two unpaired electrons can interact with each other via the quantum me­ 

chanical exchange interaction which arises from overlap of the electronic orbital 

wavefunctions and is described by the following Hamiltonian:

(1.17)

y\

where Sj is the electron spin angular momentum of radical j and J(r) is a distance- 

dependent function describing the strength of the exchange interaction. The exact 

form of this function is not known, but it is assumed to decay approximately ex-
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ponentially with increasing radical separation. The manifestation of the exchange 

interaction is to remove the degeneracy between the \S) and |T0,±) states, even in 

zero field, as shown in Figure 1.2.

Expressing Equation 1.14, constructed in the singlet-triplet basis, results in the 

following matrix form of the spin Hamiltonian:

\T+ )

(T+

(S\

(To\

( u- J(r)

0

0

o

\S)

0

J(r)

Q
0

\TO )
0

Q
-J(r)

0

|T_)

0

0

0

—LJ — J

\

Tr)y

(1.18)

where:

Q = r (1.19)

with

+ (1.20)

This spin Hamiltonian can now be used to explain the salient features of the radi­ 

cal pair mechanism responsible for the observation of chemically induced dynamic 

nuclear polarisation.

1.3.1.2 Singlet-Triplet Mixing and Spin Sorting

The wavefunctions describing the 15) and |T0 ) states are similar, differing only by 

a phase factor of TT radians. They are also connected by off-diagonal elements in 

the spin Hamiltonian, given in Equation 1.18. This leads to mixing of the two spin 

states, and a mechanism by which interconversion of the \S) state and the |T0 ) state 

can occur. This is shown in terms of the classical vector model in Figure 1.3. The 

frequency of this interconversion is given by the difference in the Larmor precession
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Bfl

Figure 1.3: The vector model of STo mixing. The cones represent the individual electron 
spin states and arrows the electron spins.

frequencies of the two electron spins:

- 92) n
H (1.21)

This is the so-called Ag mechanism of ST0 mixing and is generally of greatest effect 

at high magnetic field strengths, such as those found in an NMR spectrometer, or 

if the difference in electronic ^-values is large, for example if one of the radicals 

possesses a metal centre.

Nuclear spins coupled to the electron spins via hyperfine interactions will in­ 

fluence the rate of interconversion between the \S) and |T0 ) states. For simplicity, 

consider the effects of a single hyperfine coupling, from a spin-| nucleus. The rate 

of singlet-triplet mixing then becomes:

'ST0 = &g h
± -a

2 (1.22)

It is clear from this that the rate of interconversion between the |5) and |To) states is 

dependent on the relative signs of the difference in radical <?-values and the hyperfine
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Figure 1.4: The radical pair mechanism and spin sorting process. Ag and a have the same 
sign as drawn.

coupling. In general, the a nuclear spin state will produce the more rapid STo mixing 

if Ag and a have the same sign, whereas the j3 nuclear spin state will produce greater 

mixing if they have opposite sign.

The principles of the Ag mechanism as outlined above lead into the idea that 

the radical pair mechanism acts as a spin sorting process which ultimately results 

in nuclear spin polarisation. Figure 1.4 shows this process in more detail, starting 

from an initial triplet state precursor molecule. This results in the formation of an 

initially triplet-state spin correlated radical pair, via for example electron transfer. 

This radical pair then has two fates. It can either separate and diffuse apart, leading 

to the escape products, or undergo STo mixing and convert into a singlet state 

radical pair. This then has two fates, it can undergo further spin mixing and reform 

the triplet correlated pair, or can form recombination products. Recombination 

can usually only occur via the singlet channel due to the Pauli principle. As drawn, 

Figure 1.4 shows that the recombination products will contain an excess of a nuclear
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spins, while the escape products will contain an excess of (3 spins. Thus the spin 

sorting process has resulted in nuclear spin polarisation, which will be detected as 

enhancements to the NMR spectrum. The radical pair mechanism, recast in terms 

of the NMR product operator formalism [54], is shown in Appendix A [55].

The exchange interaction, which is responsible for lifting the degeneracy of the 

\S} and |TO) states in zero field, also has a pronounced effect on the spin evolution 

of the radical pair. If the magnitude of this interaction is larger than the average 

hyperfine coupling in the radical pair then it will tend to inhibit STo mixing driven 

by the hyperfine coupling. If it is larger than Ag^p2 it will inhibit the spin mixing 

via the Ag mechanism. Figure 1.2(b) shows how the energies of the singlet and 

triplet states vary as a function of radical pair separation. Therefore, if a radical 

pair is formed in an initial triplet state, then it must separate to a distance at 

which the exchange interaction has decreased to less than Ag MB̂  °, and to less than 

the average hyperfine coupling, which is typically of the order of one nanometre, 

in order for spin mixing to occur. The diffusion of the primary radical pair and 

its subsequent re-encounter is termed secondary recombination. The timescales for 

these two events, spin mixing on the order of 10~ 9 to 10~8 s, and re-encounter 

on a timescale of 10~ 10 to 10~7 s, are such that spin mixing can occur while the 

radicals are separated to a distance at which the exchange interaction is sufficiently 

decreased.

The loss of electron spin correlation in the radical pair through electronic relax­ 

ation is usually negligible since the electron spin relaxation times are T® ~ 10~6 s. 

This is a slower process than the spin evolution and diffusion required to generate 

the nuclear spin polarisation.
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1.3.1.3 Kaptein's Sign Rules

The phase of the nuclear polarisation, F, produced for a particular atom, i, in 

a molecule can be predicted by a set of empirical rules devised by Kaptein [56], 

following analysis of the spin sorting mechanism:

sign (Aflf)   sign (a{ )
+A, absorptive enhancement

(1.23)
 E, emissive enhancement

t

where:

A* = <
+ for a triplet precursor

  for a singlet precursor

+ for a recombination product

  for an escape product

sign (Ap) is the sign of the difference in g-value between the radical on which nucleus 

i resides and the partner in the radical pair, and sign (a^) is the sign of the hyperfine 

coupling at nucleus i. It is worth noting that this sign rule is only valid at high 

field [57], and for the so-called net effect, when all components of a multiplet show 

the same phase of polarisation.

There is a similar rule for the CIDNP multiplet effect, in which different com­ 

ponents of a J-coupled multiplet show differing enhancements. This effect is not 

considered in this thesis, since it is principally operative at low field.

1.3.2 Biological Photo-CIDNP

The application of photo-CIDNP to the study of biological systems involves the gen­ 

eration of the radical pair consisting of certain aromatic amino acid side chains and 

a suitable photosensitiser, usually the tricyclic flavin mononucleotide (FMN). The
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Figure 1.5: The cyclic reaction mechanism between a flavin molecule (denoted F) and an 
aromatic amino acid side chain (A). The symbols | and [ denote an excess of a and (3 
nuclear spins respectively.

potentially polarisable amino acid residues are histidine, tyrosine and tryptophan. 

Methionine also shows weak polarisation at the He position next to the thioether, 

however, it is not of interest in this thesis.

The generation of nuclear polarisation in the aromatic amino acid side chain 

begins with the photochemical excitation of the flavin molecule. This excited singlet 

state rapidly undergoes intersystem crossing to an excited triplet state molecule. 

This triplet state flavin then reacts with the histidine, tyrosine or tryptophan side 

chain to form a triplet spin correlated radical pair. From this point the reaction 

scheme differs slightly from that presented in Figure 1.4, in that the idealised reaction 

is cyclic. This means that the polarisation produced is detected in the original amino 

acid (whether free in solution, or as part of a protein), not some chemically modified 

species. The cyclic reaction scheme is shown in Figure 1.5. Since the reaction 

scheme is cyclic, the products of the escape and recombination channels are identical. 

Therefore it would be expected that since the nuclear polarisation produced in the
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recombination and escape products is equal and opposite in phase, there would 

be cancellation of the polarisation and no enhancements to the NMR signal would 

be observed. However, this is not the case. The escaped radicals, having a lifetime 

longer than the recombining radicals (10~4 s and 10~7 s respectively), undergo rapid 

nuclear spin relaxation via dipolar coupling to the unpaired electron, with a nuclear 

spin-lattice relaxation time, 7Yadical « 10~ 7 s. This results in "leakage" of the nuclear 

spin polarisation in the escape products, hence incomplete cancellation of the total 

nuclear spin polarisation, and is known as recombination cancellation.

The escaped radicals are also able to transfer polarisation to the recombination 

products via degenerate electron exchange. Consider a spin-polarised radical, A*|, 

formed from the escape channel. It can undergo an electron exchange with its 

diamagnetic counterpart in solution:

A'l +A -> A| +A- (1.24)

thereby transferring the escape polarisation to the recombination products. Since 

this escape polarisation is opposite in phase to that produced via the recombination 

channel (Figures 1.4 and 1.5), this results in a decrease in the recombination product 

polarisation, and is termed exchange cancellation. The signal intensity of a given 

nucleus undergoing exchange cancellation is given by the following equation [58]:

Dr
/ = P*

radical

where P^ is the polarisation generated in the absence of other competing processes, 

&o is the rate of decay of the triplet flavin either by fluorescence or by quenching 

with molecular oxygen, k™ is the electron exchange rate constant, and JR^adlcal is the 

nuclear spin lattice relaxation rate of the radical (= I/ T1radlcal ).

As proteins are large macromolecules, they undergo relatively slow translational
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Figure 1.6: The structures of the three polarisable amino acids. The numbering scheme 
indicates that used in this thesis.

diffusion in solution, and hence the recombination and exchange cancellation effects 

described here play only a minor role in determining the observed CIDNP intensity. 

The effects are more pronounced in solutions of the free amino acids [55].

1.3.2.1 Photo-CIDNP of the Amino Acids

The structures of the three polarisable amino acids are shown in Figure 1.6. The 

mechanism of formation of the radical pair is different for the three amino acids. 

Histidine reacts with the triplet flavin via hydrogen atom abstraction [59]:

3 FMN + HisH -> 3 FMNH' + His* (1.26)

where the over-bar denotes the spin-correlation. The rate constant for the reaction 

of the triplet flavin with histidine is given by the following expression [59]:

(1.27)

where Kqi and Kq2 are the ionisation constants of 3 FMNH+ and HisHj, kq\ and 

kq2 are the second order rate constants for the reaction of 3 FMNH with HisHj 

and HisH respectively. k0 is the rate of decay of the triplet flavin in the absence
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Figure 1.7: 500 MHz 1 R NMR and CIDNP spectra of 2 mM histidine, using 0.2 mM 
FMN, in H2 O at pH 7. The NMR spectrum is the average of 64 scans, while the CIDNP 
spectrum is the average of 32 light/dark subtraction pairs and was recorded using 50 ms 
laser pulses at 4 W.

of histidine. This expression is consistent with the observed pH dependence of 

the histidine polarisation, and based on the reactivity of the triplet flavin with 

the neutral and protonated forms of the histidine side chain. This therefore leads 

to a pronounced pH dependence of the observed polarisation on the histidine side 

chain, with no polarisation being observed below pH 4. Typical values for the 

rate constant for the reaction of histidine with the triplet flavin are in the range 

kq = 1 — 5 x 107 M" 1 s" 1 [59]. The polarisation produced at neutral pH is shown in 

Figure 1.7. Strong enhancement of the H2 and H4 protons is observed, along with 

emissive enhancement of H^3 .

The mechanism of radical pair formation in the case of tyrosine has been the 

subject of some debate. It was initially thought to be hydrogen atom abstraction,
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Figure 1.8: 500 MHz :H NMR and CIDNP spectra of 2 mM tyrosine, using 0.2 mM 
FMN, in H2 O at pH 7. The NMR spectrum is the average of 64 scans, while the CIDNP 
spectrum is the average of 32 light/dark subtraction pairs and was recorded using 50 ms 
laser pulses at 4 W. F denotes a flavin signal.

from the phenolic OH [60], but, has now been shown to be electron transfer [59]:

'FMN + TyrOH * + TyrOH+* ->  'FMNH* TyrO" (1.28)

This electron transfer is followed by swift deprotonation of the tyrosine radical cation 

to give the neutral radical being involved in the radical pair. The rate of quenching 

of the triplet flavin by the tyrosine is kq — 1 x 109 M" 1 s-1 and is independent of 

pH [59], indicative of electron transfer reactions as it is at the diffusion controlled 

limit.

The major feature of the polarisation observed in tyrosine is the emissive polar­ 

isation of the protons at positions H3 and H5, shown clearly in Figure 1.8. This 

is due to the sign of the hyperfine coupling at this position, relative to the other 

positions around the ring. This feature does allow the easy identification of exposed
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Figure 1.9: 500 MHz 1 R NMR and CIDNP spectra of 2 mM tryptophan, using 0.2 mM 
FMN, in H2 O at pH 7. The NMR spectrum is the average of 64 scans, while the CIDNP 
spectrum is the average of 32 light/dark subtraction pairs and was recorded using 50 ms 
laser pulses at 4 W.

tyrosine residues in the CIDNP spectrum of a protein. The H2 and H6 protons, 

along with the H^ show weakly enhanced absorptive polarisation.

The reaction for tryptophan also proceeds via electron transfer, followed by de- 

protonation of the tryptophan radical cation [59]:

'FMN + TrpH -> "FMN- + TrpIT (1.29)

The triplet quenching rate for tryptophan is also near the diffusion controlled limit, 

kq = 2   3 x 109 M" 1 s" 1 and is only slightly dependent on pH [59]. The polarisation 

produced is shown in Figure 1.9. The alternation of polarisation around the ring 

is due to the alternating nature of spin density in the radical's singly occupied 

molecular orbital. The strong polarisation of the indole NH proton is useful as an 

identifier for exposed tryptophan residues in proteins as there are very few other
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signals in this region of the NMR spectrum.

The situation becomes more complex when binary (or ternary) mixtures of the 

amino acids are considered. Given that the three amino acids all have differing rate 

constants for quenching the triplet flavin, this results in a competition for available 

flavin triplets when the amino acids are present as mixtures. The signal intensity 

then becomes [61]:

r _ -pR ______ ̂ qA [A]

IA ~ ' A fc0 + VIA] +

where P^ is the polarisation generated from the radical pair reaction, ko is the rate of 

decay of the triplet flavin, either via fluorescence or quenching by molecular oxygen, 

and kqi is the rate of rate of reaction for the amino acid i with the triplet flavin. 

At high amino acid concentrations this equation should be modified to include the 

effects of degenerate electron exchange by multiplying by R\&d 'lca-1 / (kf[A] + R™dical ). 

From Equation 1.30, and the quenching rate constants given above, it can be seen 

that the order of reactivity for the three amino acids is roughly Trp > Tyr ^> His. 

This leads to the conclusion that in a protein, although a histidine residue may be 

sufficiently exposed to undergo the hydrogen atom abstraction required to generate 

CIDNP, in the presence of at least partially exposed tyrosine or tryptophan it will 

be less able to compete effectively for the triplet flavin, and hence show decreased 

polarisation, or no polarisation at all.

1.3.2.2 Photo-CIDNP of Proteins

The generation of CIDNP when amino acids are held in a molecular framework 

such as a peptide or protein provides an interesting and powerful tool for studying 

protein structure and folding. The only requirement is that the residue side chain 

be accessible to the triplet flavin. This means that the amino acid must be on 

the surface of the protein and exposed to the solvent. For example, Figure 1.10 

shows the aromatic region of the NMR and CIDNP spectrum of the protein bovine
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Figure 1.10: 500 MHz *H NMR and CIDNP spectra of a 2 mM bovine a-lactalbumin 
solution, using 0.2 mM FMN, in Ir^O at pH 7. The NMR spectrum is the average of 32 
scans, while the CIDNP spectrum is the average of 16 light/dark subtraction pairs and 
was recorded using 50 ms laser pulses at 4 W. The assignments are taken from [62].

a-lactalbumin (BLA). It is immediately clear that there is vast simplification in 

the CIDNP spectrum, since only signals arising from polarised amino acid residues 

are detected. In the native state of BLA only three of the aromatic residues are 

exposed, and hence polarisable. These are Tyr 18, His 68 and Trp 118, and clearly 

identifiable in Figure 1.10. The observation of CIDNP signals from these three 

residues correlates with that expected based on the protein crystal structure, shown 

in Chapter 4, Figure 4.23(a). This spectral simplification is one benefit of using 

CIDNP enhancements for the study of proteins.

1.3.2.3 Cross Polarisation

Since the generation of CIDNP produces large, non-equilibrium spin populations 

on certain nuclei in the amino acids, these polarisations can be transferred by the
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Figure 1.11: The cross-polarisation pathways for histidine, tyrosine and tryptophan.

Nuclear Overhauser Effect (NOE) to neighbouring spins. This so-called cross polar­ 

isation enables nuclei which are not directly polarised by the radical pair reaction 

to becomes weakly enhanced [63, 64]. Figure 1.11 shows the transfer of polarisa­ 

tion around the amino acid side chains. The sign of the transferred polarisation 

depends on which cross relaxation pathway is most efficient for a given system. 

This, in turn, depends on the rotational correlation time. For small molecules, such 

as the free amino acids in non-viscous solutions, the W^ pathway (Am/ = ±2) 

is most efficient, hence the transferred polarisation has the opposite phase to the 

directly generated enhancements. The converse is true in larger, hence slower tum­ 

bling, molecules such as proteins, where the W^ pathway (Am/ = 0) prevails, 

and transfer is with retention of phase. Cross polarisation in 19F-labelled amino 

acids (and proteins) leads to interesting multiplet intensity patterns arising from 

the interaction of various relaxation pathways such as dipole-dipole interactions and 

relaxation arising from the chemical shift anisotropy of the fluorine [65].

An example of cross polarisation in a real system is shown in the small 16-residue 

peptide trpzip4. This is a triple mutant (Y45W, F52W, V54W) of the gbl peptide, 

which corresponds to residues 41 to 56 of the Bl IgG-binding domain of protein G. 

This peptide forms a /^-hairpin motif in solution, without the need for stabilising
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Figure 1.12: 600 MHz 1 E NMR and CIDNP spectra of a 2 mM solution the trpzip4 
peptide at pH 6. The CIDNP spectrum was acquired using 100 ms laser pulses at 5 W. 
The assignments and structure are taken from [66].

counter ions. It achieves this through the 7r,7r stacking of two pairs of tryptophan 

residues [66]. Figure 1.12(a) shows the NMR and CIDNP spectra of this peptide. 

Of the four tryptophan residues only two are directly polarised, namely Trp 45 and 

Trp 54. From the structure shown in Figure 1.12(b) these two residues have their side 

chains oriented in such as a way as to enable electron transfer with the triplet flavin, 

that is, the faces of the aromatic rings are protruding out into the solution, thereby 

allowing orbital overlap with the flavin, and formation of the radical pair. The two 

other tryptophan rings are held such that their edges are pointing into solution. 

Hence it is not possible to attain the required overlap between the tryptophan and 

the flavin to enable the electron transfer.

The interesting feature of the CIDNP spectrum is that several (at least half) of
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the backbone amides appear as emissive signals. As it is not possible to polarise these 

signals directly, this polarisation probably arises via NOE cross-polarisation from 

the tryptophan sidechains. Since this is a relatively small system, the rotational 

correlation time gives rise to a negative NOE, therefore the cross-polarisation is 

carried with inversion of phase.

1.4 Outline of the Thesis

The final section of this introductory chapter outlines the remainder of the thesis.

Chapter 2 continues the introduction, detailing the experimental equipment 

and methodology used to obtained the results described in this thesis.

Chapter 3 presents results of photo-CIDNP experiments performed on a small 

cytochrome protein, cytochrome 0552 from Hydrogenobactor thermophilus and a dou­ 

ble alanine mutant of the same protein. The problems of performing CIDNP exper­ 

iments on proteins which possess a chromophore are described and insights into the 

structural changes between the apo and holo mutant proteins and the wild-type are 

obtained.

Chapter 4 first describes the design and development of a rapid mixing de­ 

vice, then explains experiments performed to characterise the mixing properties of 

the device. The second half of this chapter describes experiments using the rapid 

mixing device which probe the surface structure of a series of molten globule states 

of the bovine and human a-lactalbumins. The information obtained is not readily 

available by other methods. The chapter concludes with a second use for the injec­ 

tion system is presented, allowing the real-time refolding of hen egg white lysozyme 

to be followed.

Chapter 5 continues on from the results presented in the previous chapter, 

applying the rapid mixing device to the folding of bovine pancreatic ribonuclease A.
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The effects of sample heating by the laser illumination during a real-time CIDNP 

experiment are also briefly discussed.

Chapter 6 describes a different use for illumination during an NMR experiment, 

namely that of photochemically induced conformational change. The experiments 

contained in this chapter are concerned with structural changes which occur during 

the reversible photocycle of the LOV2 domain of phototropin. These experiments 

include probes of the conformational change using 2-dimensional NMR methods 

and photo-CIDNP experiments. Finally, a real-time NMR method is described 

which monitors the kinetics of the protein's return to the ground state following the 

activation of the photocycle.

Chapter 7 uses calculated hyperfine coupling constants and a radical pair diffu­ 

sion model from the literature to simulate the nuclear polarisation obtained for the 

amino acid tryptophan. Comparisons are made between theory and experiment.

Chapter 8 changes direction and describes the NMR characterisation of a series 

of homologous peptides. These peptides have been designed to be subsequently spin- 

labelled and used in EPR studies. The work described in this chapter is concerned 

with the characterisation of the secondary structure adopted by these peptides under 

similar conditions to those used in the EPR measurements.



Chapter 2

Experimental Methods

In this chapter an overview of the experimental equipment and methodology used 

is given. Details of the NMR spectrometer hardware, pulse sequences and sequence 

elements used, and laser configurations needed to acquire the data presented in the 

remainder of the thesis are outlined.

2.1 NMR Spectrometer and Laser Systems

In order to generate and detect CIDNP enhancements in the NMR spectrum, a 

laser system must be coupled to an NMR spectrometer. In this thesis three such 

installations were used, each detailed below.

2.1.1 Oxford Centre for Molecular Sciences

The equipment at the Oxford Centre for Molecular Sciences (OCMS) consisted of two 

home-built spectrometers operating at X H frequencies of 500.1 and 600.1 MHz. Both 

spectrometers were fitted with a pair of Helmholtz coils, double tuned to 1 H, 2 H and 

13 C, 15 N, suitable for triple resonance inverse detection. Each spectrometer was also 

equipped with a triple axis pulsed field gradient accessory, producing field gradients 

of up to 65 G cm" 1 . The sample temperature was regulated within ±0.1 °C of the
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required value in the range 5 to 65 °C, using a Peltier thermoelectric device [67].

The laser system used with these spectrometers was a Spectraphysics Stabilite 

2016-05 argon ion laser, which outputs principally at wavelengths of 488 and 514 nm. 

When operating in broadband mode, the laser produces 5 W of power at the laser 

head. The beam was focused on to the end of an optical fibre (F-MMC, Newport 

Optics) using a microscope ocular (F-915T Launcher Optic, Newport Optics), and 

was gated into 50 to 500 ms pulses using a model 200 FNC mechanical shutter from 

NM Laser Products, controlled by the spectrometer. Approximately 60% of the 

light was transmitted to the sample.

This set-up was principally used in the experiments described in Chapters 3, 4 

and 6.

2.1.2 Physical and Theoretical Chemistry Laboratory

The NMR spectrometer in the Physical and Theoretical Chemistry Laboratory 

(PTCL) was a Varian Unity /A/OV/A 600 spectrometer operating at a X H frequency 

of 599.8 MHz, principally used with a 5 mm 1 H{ 13 C, 15 N} triple resonance probe, 

fitted with a z-axis pulsed field gradient coil, capable of producing 60 G cm" 1 .

Laser irradiation was provided by a Spectraphysics BeamLok 2085-25S argon 

ion laser, emitting at the same principal wavelengths as above, but also capable 

of emission between 300 and 370 nm (the near-UV) using suitable optics. The 

maximum power output of this laser, operating in broadband mode, is 25 W in the 

visible and 7 W in the UV region of the spectrum. Output from this laser is chopped 

into pulses using an LS200 mechanical shutter (NM Laser Products) and focused 

onto the end of an F-MBE optical fibre using a F-915 Launcher Optic (both from 

Newport Optics). Again, 60% coupling efficiency is obtained with this system.

This configuration was used for the experiments described in Chapters 5, 6 and 

8.
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2.1.3 University of Texas, Southwestern Medical Center at 

Dallas

The spectra shown in Section 6.2.2 of Chapter 6 were recorded at the University of 

Texas, Southwestern Medical Center at Dallas, using either a Varian Umty //VOV/4 500 

spectrometer operating at a : H frequency of 499.8 MHz and equipped with a 5 mm 

1 H{ 13 C, 15 N} triple resonance probe, fitted with a z-axis pulsed field gradient coil, 

capable of producing 60 G cm" 1 , or a Varian Unity //VOV/A 600 spectrometer operating 

at a X H frequency of 599.4 MHz and equipped with a cryogenically-cooled 5 mm 

1 H{ 13 C, 15 N} triple resonance probe and receiver preamplifier. This spectrometer 

was fitted with a z-axis pulsed field gradient coil, capable of producing 70 G cm"1 

Laser illumination for both spectrometers was provided using a Coherent Innova 

90C-A5 argon ion laser with similar specification to that in Section 2.1.1. The light 

was coupled to an optical fibre using the same method as in Section 2.1.1. The 

light was gated into short pulses using a spectrometer-controlled Uniblitz Electronic 

LS 322 mechanical shutter.

2.2 Sample Illumination

Coupling the laser output to the NMR sample, via the use of fibre optics was achieved 

using a coaxial glass insert (Wilmad, Model WGS-5BL), originally designed for ex­ 

ternal reference compounds, placed in the NMR tube (either a Wilmad 528-PP or 

Shigemi PS-001). This method of illumination has been described by Scheffler et 

al. [68]. The tip of the insert was placed 4 mm above the top of the RF coil so as 

to minimise any field inhomogeneity caused while maintaining reasonable CIDNP 

intensity [31]. The arrangement of the sample tube and insert is shown in Figure 2.1. 

Using this set-up precludes the use of sample spinning due to the presence of the 

optical fibre, however, this is not a major problem with modern spectrometer hard-
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Figure 2.1: Schematic diagram showing the Coaxial insert inside a standard NMR tube.

ware. Recently, a method for the illumination of optically dense samples has been 

presented [69].

2.3 Photosensitiser

As described in the Chapter 1, the nuclear polarisation in these experiments is gen­ 

erated by an in-magnet photochemical reaction. Usually the photoactive dye used is 

a flavin derivative, principally flavin mononucleotide (FMN) [55, 60]. Its structure, 

based on a tricyclic isoalloxazine core, is shown in Figure 2.2. The chemical, bio­ 

chemical and photochemical properties of these compounds are well characterised 

as flavins are found as cofactors in a variety of protein systems throughout biol­ 

ogy [70, 71].

Figure 2.3 shows the UV/visible absorption spectrum of FMN. There are broad 

absorption bands at approximately 375 and 450 nm. These occur in the near-UV 

and blue-green regions of the electromagnetic spectrum. As described above the
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Figure 2.2: The chemical structure of flavin mononucleotide.

0.25

350 400 450 500 550 600
Wavelength (nm)
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Figure 2.3: UV/visible absorption spectrum of 20 //M FMN solution at neutral pH. The 
blue lines represent the principal wavelengths emitted by the laser.
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predominant wavelengths emitted by the laser in the visible region, are 488 and 

514 nm. The absorption spectrum shows that FMN only weakly absorbs at 514 nm, 

but has an extinction coefficient e > 4000 dm3mol~ 1 cm~ 1 for the 488 nm line. It 

is the absorption around this wavelength which produces the excited triplet state 

flavin molecules which react with the aromatic amino acid sidechains, giving rise to 

the observed nuclear polarisation.

2.4 NMR Pulse Sequences

Nuclear spins can be manipulated using suitable combinations of radio-frequency 

(RF) pulses, pulsed field gradients and delays. Outlined below are the major building 

blocks and standard pulse sequences used to perform the experiments described in 

this thesis.

2.4.1 CIDNP Spectroscopy

The photo-CIDNP experiment requires that a laser pulse is inserted into the NMR 

pulse sequence at an appropriate position. The timing diagram for the basic CIDNP 

experiment is shown in Figure 2.4. This can be broken down into three stages fol-

90V

Presaturation Laser 
Pulse

, i*n Solvent | 
Suppression I

FID 

A 1\s* ——————

Figure 2.4: Timing diagram for the CIDNP NMR pulse sequence.

lowed by the acquisition of the free induction decay. These three stages: presatu- 

ration, the laser pulse and the solvent suppression are explained in greater detail 

below.
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Figure 2.5: Presaturation techniques. Appropriate hardware permitting, the gradient in 

the crush pulse is applied along the magic angle. The phase of the pulses in the multiple 

train are {x, y, x, y}.

2.4.1.1 Presaturation

The generation of CIDNP results in nuclear spin systems with non-Boltzmann popu­ 

lations. This polarisation is detected as enhancements in the NMR spectrum, either 

as signals of increased intensity, opposite phase, or both. In order to observe these 

enhancements more clearly, presaturation is applied before the laser pulse. This min­ 

imises the signal observed from any unpolarised nuclei. Two forms of presaturation 

are commonly used, the pulse sequence elements for which are shown schematically 

in Figure 2.5. The crush pulse consists of a 90° pulse followed by a strong pulsed 

field gradient to dephase the coherent magnetisation (Figure 2.5(a)), while the mul­ 

tiple pulse train consists of a multiple of four of 90° pulses, phased as {x, y, x, ?/}, 

with the inter-pulse delay given by a converging geometric series of the form:

Ti = (m-i) x 100ms for i = 1,2,       ,m (2.1)

where m is the number of pulses comprising the pulse train (Figure 2.5(a)).

The use of presaturation prior to the generation of the nuclear polarisation is
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usually very effective for amino acid studies in solution as nuclear spin relaxation 

times are generally long compared to the duration of the laser pulse. This is not the 

case, however, when using proteins in which slower tumbling increases the efficiency 

of transverse relaxation. Difference spectroscopy is used to compensate for this, and 

described in more detail in Section 2.4.1.4.

2.4.1.2 The Laser Pulse

The laser pulse is triggered by the spectrometer using a spare TTL control line, 

following the end of the presaturation period. It is usually of between 50 and 

500 ms duration, depending on what is required by the experiment. The laser pulse 

is followed by a delay, r in Figure 2.4, usually of 5 ms duration, whose purpose 

is to allow the radicals produced by the photochemistry to recombine, before the 

acquisition of the NMR spectrum.

2.4.1.3 Solvent Suppression

Pure water has a proton concentration of 111 M, compared with typical protein con­ 

centrations used in this thesis of ~2 mM. This results is a large solvent signal which 

can cause problems with the dynamic range of the spectrometer's analogue-to-digital 

converter (ADC) and make solute signals difficult to detect. Although it is possible 

to remove the solvent signal during subsequent data processing by deconvolution, 

it is desirable that the solvent signal be suppressed prior to acquisition of the FID. 

There are several methods available to achieve this (for a review see [72]), but the 

method which achieves the best level of suppression is the so-called Double Pulsed 

Field Gradient Spin Echo (DPFGSE) [73]. This sequence is applied immediately 

after the final 90° pulse which generates the detected transverse magnetisation. The 

pulse sequence is shown in Figure 2.6. The DPFGSE sequence begins with a strong 

field gradient which phase encodes this transverse magnetisation. A selective 180°
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90, 180y 180.y 180y 180.y 
H2O • H2O

1 H

A ^

Figure 2.6: The double pulsed field gradient spin echo sequence. The selective pulses on 

the solvent signal are applied using Gaussian-shaped pulses, with a duration of 2 ms.

pulse is then applied to the solvent signal, followed by a hard 180° pulse applied 

to the whole system. The strong field gradient is then applied again. This then 

decodes the spins refocused by the hard 180° pulse, but further dephases the solvent 

signal. This unit is then repeated a second time using a different pair of gradients, 

taking care not to refocus the effects of the first pair of gradients.

2.4.1.4 Difference Spectroscopy

Proteins are large macromolecules and as such tumble slowly in solution, that is, 

they have long rotational correlation times. The major implication of this is that 

transverse relaxation becomes more efficient the slower a molecule tumbles. Given 

that the length of the laser pulse applied in the CIDNP experiment is long compared 

to the typical transverse relaxation time of a small protein, significant relaxation 

can be expected to occur during the laser pulse. This means that the effect of the 

presaturation applied to the spins becomes less pronounced. This can be countered 

by taking the difference of the NMR spectra recorded in the presence of the laser 

pulse and in the dark, as shown in Figure 2.7. Although it is clear that there are 

several polarised resonances in the spectrum of bovine a-lactalbumin, it is difficult 

to distinguish those resonances from presaturated signals which have relaxed during 

the laser pulse. The difference spectrum then only contains signals from those
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Figure 2.7: 500 MHz X H CIDNP light, dark and difference spectra of a 2 mM bovine 
a-lactalbumin solution at pH 7. Each spectrum is averaged over 16 scans, with a 100 ms 
laser pulse applied before each "light" scan.
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Figure 2.8: The pulse sequence timing diagram for the COSY experiment. The phases of 
the two RF pulses and the receiver are usually cycled in an 8-step phase cycle.

resonances which are polarised by the photochemistry. There is a signal-to-noise 

penalty of \/2 upon subtraction, however, with the CIDNP enhancements this is 

usually acceptable.

2.4.2 COSY Spectroscopy

Correlation SpectroscopY (COSY) was the first of the modem 2-dimensional NMR 

techniques to be developed, and provides a method for correlating mutually scalar 

coupled spins. The experiment consists of two RF pulses, the first of which generates 

transverse magnetisation, which is allowed to evolve under both chemical shift and 

scalar coupling Hamiltonians during the period t\. This frequency-labelled magneti­ 

sation is then transfered from one spin to the coupling partner by the second RF 

pulse. The pulse sequence for the COSY experiment is shown in Figure 2.8. A 2- 

dimensional data set is obtained by incrementing the delay t\. Performing a Fourier 

transform along t\ and £2 produces a 2-dimensional spectrum, in which off-diagonal 

cross peaks indicate the presence of a scalar coupling interaction between the two 

spins responsible for the associated diagonal peaks. It is also possible to extract the 

magnitude of the scalar coupling interaction from this experiment [74].
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FID (t2 )

Figure 2.9: The pulse sequence timing diagram for the TOCSY experiment. Isotropic 
mixing is performed during the mixing period rm using the MLEV17c scheme [76]. SLX 
represents a low power spin-lock period, usually 2 ms in duration. The phases of the three 
RF pulses and the receiver are usually cycled in an 16-step phase cycle.

2.4.3 TOCSY Spectroscopy

COSY spectra, while extremely useful in allowing through-bond correlations to be 

determined, are limited in that they only allows directly coupled spins to be cor­ 

related. This can restrict the usefulness of this technique if there is ambiguity in 

the spectrum. Consider for example, two spin systems AMX and A'M'X'. If M 

and M' happen to have the same chemical shift, cross peaks associated with these 

spins will lie at the same position. This means it is not possible to unambiguously 

assign the spin system topology [75]. These problems can be overcome using a re­ 

layed coherence transfer experiment [74], the most common of which is the TOCSY 

experiment 1 . The pulse sequence is shown in Figure 2.9. Frequency-labelled mag­ 

netisation is transferred from one spin in the system to the next using isotropic 

mixing under the influence of the strong coupling Hamiltonian [74, 75]. The exper­ 

iments performed in this thesis use the MLEV17c mixing scheme [76].

The relayed nature of the TOCSY experiment allows the complete spin system 

to be mapped out. For example, consider the linear three spin system AMX, in 

which there is scalar coupling only between neighbouring spins, i.e. A to M and M 

to X. In a COSY spectrum cross peaks would be observed between the AM spins 

and between the MX spins. In the TOCSY experiment on the same spin system an

lrTOtal Correlation SpectroscopY
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additional correlation would be observed between the AX spins, despite the lack of 

a direct through-bond coupling. It is these additional correlations which allows the 

potential ambiguity of the COSY experiment to be circumvented [75].

2.4.4 HSQC Spectroscopy

The ability to correlate the proton resonances coupled to heteronuclei such as 

carbon-13 and nitrogen-15 provides a powerful means of gaining more information 

to assist in the characterisation of a protein. In the study of biological molecules 

the principal technique used for this is the Heteronuclear Single Quantum Correla­ 

tion (HSQC) experiment. This experiment consists of three distinct parts. Firstly 

there is a transfer of magnetisation from the high-7 proton to the low-7 nitrogen-15, 

using an INEPT2 style transfer. This magnetisation is then stored on the nitrogen 

nucleus as single quantum coherence and allowed to evolve under the influence of 

the 15 N chemical shift Hamiltonian for a period t-\_. The final section consists of a 

reverse INEPT transfer of this magnetisation back to the high-7 proton nucleus for 

detection. Since the magnetisation begins and is detected on the proton, greater 

sensitivity is achieved compared with direct detection of nitrogen-15, or just a one­ 

way transfer. Figure 2.10 shows the pulse sequence for the gradient-enhanced HSQC 

experiment [77]. This experiment uses the gradient pulses to select the desired co­ 

herence transfer pathway [78-81] and for suppression of the solvent signal. As drawn 

the experiment can be used to record ^N^H HSQCs on isotopically labelled samples 

or ^C^H HSQCs on unlabelled samples, changing the delay T to be appropriate for 

the 13 C- 1 H coupling constant. The pulse sequence has to be modified slightly for 

use on carbon-13 labelled samples, which require decoupling of neighbouring 13 CO 

and 13 C^ (and 15 N if the sample is doubly labelled) spins during the t\ evolution 

period.

2 Insensitive Nuclei Enhanced by Polarisation Transfer
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90X 180X 90y 180; 90X 180, 90y 180X 00,180,

1J50X £, 180, 90y 1J50X

Figure 2.10: The pulse sequence for the gradient-enhanced HSQC experiment [77]. The 
delays are set such that r = 61 = l/(4Jfjx) and ^2   0-3 ms. Two transients are recorded 
for each t\ increment, with the phase <j>i inverted from x to   x and the amplitude of 
the second gradient inverted also. The remaining pulses are cycled using a 16-step phase 
cycle.

2.4.5 NOESY Spectroscopy

Each of the NMR correlation techniques described above rely on using the through- 

bond scalar coupling interactions to transfer magnetisation around the spin system 

of interest. In the context of peptides and proteins homonuclear methods are lim­ 

ited to providing correlations within each amino acid residue. This is due to the 

extremely small Hf to H^t 4 J-coupling across the peptide bond. The so-called 

triple resonance pulse sequences such as HNCA, HN(CA)CO and HCA(CO)N are 

capable of "jumping" over this bond, however, require 13 C, 15 N isotopic labelling of 

the protein or peptide [74]. There is an alternative and complimentary method, 

which uses though-space interactions rather than using through-bond couplings.

NOESY3 makes use of the fact that there is a magnetic dipolar interaction be­ 

tween two spins which are close in space, and consequently do not relax indepen­ 

dently of each other. The evolution of the ^-magnetisation during the mixing period

3 Nuclear Overhauser Effect SpectroscopY
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rm can be described by the simplified Solomon Equations [75]:

A
ctt (I**) V

-ft-auto J •'Cross 

-*~k:ross -*Vauto

(2.2)

where -Rauto is the leakage relaxation rate and jRcross is the cross-relaxation rate, that 

is, the rate of transfer of magnetisation from one spin to the other. These rates are 

related to the spin-lattice relaxation rate via: RI = Rauto — RCTOSS- For small values 

of Tm the amplitudes of the cross peaks in the NOESY experiment are related to 

the cross-relaxation rate:

where the cross-relaxation rate is given by [75]:

6 J(2u;0 ; rc)} (2.4)

where r is the distance between the spins undergoing cross relaxation and J(u;; rc ) 

is the spectral density function, which in turn depends on the rotational correlation 

time, rc :

<; ' J = rr^ (2.5)

therefore:
T 6rr

407T2r6
TC - (2.6)

This equation predicts that for short rotational correlation times (fast tumbling, 

\UQTc \ <C 1), the NOESY cross peaks will be negative, while for long correlation 

times (slow tumbling, LJOTC » 1), the cross peaks will be positive. It also predicts

that at a critical correlation time when rrcnt = the intensity of the cross peaks

will vanish [75]. The rotational correlation time is of the order of 10 ns for a 14.5 kDa 

globular protein.
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Figure 2.11: The pulse sequence timing diagram for the NOESY experiment. rm denotes 
the mixing time during which magnetisation is transferred via dipolar couplings. The 
phases of the three RF pulses and the receiver are usually cycled in an 16-step phase 
cycle.

Figure 2.11 shows the pulse sequence used for the NOESY experiment. The 

mixing period rm can be varied to allow longer range transfer, i.e. between spins that 

are distant in space. Typically, efficient transfer is achieved with rm ^T\. Increasing 

the mixing time can allow longer range interactions to be observed, however, there 

is the so-called spin-diffusion limit. At this point multiple-step transfers occur, i.e. 

transfer from A to M then on to X. The second transfer reduces the intensity of the 

cross peak corresponding to the A to M transfer. This therefore limits the structural 

information available.

NOESY Spectroscopy is used mainly to obtain amino acid residue connectivities 

when performing sequence specific assignments, and in providing distance restraints 

for use in structure calculations [74].

2.5 NMR Data Processing

All NMR data in this thesis were processed and analysed using a combination of 

the NMRPipe package [82], Felix 2.3 (MSI) and Varian's VNMR and VnmrJ software. 

2-dimensional data sets were overlayed using the NMRView package [83].



2.6. Other Biophysical Techniques_________________________51

2.6 Other Biophysical Techniques

Other biophysical techniques are also extremely valuable for use in the study of 

proteins and peptides. In this thesis, these techniques principally involve the use 

of various optical absorption spectroscopies. The equipment used for two of these 

techniques is described below.

2.6.1 UV/Visible Absorption Spectroscopy

The UV/visible absorption spectra shown in this thesis were recorded using a Varian 

Gary 3 spectrophotometer with a 1 cm cell pathlength. All measurements were 

performed at room temperature. The spectra shown are all baseline corrected to 

remove any contribution from the solvent system used.

2.6.2 Circular Dichroism

Circular dichroism (CD) uses the differential absorption of the left and right cir­ 

cularly polarised components of plane polarised light by chromophores in chiral 

molecules. This information can be used to infer details of the environment of the 

chromophore. In the case of proteins, far-UV CD utilises the peptide bond to provide 

information about the secondary structure while near-UV CD uses the asymmetric 

environment of the aromatic amino acid sidechains of phenylalanine, tyrosine and 

tryptophan to probe the tertiary structure [84].

In this thesis a JASCO J720 Spectropolarimeter was used to record the CD 

spectra. Quartz cells were used for all measurements, with a 1 mm cell pathlength 

for far-UV and 1 cm for near-UV measurements. The spectra shown are all baseline 

corrected to remove any contribution from the solvent system used.
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2.7 Chemicals

The proteins bovine a-lactalbumin, bovine pancreatic ribonuclease A and hen egg 

white lysozyme used in this thesis were purchased from Sigma-Aldrich and used as 

obtained, as were the photosensitisers flavin mononucleotide and thionin. Human 

a-lactalbumin was purchased from Fluka. The sample of trpzip4 shown in the 

introduction (Chapter 1) was the gift of Dr. Terrence G. Oas at Duke University 

Medical Center. The cytochrome c^ protein from Hydrogenobactor thermophilus 

used in Chapter 3 was a gift from Dr. Lorna J. Smith of the Oxford Centre for 

Molecular Sciences. The LOV2 domain from Avena saliva used in Chapter 6 was 

from Dr. Kevin H. Gardner from the University of Texas, Southwestern Medical 

Center at Dallas, TX. The peptide characterised in Chapter 8 was synthesised by 

Ms. Janet E. Banham using standard solid-phase methods.

Pre-made 8 M guanidinium hydrochloride solution was obtained from the Pierce 

Chemical Company. Deuterium oxide was purchased from Apollo Scientific Ltd. 

Deuterated guanidine, urea, and phosphate buffers were prepared in D2 O and lyo- 

philised three times to achieve perdeuteration. 2,2,2-trifluoroethanol-d3 was ob­ 

tained from Cambridge Isotope Laboratories. All other chemicals and buffers were 

purchased from Sigma-Aldrich. The sample pH was adjusted using small amounts 

of deuterium chloride and sodium deuteroxide, and measured using a Corning 270 

pH-meter. All pH measurements are uncorrected for any deuterium isotope effect.



Chapter 3

Photo-CIDNP of a Haem 

Containing Protein: Cytochrome 

0552 from Hydrogenobactor 

thermophilus

Cytochromes are ubiquitous in biological systems, being one of the most evolutionary 

conserved protein sequences. Their primary function is that of electron transport, 

either in eukaryotic mitochondria, or to and from membrane bound proteins such 

as the photosynthetic reaction centre [85]. They are characterised by secondary 

structure comprised predominantly of a-helices, wrapped around a prosthetic haem 

group. This haem is key to the electron transport properties of the cytochrome 

proteins.

The study of chromophore-containing proteins using photo-CIDNP techniques 

has been limited due to absorption of the laser irradiation by the chromophore. This 

severely decreases the number of triplet state flavin molecules produced, and hence 

results in much smaller nuclear polarisation. There appears to be only one previous
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Figure 3.1: The solution structure of wild-type cytochrome 0552 (PDB File: 1AYG [88]) 
The haem group is shown hi red, tyrosines in blue and tryptophans in orange. The histidine 
and methionine iron ligands are shown in green, with the haem binding cysteines in yellow. 
The figure was drawn using the program MOLMOL [89].

example of photo-CIDNP studies of holo cytochromes, that of rabbit and bovine 

cytochrome b5 [86].

Cytochrome 0552 from Hydrogenobactor thermophilus is a small monomeric pro­ 

tein containing eighty amino acid residues, which covalently binds haem through 

two cysteine residues in a CXXCH motif [87]. The cysteine residues are at posi­ 

tions ten and thirteen along the amino acid sequence. Figure 3.1 shows the solution 

structure of wild-type cytochrome c552 determined using multidimensional NMR 

techniques [88]. The haem group is shown in red, with the potentially polarisable 

residues highlighted also. As can be seen, the protein consists mainly of a-helices
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and loop regions, with the latter forming a lid-like structure over the haem binding 

site. The six potentially polarisable residues are His 14, Tyr 25, Tyr 32, Tyr 41, 

Trp 54 and Trp 75. Of these, in the holo mutant and wild-type protein histidine 14 

is involved in axial ligation of the iron centre in the haem group, along with methio- 

nine 59.

Mutation of two haem-binding cysteine residues to alanines, using site-directed 

mutagenesis, results in a b-type cytochrome. The modified protein still maintains 

a native-like fold and binds the haem moiety non-covalently [87, 90]. It has been 

shown that mutation of either of the two haem-binding cysteine residues has little 

effect on the physicochemical properties of the protein. However, mutation of both 

results in reduced stability of the protein as indicated by a decrease of 40 K in the 

thermal denaturation temperature [91]. It has also been shown that over time, the 

haem group is lost by the mutant protein, and the subsequent apo protein undergoes 

amyloid fibril formation after a period of several weeks [92]. Removal of the haem 

moiety reveals greater changes in the apo protein structure. For example, the pro­ 

tein is found to be only partially folded by CD spectroscopy, with the total helical 

content reduced by 29% compared to that found in the holo mutant [90]. NMR 

diffusion measurements have shown that there is a 8.5% increase in the effective 

hydrodynamic radius of the apo state with respect to the holo protein [90]. Both 

of these observations can be attributed to the protein populating an ensemble of 

interconverting conformers, possibly a molten globule-like state [93]. Addition of 

free haem to a solution of the apo C10A/C13A mutant protein results in the spon­ 

taneous formation of the fr-type holo species, suggesting that in the apo state there 

is a nascent haem binding pocket formed [87, 90].

Since the holo mutant and wild-type proteins both contain a haem group, the 

oxidation state of this group will have a major effect on the protein properties and 

consequently on the NMR spectrum. In the wild-type protein, the reduced state
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Figure 3.2: The UV/vis spectra of 20 fiM solutions of the C10A/C13A and wild-type 
variants of cytochrome c552 , and a 20 juM FMN solution. The two vertical lines represent 
the principal wavelengths emitted by the Ar+ laser.

of the iron in the haem group is low-spin Fe(II) which is diamagnetic, while in 

the air-oxidised protein it is low-spin paramagnetic Fe(III), with an electron spin 

angular momentum, S = | [94]. There are two effects of this paramagnetism, firstly 

there will be a paramagnetic contribution to the chemical shift Hamiltonian, the 

so-called Fermi contact and dipolar shifts [95], and secondly the electron-nuclear 

dipolar interaction will increase nuclear spin relaxation rates in the proximity of the 

haem group.

The presence of the haem group results in the characteristic blood red colour of 

the protein solutions (with the obvious exception of the apo state). The UV/visible 

absorption spectra are shown in Figure 3.2, along with that of FMN for comparison. 

As can be seen from this figure, there is very strong absorption by both forms of 

the protein between 380 and 440 nm. As the principal wavelengths emitted by the
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Compound Extinction Coefficient 
_____________488 nm 514 nm

FMN 4080 236
C10A/C13A (ox) 6470 6950
C10A/C13A (red) 3075 7200
Wild-type (ox) 8600 12765
Wild-type (red) 5663 15370

Table 3.1: Molar extinction coefficients (dm3mol~ 1 cm~ 1 ) at 488 and 514 nm for the oxi­ 
dised and reduced forms of the /io/o, wild-type proteins and for comparison, FMN.

laser are at 488 and 514 nm, the extinction coefficients at these wavelengths are 

of interest. These are given in Table 3.1. It is immediately clear that all forms of 

the protein absorb strongly, with only the reduced form of the holo protein having 

an extinction coefficient smaller than FMN at 488 nm. It will therefore be difficult 

to generate the nuclear polarisation as a decreased amount of light will reach the 

photosensitiser.

The C10A/C13A mutant and wild-type proteins were expressed in Escherichia 

coli by Ms R. Wain, using the procedure described in [87]. The apo form of the 

C10A/C13A mutant was prepared using 1 M imidazole and incubating overnight 

at 4°C. The resulting supernatant solution was purified using centrifugation and 

dialysed against 20 mM sodium phosphate at pH 7.3 [87].

3.1 Photo-CIDNP of the Air-Oxidised Proteins

Since the air-oxidised samples are the easiest to prepare, this was chosen as the 

best starting point for these experiments. Figure 3.3 shows the aromatic region 

of the NMR spectra for the apo and holo states of the C10A/C13A mutant, and 

the wild-type protein. It is immediately clear from this that the apo state of the 

protein has a much reduced chemical shift dispersion compared to either the holo
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Figure 3.3: 600 MHz X H NMR spectra of a 200 ^M solution of each of the proteins. The 
spectra are averaged over 256 scans, and processed with 2 Hz exponential line broadening 
prior to Fourier transformation.

state of the mutant or the wild-type protein. This is attributable to the ensemble of 

interconverting conformers which characterise this species, as described in the intro­ 

duction to this Chapter. Both of the haem containing proteins show well resolved 

spectra, indicating that the proteins are folded. There are subtle differences appar­ 

ent between the two spectra presumably arising from the substitution of the two 

haem binding cysteines for alanine in the mutant protein, causing slight structural 

changes in the native fold of the holo protein.

The generation of CIDNP in the apo state of the mutant protein poses no tech­ 

nical challenges since the protein is colourless in the visible region of the electro­ 

magnetic spectrum. This is shown in the upper spectrum of Figure 3.4. The middle 

trace shows that it is possible to generate nuclear polarisation in the holo state of 

the C10A/C13A mutant protein, however, with lower efficiency as indicated by the 

decreased signal-to-noise ratio. The bottom spectrum in Figure 3.4 is that of the
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Figure 3.4: 600 MHz J H CIDNP spectra of a 200 fjM solution of each of the proteins, 

containing 200 fjM FMN. The spectra are averaged over 16 light and dark pairs, and 
processed with 10 Hz exponential line broadening prior to Fourier transformation, with 

the exception of the apo state which has 2 Hz line broadening applied. A laser pulse 
duration of 100 ms at 5 W was used in these experiments. The assignments are explained 

in the text.
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wild-type protein, there is no evidence of any nuclear spin polarisation in this sam­ 

ple. The reasons for this maybe be attributable to the oxidation state of the haem 

group in the protein. This is considered in more detail in Section 3.2.

Since CIDNP spectra are greatly simplified compared to the corresponding NMR 

spectra, this opens up the possibility of assigning the observed polarised signals to 

specific amino acid residues in the protein. The singlets at 7.75 and 6.96 ppm 

are characteristic of the H2 and H4 protons of histidine. Since His 14 is the only 

histidine in the structure, these must correspond to the histidine in the haem binding 

pocket. In the apo state the haem binding pocket is not occupied, however, it is 

postulated to still be formed [90]. Therefore this allows for the idea the pocket 

could be occupied transiently by an excited triplet state flavin molecule producing 

the nuclear polarisation in the histidine residue.

The assignment of the other resonances can be made using static accessibil­ 

ity arguments and by comparison of chemical shift assignments obtained from 3D- 

TOCSY-HSQC and 3D-NOESY-HSQC experiments on 15 N labelled reduced-state 

C10A/C13A protein [96, 97]. These three-dimensional NMR experiments allow the 

backbone amide protons to be assigned, and they have the added benefit of allowing 

the indole NH proton of tryptophan residues to be assigned. Using this information, 

the broad singlet seen at 10.11 ppm can be assigned to Trp 75. The actual figure 

reported by Wain for this indole proton is 10.27 ppm, this small difference is due 

to the fact that these spectra were recorded using the air-oxidised species, rather 

than the reduced protein used by Wain et al. [90, 96, 97]. Only small changes in the 

detected chemical shift between the oxidised and reduced state of the haem contain­ 

ing horse heart cytochrome-c have been reported [98-102]. The assignment of this 

indole signal allows corresponding absorptive resonances in the region from 8.0 to 

6.8 ppm to be assigned to the same tryptophan residue.

The accessibility of the amino acid side chain to the solvent can be calculated
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Figure 3.5: Static side chain accessibilities as a function of probe radius for the wild-type 
cytochrome c552 , calculated using PDB file: 1AYG [88].

by rolling a sphere of a given radius (the probe radius) over the surface of the pro­ 

tein [103]. The static accessibility is quoted as that relative to the accessibility in an 

extended conformation of the model tripeptide Ala-Xaa-Ala, where Xaa represents 

the amino acid of interest. These calculations were performed using the program 

Naccess 2.1.1 [104].

Figure 3.5 shows results of these calculates for the six potentially polarisable 

resides as a function of the probe radius, using the NMR-derived structure of the 

wild-type protein. This plot allows the exposed tyrosine residue, seen at 6.81 ppm in 

Figure 3.4, to be assigned to the H3,5 protons of Tyr 41. This is clearly exposed, even 

to relatively large probe radii. The use of different size probes, and the monitoring 

of the change in accessibility as a function of probe radius allows the increased size 

of FMN compared to the standard probe (that of water), to be investigated [105]. 

Also, the FMN molecule is a planar tricyclic aromatic ring system, not spherical as
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Reference

[91]

[91]

[106]

[107]

Table 3.2: Half-cell redox potentials the C10A/C13A mutant and wild-type proteins, along 

with FMN (Fl) and dithionite.

is assumed in the calculations of static accessibility.

3.2 Photo-CIDNP of the Reduced State

Previous NMR studies of the C10A/C13A mutant of cytochrome 0552 have been 

performed on the reduced state of the protein [90, 96, 97]. This removes the compli­ 

cation of the paramagnetic centre in the haem group. In order to allow a comparison 

with previous NMR studies, it is desirable to also study the reduced state of the 

protein. Cytochromes are involved in electron transport chains in biological sys­ 

tems. These chains often also include flavin derived cofactors, so it is important to 

analyse the electrochemistry of the protein and FMN to determine if the reduced 

state experiments are feasible.

Table 3.2 shows the half cell reactions and their standard electrode potentials for 

the reactions of interest to this Chapter. Sodium dithionite (Eqn. 4 in Table 3.2) 

is the reductant of choice for these experiments as it easily reduces the protein 

(E* = +735 mV for the C10A/C13A mutant and E* = +810 mV for the wild-type 

protein). The usual protocol of placing a small about of dithionite in the bottom 

of the NMR tube and flame sealing [90, 97] is not practical for these CIDNP exper­ 

iments since the coaxial insert must be placed in the tube, and more importantly, 

dithionite efficiently reduces the flavin to the colourless hydroquinone, rendering the
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CIDNP experiments impossible.

In order to prepare the reduced state samples, the protein reduction must be 

performed under anaerobic conditions, followed by removal of the dithionite using 

diafiltration. Degassed flavin solution must be added to this, while maintaining an 

oxygen-free environment. To test the hypothesis that the oxidation state of the haem 

moiety influences the nuclear polarisation generated, an experiment was performed 

using horse-heart cytochrome c. This is a small globular protein of 104 residues, 

with four a-helices surrounding a single haem group. The iron is coordinated by 

a histidine and a methionine side chain, similar to cytochrome 0552- Two solutions 

were prepared, one of the air-oxidised species and one of the reduced system. The 

reduced system was prepared as follows: a solution of 100 pM protein was made 

with solvent which had been degassed with argon for two hours prior to use. This 

was then reduced using an excess of sodium dithionite. The reductant was sub­ 

sequently removed from the solution using a YM-3 microcon diafiltration column 

with a molecular weight cut-off of 3 kDa. 200 pM. degassed FMN solution was then 

added to the protein solution, which was placed in an NMR tube containing an 

argon atmosphere.

The results of these preliminary experiments are show in Figure 3.6. Like the 

wild-type cytochrome c552 , cytochrome c has two oxidation states, with the oxidised 

form being low-spin Fe(III) (S = |), and the reduced state, low-spin Fe(II) (S = 0). 

The CIDNP spectrum of the air-oxidised species does not show any evidence of the 

generation of nuclear polarisation, while there is weak enhancement of a tyrosine and 

a tryptophan residue in the reduced state. Comparison with the known chemical 

shift assignments for cytochrome c indicates that these signals arise from Tyr 48 and 

Trp 59 [98]. This therefore offers a possible explanation for the lack of polarisation 

observed in the air-oxidised, and hence paramagnetic, wild-type of cytochrome  552 

shown in Figure 3.4. The presence of a paramagnetic centre in the system inhibits
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Figure 3.6: 600 MHz 1E NMR and CIDNP Spectra of 100 /j,M Cytochrome c. The CIDNP 
spectra were recorded using a 100 ms laser pulse at 5 W preceding each scan. F denotes 
a polarised flavin signal. Assignments taken from [98].

the detection of nuclear polarisation, either through quenching of the triplet flavin 

such that no polarisation is produced, or through efficient relaxation of the generated 

nuclear polarisation via dipolar coupling to the electron spin. It is, however, unclear 

at this time why polarisation is generated in the holo state of the C10A/C13A 

mutant.

3.3 Last thoughts / conclusions

This chapter shows that, under certain conditions, it is possible to obtain photo- 

CIDNP spectra of a haem containing protein. These spectra suffer from reduced 

signal-to-noise ratio due to two factors. The first is that much lower protein con­ 

centrations than usual for NMR experiments are used in an attempt to lower the 

optical density of the sample. This high optical density contributes to the second 

problem: that only weak polarisation is generated due to the decreased production 

of triplet state photosensitiser. A large improvement in the signal-to-noise ratio
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could be obtained by the use of a different sample illumination method [69], or the 

use of a cryogenic probe, in which the RF coil and the pre-amplifier are cooled to 

around 30 K, reducing the background noise. Also, the replacement of the photo- 

sensitiser by a thermolytic radical initiator could by-pass the high optical density of 

the sample.

The fact that CIDNP was only observed in the air-oxidised form of the C10A/C13A 

mutant protein and not the oxidised wild-type cytochrome £552 or cytochrome c may 

suggest a general property of 6-type cytochromes. The only previous examples of 

the observation of CIDNP in a haem-containing protein is that of bovine and rab­ 

bit cytochrome 65 , again, using the air-oxidised form of the protein [86], or of apo 

cytochromes [108].

The results of the preliminary experiments on cytochrome c, shown in Figure 3.6 

show that is possible to efficiently reduce the protein, and generate CIDNP on these 

samples. Using this approach would allow the reduced state of both the C10A/C13A 

mutant and the wild-type cytochrome €552 to be studied by CIDNP, and comparisons 

with the air-oxidised spectra be made.



Chapter 4

Rapid Injection and CIDNP Pulse 

Labelling

The ability to mix reactants rapidly within the NMR magnet has many applications 

in protein science and chemistry in general. It allows protein folding pathways to 

be followed and determined [20, 22-24, 26], details of protein-substrate interactions 

to be studied, and permits the application of a variety of other techniques such as 

CIDNP pulse labelling to study the structure of folding intermediates [31, 32].

This chapter describes a simple injection set-up which has short experimental 

dead-times and enables rapid mixing of the injectant and buffer solutions. In order 

to determine the extent of the mixing, three experiments are discussed. Firstly the 

injection is followed on the bench-top using a digital video camera. This gives a 

good guide to the macroscopic mixing properties of the set-up and provides a rough 

guide to the time scale of the mixing process. Secondly, a pH jump experiment 

is performed which highlights the microscopic mixing properties, and finally NMR 

imaging is used to determine the distribution of the injectant within the NMR tube 

as a function of time after the injection event.

The main application of this mixing device is in CIDNP pulse labelling spec-
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troscopy [31, 32], a technique for probing the surface structure of partially folded pro­ 

teins. Results using this injection device with the proteins hen egg white lysozyme, 

bovine and human a-lactalbumins are presented, along with another application: 

that of monitoring protein folding in real-time, again using hen egg white lysozyme.

4.1 Rapid Injection

Several injection set-ups have been described in the literature [20, 26, 109-117]. 

While these devices are capable of mixing injectant and buffer solutions with reason­ 

able efficiency there are problems with most of their designs, mainly long experimen­ 

tal dead-times, but also including poor line shapes due to B0 inhomogeneity caused 

by the injector being present within the RF coil [113]. Several of these systems are 

constructed from modified optical stopped-flow apparatus and require modification 

of the NMR probe in order to incorporate the stopping syringe [109, 110, 114].

In this section the construction of the injection set-up is shown along with the 

results of a series of experiments designed to test and calibrate the insert for use in 

real-time NMR and CIDNP pulse labelling experiments.

4.1.1 The Set-up

In order to transfer protein solutions rapidly to the NMR coil for detection, an insert 

to the NMR tube must be constructed. This injection set-up is based on a previous 

design by Maeda et al. [117].

The insert consists of a glass capillary approximately 180 mm in length, 1.6 mm 

in internal diameter and an external diameter of 2.5 mm. To the end of this a narrow 

microlitre pipette, 25 mm in length, is fused. This pipette has an internal diameter 

of 0.17 mm. This produces a highly collimated jet of liquid upon injection. The
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Figure 4.1: A schematic of the injection insert is shown on the left, with the photograph 
on the right showing the system ready for use. The photograph is enhanced by the use of 
20 mM flavin mononucleotide solution loaded into the capillary tube and 1 mM methylene 
blue solution placed in the Shigemi tube.

glass capillary is held along the centre axis of the NMR tube by a PTFE1 collar 

approximately 10 mm in length two thirds of the distance along the insert. The top 

of the insert is held in place by a standard NMR tube cap with a small hole drilled 

in the centre. The insert assembly is held 1.5 mm above the top of the RF coil in 

order not to disturb the field homogeneity.

At the top of the glass capillary is a Y-connector made from PEEK2 to which 

a PTFE transfer line of internal diameter 0.5 mm, originating from the needle of 

a glass syringe (Model: SGE 500R-GT), is connected. There is also the option 

to introduce an optical fibre in order to perform photo-CIDNP experiments. The

1 Poly (TetraFluoroEthylene) 
2 Poly(Ethylene Ether Ketone)
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insert assembly is shown schematically in Figure 4.1, side-by-side with a photograph 

showing the set-up in place.

The glass syringe mentioned above is mounted in a PTFE block so as to absorb 

any mechanical shock caused by the injection event, therefore reducing any lineshape 

artifacts in the spectrum recorded. The action of the syringe is controlled by a 

pneumatic piston driven using nitrogen gas at 10 bar and triggered by a TTL control 

line from the spectrometer. Using this set-up it is possible to inject 50/^L of sample 

using trigger pulses of less than 10 ms in duration. The syringe and piston assembly 

are housed on a PTFE plate outside the bore of the magnet.

4.1.2 Solvent Suppression

Modern solvent suppression sequences such as those which rely on excitation sculpt­ 

ing such as a DPFGSE3 [73], or the WATERGATE4 family of sequences [118-120] 

are not applicable to rapid injection experiments. The reason for this is that both 

of these sequences employ a gradient spin echo. The idea behind this is that the 

solvent signal is selectively dephased by a pair of gradients, while the signals of in­ 

terest, dephased by the first gradient, are refocused by the second. This approach 

requires that the field experienced by the spins after the spin echo be the same as 

the first. This is not the case when there is bulk motion present in the sample, such 

as is the case after an injection event.

The intensity of NMR signal after the application of a DPFGSE as a function of 

diffusion coefficient and the gradient parameters is given by Equation 4.1 [121]:

/= /o

x exp ( - (7<*2 G2 ) D A2 - ) ) (4.1)

3 Double Pulsed Field Gradient Spin Echo
4 WATER suppression through GrAdient Tailored Excitation
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Figure 4.2: Normalised signal intensity after the application of a DPFGSE for various 
transverse relaxation times. r\ = 2 ms, G\ = G2 = 65 G cm"" 1 , Si = 1 ms, AI = 4 ms, 
T2   1.3 ms, 62 = 0.3 ms, A2 = 3.3 ms.

where 70 is the initial signal intensity before the gradient echo, T<i is the transverse 

relaxation time, 7 is the gyromagnetic ratio of the nucleus undergoing the DPFGSE, 

D is the diffusion coefficient, and TJ, <?», £» and A; are respectively the spin-echo 

delay, gradient strength, gradient duration and time between application of the 

gradients.

From this it is clear that as the diffusion coefficient increases the intensity of 

the signals of interest decrease rapidly. This is shown more clearly in Figure 4.2. 

Above diffusion coefficients of 5 x 10~ 5 cm2 s~ 1 , the signal is rapidly attenuated. For 

example, consider a spin with a transverse relaxation time of T^ = 25 ms. This spin 

only has to move ~ 0.02 mm in a field gradient of 65 G cm" 1 in order for the echo 

intensity to drop to 10% of that for a non-moving spin. So for this reason solvent 

suppression sequences of this type are not applicable to rapid injection experiments.
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The problems described above are very similar to those encountered in in vivo 

NMR spectroscopy, where motion is also present. Hence in vivo solvent suppression 

sequences such as WET5 [122], VAPOR6 [123], DRYSTEAM7 [124] and CHESS8 [125] 

provide a good starting point for application to rapid injection experiments. Of these 

sequences the CHESS sequence is the simplest to understand and implement. The 

basic sequence consists of a selective 90° pulse on the signal to be suppressed followed 

by a strong field gradient to dephase the transverse magnetisation produced by the 

selective pulse. This pulse-gradient combination is the so-called "crush pulse". Lin 

et al. have shown that a combination of radiation damping effects and the distant 

dipolar field, in which long range dipolar interactions are important9 can result in 

a recovery of magnetisation following the application of a crush pulse [126, 127]. 

Improvement of the signal suppression following a crush pulse is obtained if the 

field gradient is applied along the magic angle, since the dipolar interaction has a 

3cos2 9—1 angular dependence, where 0 is the angle between the dipolar vector and 

the BQ field vector [126-128].

For optimum results this selective crush pulse procedure is repeated three times, 

with the gradients applied along three orthogonal axes so that no accidental refo- 

cusing of the magnetisation occurs. There are improved versions of this sequence 

in which the final selective 90° pulse is replaced with a selective 180° pulse, or the 

delays and flip angles in the sequence are numerically optimised to compensate for 

TI and BI inhomogeneity effects. The optimum values are {r, r, 0.87r, /?, 0.94/3, 

1.65/5}, where r represents the delay between CHESS pulses and /3 is the flip angle

5 Water suppression Enhanced though TI effects
6 Volume localised solvent Attenuated PrOton nmR
7Drastic Reduction of water signals in spectroscopY based on the STimulated Echo Acquisition 

Mode
8 CHEmical Shift Selective
9 The Distant Dipolar Field (DDF) results as follows: the dipolar interaction is a through space 

interaction, depending on distance as ^. However, the number of molecules at a distance r, in a 
shell of thickness dr, contributing to the DDF, varies as 47rr2 dr. Therefore the DDF decays much 
more slowly, as £.
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Figure 4.3: Frames captured from video footage recorded during an injection event. The 
time interval from the first frame is noted under each frame. The injection event occurs 
between the first two frames. The images appear red due to the presence of an argon ion 
laser filter covering the camera lens.

of the selective pulse, usually taken to be 90° [129].

For all the experiments described here the delays (2 ms) and selective flip angles 

(90°) were set to the same for each CHESS pulse.

4.1.3 Optical Measurements

As a first estimate of the mixing efficiency using this set-up, a series of dye injections 

were performed outside the NMR magnet. These involve the injection of 50 fjL 

of methylene blue dye solution into 280 pL of H2 O in the presence of low power 

laser illumination (<0.5 W). Under these conditions the methylene blue fluoresces, 

allowing greater contrast images to be recorded. The concentration of methylene 

blue was set such that the optical density of the sample allowed the laser light to 

illuminate the entire sample tube.

Digital video footage was recorded during an injection event using a Sony DCR- 

TRV310 digital video camera. Still frames were captured from the footage using 

iMovie (v 2.1.1). The camera shutter speed enables a frame to be captured every 

33 ms. A series of frames taken during an injection are shown in Figure 4.3. Since 

it was not possible to synchronise the camera shutter with the injection event, the
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injection takes place at some point between the first two frames shown. From this 

it is clear that the macroscopic mixing is complete sometime between the 33 ms 

and 67 ms time points, as very little change is observed in later frames. Due to 

the time resolution of the camera it is impossible to gauge the mixing time more 

accurately, however, this does give a good guide as to the timescale of the events 

following injection of the dye. So as to gain a better estimate of the mixing time a 

different approach is needed.

4.1.4 Histidine pH Jumps

In order to measure the quality of the mixing produced by this injection device, 

a reaction which can be monitored by NMR and which occurs rapidly is needed. 

Such a reaction would have to have distinct start and end points, that is, reactants 

and products with differing NMR spectra. The reaction must also occur rapidly so 

the effects of incomplete mixing can be distinguished from any unreacted species 

remaining in the mixed volume. As this set-up is designed primarily for the study 

of protein folding reactions and protein folding intermediates, a pH jump reaction 

using the amino acid histidine was chosen.

The side chain of the amino acid histidine consists of an imidazole ring. Pro- 

tonation and deprotonation at one of the ring nitrogens leads to changes in the 

chemical shifts of the two carbon bound protons (denoted H2 and H4). The ring 

pKa of histidine is around 6.5, therefore a pH jump from one side of this value to 

the other should result in a change in the NMR signal. The experiment was carried 

out as follows: 280 //L of a solution of 0.15 M d-TrisDCl buffer, in D2 O, at pH 8.5 

was placed in the bottom of an NMR tube. Into this 50 ^L of 10 mM ./V-acetyl- 

histidine in D 2 O was injected. This resulted in a solution with a final pH of 8.3 

after injection. A series of experiments were performed using different delays after 

the injection, allowing a pseudo real-time data set to obtained. CHESS was used for
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Figure 4.4: The pulse sequence timing diagram for the histidine pH jump experiment. 
The duration of the CHESS sequence is 12 ms. r is the variable post-injection delay, 
incremented to allow construction of a pseudo real-time data set.

solvent suppression as described above, leading to a minimum delay of 12 ms. The 

pulse sequence timing diagram for this experiment is shown in Figure 4.4; the results 

for this series of injections can be seen in Figure 4.5. From this it is clear that mixing 

is complete within ^40 ms of the injection event. There is very little change in the 

line shape or intensity of the spectra recorded with longer post-injection delays.

In the earlier spectra of Figure 4.5, specifically spectra recorded with post injec­ 

tion delays of between 22 to 37 ms, minor phase errors of a few degrees can be seen in 

the peaks that correspond to the pH 8.3 state of the system, that is, post injection. 

A slight broadening of the lines from the pre-injection species is also noticed. These 

effects can be attributed to the reaction occurring during the acquisition of the free 

induction decay [42, 110]. Broadening of the pre-injection species arises due to the 

finite lifetime of the species, that is, it is not present for the complete acquisition of 

the FID. The phase errors which occur in the signals from the post-injection species 

arise due to the transfer of transverse magnetisation from one species to another by 

the reaction during the acquisition of the FID. Figure 4.6(b) shows an exaggerated
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Figure 4.5: Histidine pH jump injection experiments for different post injection delays. 

The spectra were recored at 500 MHz, using 256 complex points and processed using 
forward and backward linear prediction and zero filled to 4096 complex points. A cosine- 

squared window function was applied prior to Fourier transformation. Q indicates the 
position of a quadrature image of the 7V-acetyl peak from the aliphatic region. As each 

spectrum is the result of a single scan it is not possible to apply the CYCLOPS phase 

cycle scheme to remove this image.

90X

(a) The FID

*— 5/ppm 

(b) The NMR spectrum

Figure 4.6: The schematic effect of a change in Larmor frequency during the acquisition 
of a free induction decay (exaggerated).
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schematic NMR spectrum for a single spin-^ system which undergoes a change in 

Larmor frequency during the acquisition of the FID (Figure 4.6(a)). As can be seen 

from this, the NMR line from the initial component, A, is broadened, while the line 

arising from B has a significantly different phase due to not being present at the 

start of acquisition of the FID.

The pH jump experiment described above was designed to produce a complete 

change in the ionisation state of the histidine side chain. It is possible to monitor 

the pH equilibration reaction by performing a jump into the region of the side chain 

pKa , in this case, around pH 6.5. This experiment was performed as for the complete 

ionisation jump described above, except that the final pH was chosen to be 6.5, and 

that no buffer was used. Using this protocol, a series of NMR spectra were recorded 

as a function of the post injection delay. These results are shown in Figure 4.7. 

This shows that the single peak for the H2 proton at pH 4 broadens and shifts as 

the pH in the sample increases (T = 17 to 92 ms spectra). This peak then splits 

into a number of overlapping peaks, resulting from a pH distribution throughout 

the sample volume. This then returns to a sharp peak at approximately 8.38 ppm, 

corresponding to the pH 6.5 state of the system.

The interpretation of these features is that a highly collimated jet of injected 

solution travels down the centre of the NMR tube, then after striking the flat bottom 

of the tube returns turbulently up the sides of the tube, producing complete mixing 

across the sample. This interpretation is corroborated by the video measurements.

4.1.5 NMR Imaging

The use of NMR imaging techniques to determine the spacial distribution of material 

is a powerful technique, widely applied in medical diagnosis [130]. In order to 

determine how well this injection set-up mixes the injectant and buffer solutions a 

series of 1-dimensional images were recored, both on steady state samples and in
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Figure 4.7: Results of a pH jump into the pKa region of the histidine side chain. The 
resonance shown is that for the H2 proton. The inset shows the chemical shift titration 
curve for the same proton. All spectra were processed in the same manner as in Figure 4.5, 
except that the cosine-squared window function was replaced with 10 Hz exponential line 
broadening.
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Figure 4.8: The pulse sequence for the imaging experiments. Ga corresponds to a weak 

field gradient applied along one of the Cartesian axes, in the laboratory frame.

real-time, as a function of time post injection.

The general approach to 1-dimensional imaging is to record the free induction 

decay in the presence of a field gradient. This causes the Larmor precession frequency 

of the spins in the sample to become a function of gradient strength and hence the 

position within the NMR tube. Thus the frequency recorded by the spectrometer 

encodes the position of the spins within the sample [130, 131]. The pulse sequence 

for these experiments is shown in Figure 4.8. Figure 4.9 shows images of a standard 

Shigemi susceptibility tube filled with a 10% H2 O / 90% D2 O mixture taken along 

the z- and rr-axes. The right hand side of the z image is the top of the NMR tube. 

Images taken along the y-axis were not recorded because of the cylindrical symmetry 

of the system. Since, as discussed above, the Larmor frequency encodes the position 

within the NMR tube, the horizontal axis can be rescaled to give the distance from 

the centre of the RF coil.

To demonstrate the mechanical effort required to mix two solutions within the 

confines of an NMR tube a number of images were recorded on a layered sample. The 

sample was constructed as follows: approximately 230 //L of D20 was placed in the 

bottom of a Shigemi tube and enough H^O was gently layered on top so as to fill the 

RF coil. The tube was then carefully placed in the magnet and imaged. The tube 

was removed and given a gentle lateral shake and subsequently re-imaged. Finally
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Figure 4.9: 500 MHz 1 H NMR images taken axially and radially along a Shigemi suscep­ 
tibility tube. The right hand side of the z image corresponds to the top of the NMR tube. 
Spectra were recorded with a flip angle of 1.54° and a spectral width of 28571.43 Hz.

the tube was inverted twice and placed back in the magnet. Figure 4.10 shows the 

results of these three images, all taken along the z-axis. This figure clearly shows 

that in order to have complete, homogeneous mixing, vigorous motion is needed, 

such as that provided by an injection event.

In order to gain a better understanding of the injection event, a series of 1- 

dimensional images were recorded in real-time during an injection event. This in­ 

volved the injection of 50 /wL of H20 into 280 //L of D 2 O. This results in a 6.5-fold 

dilution of the ^0. Images were recored along both z and x directions, using the 

same parameters as for the static images. Two dummy acquisitions were recorded 

before the triggering of the injection device to allow the spectrometer electronics to 

stabilise. These have been removed from the spectra shown in Figure 4.11. From 

this it is clear that there is an inherent dead-time in the apparatus. The injection 

event took place before the first spectrum shown, however, there is no signal until 

the third spectrum, indicating that there is a 20 ms dead-time after the spectrom-
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Figure 4.10: 500 MHz X H NMR images recorded using a layered sample. H^O was placed 

on top of 230 /jL of D2O and imaged. Two methods of mixing are then applied to the 

sample, and the tube re-imaged. The right hand side of the image corresponds to the top 

of the NMR tube.
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Figure 4.11: Real-time 500 MHz ! H NMR images taken axially and radially along a 
Shigemi susceptibility tube. The right hand side of the z image corresponds to the top of 
the NMR tube. Spectra were recorded with a flip angle of 1.54° and a spectral width of 
28571.43 Hz. The spectra are recorded at 10 ms intervals.

eter triggers the injector, but before the piston is activated. Once the injector is 

activated, then complete mixing of the ^O is complete within the next four scans, 

giving rise to a mixing time of the order of 40 ms. This is in good agreement with 

that determined by the other methods described above. The video footage in Fig­ 

ure 4.3 suggests that the injection event consists of a stream of injectant travelling 

down the centre of the NMR tube before striking the base of the tube. The real- 

time images taken along the rr-axis indicate that this is the case. Measuring the 

width of each spectrum at half-maximum height serves as a guide to the extent of 

the radial mixing. The width at half-maximum height was used since, although the 

experiment was performed by injecting into D20 solution, there is a small residual 

proton signal, which marks the edge of the NMR tube in each of the images. These 

widths are shown in Figure 4.12. This shows that there is indeed a narrow column 

of liquid travelling down the centre of the NMR tube, which spreads out radially as 

mixing occurs within the RF coil region. This is shown schematically in Figure 4.13.
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Figure 4.12: Full widths at half-maximum height for the x images in Figure 4.11(b).

To test the hypothesis that the flat bottom of the Shigemi tube aids the mixing, 

the real-time imaging experiments were repeated using a standard round-bottomed 

NMR tube. The procedure used was the same as above, however, this time injecting 

50 //L of D2O into 450 fj,L H2 O, as a larger sample volume is required to fill the 

NMR tube. The results from this series of experiments are shown in Figure 4.14. As 

can clearly be seen in the z image (Figure 4.14(a)) there is a significant non-uniform 

axial distribution of the injectant material in the NMR tube after injection. This 

supports the theory that the flat base of the Shigemi tube helps the mixing process. 

However, a point to note is that in the case of the round-bottomed tube the base of 

the tube is 6 mm below the RF coil, whereas it is only only 1 mm for the Shigemi 

tube. Therefore using the standard tube, the injectant stream must travel further 

in order to strike the bottom, lengthening the time before any turbulent mixing can
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Figure 4.13: A schematic drawing of the injection event, based on evidence from the video 
footage, histidine pH jumps and NMR imaging experiments. The jet of liquid strikes the 
flat bottom of the Shigemi tube and then travels up the sides, mixing the two solutions.
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Figure 4.14: Real-time 500 MHz 1 H NMR images taken axially and radially along a 
standard round-bottomed NMR tube. The right hand side of the z image corresponds to 
the top of the NMR tube. Spectra were recorded with a flip angle of 1.54° and a spectral 
width of 28571.43 Hz. The spectra are recorded at 10 ms intervals.
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occur, also contributing to the reduced the mixing efficiency.

4.1.6 Injection of Viscous Solutions

The chemical denaturants used in protein folding experiments are usually more 

viscous than water. Hence to determine how much of an effect the viscosity of 

the solution has on the mixing efficiency of this device a further experiments were 

performed. Firstly, the viscosities of the denaturing solutions had to be determined 

and a suitable model system developed. The viscosities were measured using an 

Ostwald Viscometer [132], with pure water being used as the calibration standard. 

Using this method the viscosity of the solution is given by the following equation:

77 = Apt (4.2)

where rj is the dynamic viscosity, A is a constant specific for the viscometer, and 

dependent on the temperature of measurement, and p is the density of the solution, 

determined by measuring the mass of 1 cm3 of solution, t is the time taken for the 

solution meniscus to fall under gravity between two marks on the viscometer. As 

stated above, water was used as the calibration standard, giving the value of the 

constant: A = 2.09 x 1(T 8 mV2 .

Viscosities were then measured for 8 M urea solution, 8 M guanidine hydrochlo- 

ride solution, 45% (v/v) 2,2,2-trifluoroethanol (TFE), all used as chemical denatu­ 

rants, and 1.5 M calcium chloride solution, the model system chosen. Each viscosity 

was averaged over ten measurements. The measured data are shown in Table 4.1.

Figure 4.15 shows video footage, recorded in the same manner as that in Sec­ 

tion 4.1.3, but injecting two different viscous solutions, 8 M guanidine hydrochloride 

(Figure 4.15(a)) and 45% trifluoroethanol (Figure 4.15(b)). Comparing these im­ 

ages with those in Figure 4.3 it is clear that a greater time is required to achieve
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Compound p
(g cm-3 ) (//Pa s)

H2 0
8 M Urea
8 M GdnHCl

0.9849
1.0914
1.1283

891
1187 ±7
1241 ± 7

45% TFE (v/v) 1.1370 1429 ± 14 
1.5MCaCl2 1.1235 1236 ± 8

Table 4.1: Densities and dynamic viscosities for various solutions at 298 K. The viscosity 
of water was obtained from [133].

the mixing. In this case, the macroscopic mixing is apparently complete within the 

first four frames, that is, within 100 ms.

The use of urea, guanidine or TFE in the imaging experiments is complicated 

by the fact that this introduces a second resonance into the spectrum. When the 

field gradient is applied and these resonances are spread out, reflecting the spacial 

encoding of the nuclear Larmor frequency, these signals will overlap, complicating 

the interpretation of the imaging experiments. Therefore, a solution was chosen 

which does not provide an additional resonance in the NMR spectrum, while still 

increasing the solution viscosity. Figure 4.16 shows the result of a series of NMR 

images taken along the z-axis following the injection of 1.5 M calcium chloride 

solution to mimic the effect of the chemical denaturant used in protein folding 

experiments. Comparing this with the injection of H20 shown in Figure 4.11 (a) 

it is clear that the mixing takes longer. While at the top of the tube there is little 

change beyond 40 ms post injection, a much longer period of time, of the order of 

100 ms is needed for mixing to be complete along the complete length of the tube. 

Images along the x- and ?/-axes were not recorded as mixing has been shown to be 

fast in these directions, coupled with the fact that radially, mixing takes place over 

a much smaller distance, so will be complete well before the axial mixing.
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Figure 4.15: Video Footage of the injection of two more viscous solutions into water, 
recorded using methylene blue florescence as before. Less than 0.5 W laser illumination 
was used. The injection event takes place between the first two frames in each case. The 
images appear red due to the presence of the argon ion filter.
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Figure 4.16: Real-time 1 H NMR images taken axially (along the z-axis) following the 
injection of a more viscous solution. The right hand side of the image corresponds to the 
top of the NMR tube. Spectra were recorded with a flip angle of 1.54° and a spectral 
width of 28571.43 Hz. The spectra are recorded at 10 ms intervals.

4.1.7 Summary

The experiments described in the preceding section provide strong evidence that 

this injection set-up is capable of producing complete, homogeneous mixing on a 

timescale of the order of 50 ms for non-viscous injectants, with a short experimen­ 

tal dead-time. The mixing times determined by the histidine pH jump and NMR 

imaging experiments agree to within a few percent. These experiments, along with 

the video footage of the injection event, also show that macroscopic as well 

croscopic mixing of the injected solution is achieved within the NMR coil region.

as mi-

4.2 CIDNP Pulse Labelling

Under certain conditions some proteins can be induced to form so-called molten 

globule states. These states are characterised by compact hydrophobic cores, large 

amounts of secondary structure, but with few specific tertiary interactions [134]. 

These traits are often monitored by the use of techniques such as circular dichroism 

(CD) or fluorescence spectroscopy. These techniques give information about the
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whole structure, but provide little information on the atomic scale. NMR measure­ 

ments of molten globules often given very little information also. This is because 

the molten globule is an ensemble of rapidly interconverting conformers, which give 

rise to an NMR spectrum with poor chemical shift dispersion due to a large number 

of overlapping resonances and the effects of millisecond conformational exchange.

Molten globules are of interest as species very similar to these are often detected 

as transient intermediates along the protein folding pathway. Examples include the 

various a-lactalbumins [62, 135, 136] and retinol binding protein [137]. CIDNP 

pulse labelling is a technique which enables the study of the surface structure of 

these molten globules.

4.2.1 Theory

CIDNP pulse labelling is based on "RF Pulse labelling" in which NOEs10 are gen­ 

erated by radiofrequency irradiation of a small portion of the aromatic region of 

the NMR spectrum of an unfolded protein, this is then rapidly refolded and any 

enhancements in the aliphatic region of the spectrum due to NOE transfers are 

detected [138].

In CIDNP pulse labelling similar principles are used [31, 32]. Nuclear polar­ 

isation is generated in an unfolded state of the protein using the photochemical 

radical pair reaction between FMN and tyrosine, tryptophan and histidine residues 

exposed on the protein surface. This polarisation is then rapidly transferred to the 

native state for detection. This transfer is achieved by either a fast dilution from 

a high concentration of chemical denaturant, or pH jump using the injection de­ 

vice described above. Detection of the polarisation in the native state allows the 

good chemical shift dispersion and resolution to be obtained, while having the po­ 

larisation intensities from the partially folded state. This is shown schematically in

10 Nuclear Overhauser Effects
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Figure 4.17: The theory of the CIDNP pulse labelling experiment. Resonances which 

overlap in the molten-globule state are spread out by the greater chemical shift dispersion 

in the native state. The corresponding native state spectrum recorded without pulse 

labelling is shown for comparison.

Figure 4.17. The native state spectrum, however, shows only those resonances which 

arise from natively accessible residues, whereas the pulse labelled spectrum includes 

those resonances which are additionally exposed in the molten globule state. The 

refolding to the native state must happen on a timescale that is fast compared to the 

spin-lattice relaxation time of the exposed amino acid side chain protons in order 

that the nuclear polarisation generated in the unfolded state still remains in the 

native state to be detected.

The CIDNP pulse labelling experiment has been reported [31, 32], however, there 

are two distinctions between this work and that performed previously. Firstly, Lyon 

et al. worked at a proton frequency of 400 MHz, whereas all the work described here 

was performed at 600 MHz, enabling greater resolution to be obtained. Secondly, 

due mainly to the lack of pulsed field gradients on the ailing 400 MHz spectrometer, 

the previous experiments were performed in pure D20 solution to minimise the 

solvent signal. The benefit of using H20 solution is that signals can be observed 

from solvent exchangeable protons such as the indole proton of tryptophan.

The pulse sequence used for CIDNP pulse labelling is shown in Figure 4.18. The



4.2. CIDNP Pulse Labelling 90

Presaturation 3 x CHESS

1 H JJJII1 90H20 90H20 90H20 90X

Laser

Injection

Figure 4.18: The pulse sequence used for CIDNP pulse labelling, r is the post injection 
delay. Ga is the field gradient applied as a strong gradient along each of the Cartesian axis 
(order: z, x, y) or along three orthogonal vectors tilted at the magic angle with respect to 
the BQ field direction, as explained above.

sequence consists of a pre-saturation time, which is made up of a 90° pulse followed 

by a crush gradient and then a train of multiple pre-saturation pulses to destroy 

any magnetisation in the sample. Since the protein solution it situated outside the 

RF coil until injection, this pre-saturation period only affects the refolding buffer. 

Immediately following this is the laser illumination period. This is usually between 

50 and 500 ms in duration. The injection event then takes place during the final 

portion of the illumination. After injection there is a post-injection delay, of the 

order of 100 ms to allow protein folding to occur and any remaining free radicals 

from the illumination period to recombine. The acquisition pulse is then preceded 

by the application of three CHESS pulses, as described in Section 4.1.2. CIDNP 

pulse labelling spectra are then averaged over a series of light and dark subtraction 

pairs, usually four or eight, in order to improve the signal to noise ratio.
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4.2.2 Hen Egg White Lysozyme

Hen egg white lysozyme is a reasonably small monomeric protein consisting of an 

amino acid chain of 129 residues (molecular weight 14.6 kDa). The structure consists 

of two distinct domains separated by the active site. The a-domain consists of four 

a-helices, two at the C-terminus and two at the N-terminus, along with a small 3io 

helix. The /3-domain contains a three-strand antiparallel /3-sheet, another 3io helix 

and a large loop region. The protein also contains four disulphide links, between 

cysteine residues 6-127, 30-115, 64-80 and 76-94. The latter acts as a second 

tether between the a- and /^-domains, in addition to the polypeptide backbone. 

The disulphide bridges remain fully oxidised in all the pulse labelling experiments 

described here.

Hen egg white lysozyme was the first enzyme to have its structure determined by 

x-ray crystallography [139]. It has subsequently been the subject of a large number 

of studies and its structure has been characterised by NMR [140-143]. Figure 4.19 

shows a representation of the solution state NMR structure of lysozyme.

The effect of various co-solvents on the structure of hen egg white lysozyme 

has been of great interest [145]. These co-solvents include dimethylsulphoxide 

(DMSO) [146-148] and 2,2,2-trifluoroethanol (TFE) [149-151]. Most notably, it 

has been observed that lysozyme forms a molten-globule like state in TFE concen­ 

trations above 20% (v/v) [149], the so-called TFE state of lysozyme. This state has 

large amounts of secondary structure, with an increase in helical content relative to 

the native state, but few specific tertiary interactions. Figure 4.20 shows far- and 

near-UV circular dichroism (CD) spectra of lysozyme in the presence of differing 

amounts of TFE. From the far-UV CD spectra shown in Figure 4.20(a) it is clear 

that there is secondary structure in all three solvent mixtures, with little difference 

being observed between pure water and 7% TFE (v/v). There is a noticable increase 

in mean residue ellipticity at about 220 nm shown in the spectrum recorded in 45%
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Figure 4.19: The structure of hen egg white lysozyme (PDB file: 1E8L [144]). Solvent 

accessible tryptophan residues are shown in orange, buried tryptophans in red. Tyrosine 

and histidine residues are shown in blue and green respectively. The figure was drawn 

using MOLMOL (89).
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Figure 4.20: Circular Dichroism spectra of 69 jjM lysozyme at varying concentrations of 
TFE. The spectra were recorded at room temperature.

TFE (v/v), indicating an increase in the amount of secondary structure present in 

the protein [84]. Comparing these results with those obtained under identical con­ 

ditions using near-UV CD to probe the environments of the aromatic amino acid 

residues (in this case tyrosine, tryptophan and phenylalanine), reveals that there is 

a significant change in the tertiary structure in protein. The near-UV CD spectra 

are shown in Figure 4.20(b), and again show little difference between pure water 

and 7% TFE (v/v). However, there are clear changes at 255 and 290 nm in the 

45% TFE (v/v) spectrum, indicating a change in the tertiary structure under these 

conditions [84]. It is also noted by Lu et al. that the presence of a small amount of 

TFE can accelerate the refolding of lysozyme to the native state [151].

So as to have clear start and end points to the pulse labelling experiment steady- 

state spectra of lysozyme in 7% and 45% TFE (v/v) were recorded. These are shown 

in Figure 4.21. Clearly there are major structural changes occurring in the protein 

on increasing the TFE concentration. In 7% TFE (v/v), which closely resembles 

the native state, only two of the tryptophan residues are solvent accessible, namely
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Figure 4.21: 600 MHz : H NMR (128 scans) and CIDNP (32 scans) spectra of 2 mM 
lysozyme in H^O. Polarisation was generated using 0.2 mM FMN dye and 4 W laser 
illumination for 100 ms. 50 mM sodium acetate-da buffer was used at pH 7. F denotes a 
polarised flavin peak.

Trp 62 and Trp 123. These are highlighted by the strong enhancements in the indole 

region of the CIDNP spectra (Figure 4.21(a)) and corresponding enhancements in 

the aromatic region.

When the concentration of TFE is increased beyond a certain level, then large- 

scale changes in the protein structure occur, as is evident in Figure 4.21(b), both in 

the NMR and CIDNP spectra. Here, there is a large emissive signal at 6.9 ppm which 

originates from exposed tyrosine residues. Two broad tryptophan indole signals are 

also noticeable above 10 ppm. The signal at 8.0 ppm arises from polarised flavin 

molecules.

Since the TFE state of hen egg white lysozyme has a poorly resolved NMR spec­ 

trum (Figure 4.21(b)) and upon dilution will rapidly refold to the native state [151], 

it is an ideal choice for CIDNP pulse labelling. Two experiments were performed to 

probe the surface structure of the TFE state, both using a 6.5 fold dilution of hen
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Figure 4.22: 600 MHz CIDNP pulse labelled spectra of hen egg white lysozyme upon 
refolding from 45% to 7% TFE (v/v) in 50 mM sodium acetate-c^ at pH 7. Both spectra 
were recorded using an injection time of 50 ms and a post-injection delay of 100 ms. 
Spectrum (a) was recorded with a laser pulse width of 500 ms, while spectrum (b) used 
100 ms. Assignments are taken from [141].

egg white lysozyme in 45 % TFE (v/v). Both experiments were recorded using an 

injection time of 50 ms and a post-injection delay of 100 ms. Two different laser 

pulse widths were used, first 500 ms, then 100 ms to minimise the effects of cross- 

polarisation during the laser illumination. A subtraction of four light and dark pairs 

results in the spectra shown in Figure 4.22.

From Figure 4.21 (a) it is clear that there are two solvent-accessible tryptophan 

residues in the native state of hen egg white lysozyme, these are Trp 62 and Trp 123. 

There are no other "CIDNP-active" residues exposed. The results of these pulse 

labelling experiments show that there are three solvent accessible tyrosine residues 

as well as the two tryptophans accessible in the TFE state, remaining exposed in the 

native state. The spectra are shown in Figure 4.22. This agrees with what is seen in 

the steady-state CIDNP spectrum of the TFE state (Figure 4.21(b)): that tyrosine
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residues are solvent exposed. The pulse labelled spectra provide greater detail by 

way of the improved chemical shift dispersion allowing the exposed residues to be 

assigned. The large tyrosine peak at 6.83 ppm is attributed to Tyr 53 with the 

other large emissive signal at 6.99 ppm corresponding to Tyr 20. Smaller signals at 

6.89 and 6.73 ppm arise from a residual TFE state tyrosine resonance and Tyr 23, 

respectively. The chemical shift assignments are taken from [141].

It is useful to compare the results obtained here with previous CIDNP pulse 

labelling results obtained by Lyon et al. [31, 32]. Table 4.2 shows the residues de­ 

tected in the two CIDNP pulse labelling experiments. Using the advantage that the

Residue Figure 4.22 Previous Residue Figure 4.22 Previous 
Results Study Results Study

Trp 28
Trp 62
Trp 63

Tyr 20
Tyr 23
Tyr 53

No
Yes
No

Yes
Yes
Yes

Yes
Yes
Yes

Yes
Yes
Yes

Trp 108
Trp 111
Trp 123

No
No
Yes

Yes
Yes
Yes

Table 4.2: Comparison of solvent accessible residues detected in the TFE state using 
CIDNP pulse labelling. Results from this study and a previous study [31, 32].

number of tryptophan residues exposed in the TFE state can easily be determined 

by counting the number of peaks in the indole region. It is clear that the absorp­ 

tive signals in the aromatic region of Figure 4.22, between 7 and 8 ppm, must arise 

only from two tryptophans, rather than all six as previously thought [31, 32]. The 

exposure of all three tyrosine residues has been confirmed by these experiments.

The observation that only tryptophan residues 62 and 123 are exposed in the 

TFE state of lysozyme indicates that tryptophan residues 28, 108 and 111 which 

form part of the hydrophobic core of the protein in the native state, are also buried 

in the TFE state. This shows that some native-like character may persist in this
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unfolded state, an idea which has been postulated previously [152], and supports the 

premise that the formation of secondary structure in transition state regions plays 

an important role in protein folding [153, 154].

4.2.3 Bovine and Human a-Lactalbumins

The a:-lactalbumins are small monomeric globular proteins consisting of 123 amino 

acid residues (molecular weight 14.2 kDa). These proteins are found in mammalian 

milk and are involved in the lactose biosynthetic pathway [155]. Their structure is 

somewhat similar to that of hen egg white lysozyme, in that a-lactalbumin contains 

two domains. The a-domain consisting of four a-helices and two shorter 3io helices; 

the /^-domain consists of a three stranded antiparallel /3-sheet, another 3io helix and 

number of loop regions. The a-lactalbumins contain four disulphide bridges, two 

in the a-domain, one in the /^-domain and one which joins the C-terminus in the a 

domain to a 3io helix in the /3-domain. The cleft between the two domains is the 

binding site for a single calcium ion, which is coordinated in a distorted pentagonal 

bipyramid [156]. The structures of the bovine and human a-lactalbumins (BLA and 

HLA) are shown in Figure 4.23. The bovine and human forms of a-lactalbumin share 

75% sequence identity [62], with only two changes in the "CIDNP-active" residues, 

namely Trp 26 in BLA becomes leucine in HLA, and His 68 becomes glutamine. 

Many properties of the various a-lactalbumins have been well studied by a variety 

of techniques [159, 160], including CIDNP [161-163] and their refolding has been 

well characterised [29, 30, 164, 165].

While a-lactalbumins do not adhere to the classical two-state cooperative folding 

model which is obeyed by hen egg white lysozyme [166, 167], they are known to 

form transient folding intermediates which are remarkably similar to the equilibrium 

molten globules. These can be formed in a number of ways, either in low pH (the 

A state), a moderate concentration of chemical denaturant (the P state) or in the



4.2. CIDNP Pulse Labelling 98

(a) Bovine (b) Human

Figure 4.23: The structures of bovine (PDB file: 1F6S [157]) and human (PDB file: 
1HML [158]) a-lactalbumins . The CIDNP-active residues are colour coded as follows; 
tyrosines in blue, tryptophans in orange and histidines are in green. The figure was drawn 
using MOLMOL [89].
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removal of a cofactor (the apo state) in this case, calcium ions. Based on results 

from a number of other biophysical techniques, such as circular dichroism (CD) and 

fluorescence spectroscopy, the molten globule state is known to have a large amount 

of secondary structure, but, with few specific tertiary interactions [136].

The question then arises, how similar are the molten globules formed under 

different conditions? There is, of course, no reason why they should be similar, 

however, CD or fluorescence spectroscopy the molten globules are virtually indistin­ 

guishable. The major drawback of these techniques is that they only provide global 

information about the protein, i.e. they do not give details about the protein on 

a residue-specific scale. Figure 4.24 shows NMR and CIDNP spectra of the three 

molten globules in question, along with the native state for comparison. The native 

state spectrum was recorded at pH 7, with the A state at pH 2. The P state was 

generated by the addition of 2 M guanidine hydrochloride (responsible for the large, 

broad signal at around 6.7 ppm in Figures 4.24(a) and 4.24(b)), and the removal 

of the bound calcium generated the apo state. Both the NMR and CIDNP spectra 

of the molten globules a show distinct reduction in the "useful information" which 

can be extracted. This arises from the poor chemical shift dispersion, making indi­ 

vidual peak assignment impossible. These spectra do show, however, that there are 

subtle differences in these molten globules. For example, in Figure 4.24(c) there is 

an emissive signal, characteristic of the H3,5 ring protons of tyrosine, which appears 

at slightly different chemical shift: at 6.82 ppm in the A state, 6.71 ppm in the P 

state and 6.87 ppm in the apo state. Similar features are also seen in the HLA case 

(Figure 4.24(d)). However, in this case, there is an emissive signal which appears at 

a rather similar chemical shift in each of these spectra, that is at 6.78 ppm.

As it is not possible to obtain assignments for these spectra since they suffer 

from such poor resolution, and attempts to perform heteronuclear measurements on 

these states also provide little information as few cross peaks are detected [168, 169].
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Figure 4.24: NMR and CIDNP spectra of the bovine (2 mM) and human (1 mM) a- 
lactalbumin molten globules. All spectra were recorded using 4096 complex points with 
a spectral width of 9009 Hz. NMR spectra were averaged over 64 scans, CIDNP spectra 
were averaged over 32 light and dark pairs, using 50 ms laser pulses. The native state 
assignments are taken from [62].
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CIDNP pulse labelling is therefore the ideal choice to probe the structure of these 

partially unfolded states. Presented below are the CIDNP pulse labelling results for 

these three different molten globules of BLA and HLA.

4.2.3.1 The Bovine a-Lactalbumin Molten Globules

As for the experiments performed using the TFE state of lysozyme, the initial start­ 

ing point for this set of pulse labelling experiments was the well-studied A state of 

BLA. The pulse labelling experiment was performed by injecting 50 //L of 1.5 mM 

protein solution at pH 2 into 280 //L of 55 mM sodium cacodylate buffer at neutral 

pH. This gave a final protein concentration of 0.23 mM. The spectra were recorded 

using 4096 complex points over a spectral width of 9009 Hz, and are the result of 

averaging over eight light and dark pairs, that is, sixteen injections. These results 

are shown in Figure 4.25. There are more features visible in these spectra compared 

to the steady-state spectra of the molten globules shown in Figure 4.24(c). Using 

the known assignments of the native state, it is immediately obvious that three of 

the tryptophan residues are exposed in the molten globule, shown by the presence 

of the characteristic indole proton resonances. These belong to residues Trp 60 

(9.92 ppm), Trp 104 (11.48 ppm) and Trp 118 (10.75 ppm). The corresponding 

aromatic resonances from the H2, H4 and H6 protons can also be found in the re­ 

gion 6.0 to 8.5 ppm, and are clearly labelled in Figure 4.25(a). As for the tyrosine 

residues, again there are clear emissive signals from three exposed residues, namely 

Tyr 18, Tyr 36 and Tyr 50. In addition to this, there is a residual signal from the 

molten globule state at 6.81 ppm, and there is also a non-native signal observed 

at 7.01 ppm, denoted by Tyr NN. This could be related to the non-native signal 

observed by Wirmer et al. at 7.05 ppm [30], following the photochemical release of 

calcium ions to induce refolding from the apo state to the native state. That signal 

is attributed to the formation of an intermediate species along the folding pathway.
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Figure 4.25: 600 MHz X H CIDNP pulse labelled spectra of bovine a-lactalbumin upon a 
jump from pH 2 to 7. Both spectra were recorded using an injection time of 50 ms and 
a post-injection delay of 100 ms. Spectrum (a) was recorded with a laser pulse width of 
500 ms, while spectrum (b) used 100 ms. Assignments are taken from [62]. F denotes a 
polarised flavin signal.
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It is possible that an intermediate similar to this is formed during the pulse labelling 

experiment and remains during the detection period, giving rise to this signal.

Figure 4.25(b) shows results of the same experiment, but performed using a 

short laser pulse in order to minimise any cross-polarisation [64]. There is, however, 

a problem associated with this: the signal-to-noise ratio is reduced as there is less 

polarisation produced during the shorter laser pulse. This mirrors observations 

seen in the case of lysozyme (Figure 4.22). While it is still possible to attribute 

different resonances to specific residues, either by using the known assignments, or 

by comparison with the 500 ms laser pulse experiment, this can only be done with 

lower confidence. For these reasons, the pulse labelling experiments performed on 

the other two molten globules used the longer, 500 ms, laser pulse.

As for the TFE state of lysozyme, it is informative to compare these results with 

those obtained previously at 400 MHz [31, 32]. Table 4.3 shows the comparison 

of detected residues in this work and that of Lyon et al. Once again, performing

Residue Figure 4.25 Previous Residue Figure 4.25 Previous 
Results Study_________Results___Study

Trp 26 No No Tyr 18 Yes Yes
Trp 60 Yes No Tyr 36 Yes Yes
Trp 104 Yes No Tyr 50 Yes Yes
Trp 118 Yes Yes Tyr 103 No No

Table 4.3: Comparison of solvent accessible residues detected in the A state of BLA using 
CIDNP Pulse labelling between this work and previous experiments [31, 32].

these experiments in H^O allows the indole protons the tryptophan residues to be 

observed, permitting easy identification of these exposed residues. Three tryptophan 

residues can now be seen to be exposed in the A state molten globule: Trp 60, 

Trp 104 and Trp 118 as supposed previously. These new results also confirm the 

exposure of three of the tyrosine side chains, namely, Tyr 18, Tyr 36 and Tyr 50. 

Figure 4.26 shows the results of the CIDNP pulse labelling experiment performed
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Figure 4.26: 600 MHz : H CIDNP pulse labelled spectra of bovine a-lactalbumin following 
jumps from the P state and apo state to the native state. Both spectra were recorded 
using an injection time of 50 ms, a laser pulse width of 500 ms and a post-injection delay 
of 100 ms. Assignments are taken from [62].

on the P and apo states. The P-to-N jump was performed by the dilution of 2.0 M 

guanidine hydrochloride to 0.31 M in which the protein is native-like, while the apo 

to N jump was achieved by injection of apo protein into 10 mM calcium chloride 

solution. The spectra obtained are quite different to that for the A-to-N jump, and to 

each other, immediately indicating that the structures of the three molten globules 

are different. The P state is most similar to the A state, in that the same three 

tryptophan residues are exposed, however, only Tyr 18 and Tyr 50 are exposed. Is 

is also possible to attribute the signal at 7.95 ppm to the H2 proton of histidine 68. 

The situation is different in the apo-to-native jump. In this case, the only exposed 

tryptophan residue is Trp 118, which is also exposed in the native state. Three 

tyrosine residues can be seen, these are Tyr 18, Tyr 36 and Tyr 50. One feature
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unique to this experiment is the observation of both imidazole ring protons from 

histidine 68. Care must be taken, however, in the interpretation of the absence of 

CIDNP signals due to histidine residues. This cannot be easily attributed to solvent 

inaccessibility as the intensity of the CIDNP signal is strongly pH dependent, with 

the signal disappearing at extremes of low or high pH [55] and histidine also suffers 

from ineffective competition for flavin triplets in the presence of exposed tyrosine 

and tryptophan residues [61]. Therefore, if histidine polarisation is observed in 

the presence of exposed tyrosine and tryptophan residues, then it follows that the 

histidine residue must be very exposed. A summary of the bovine a-lactalbumin 

results is shown in Table 4.4.

4.2.3.2 The Human a-Lactalbumin Molten Globules

Since human a-lactalbumin also forms molten globules under the same conditions as 

the bovine protein (Figure 4.24), these states are also amenable to study using the 

CIDNP pulse labelling experiment. Figure 4.27(a) shows the result of the A-to-N 

pH jump experiment, recorded under the same conditions as for the bovine case in 

Figure 4.25(a). The first point to note is that refolding to the native state is not 

complete, there are large contributions from the A state molten globule still present 

in the spectrum. This leads to complications in the interpretation of the spectrum. 

It is possible to immediately assign resonances from Trp 60, Tyr 36 and Tyr 18. 

However, whether Tyr 50 is exposed is uncertain since it should appear at a similar 

chemical shift to the molten globule tyrosine resonance. There is a small shoulder 

on the low field side of this peak, at approximately 6.81 ppm however, this could 

also be the result of inhomogeneity arising from the mixing. In order to confirm the 

origin of this signal the experiment was repeated using a longer post injection delay 

150 ms. This is shown in Figure 4.27(b). Using this longer post-injection delay, 

the residual molten globule peak is reduced in intensity, allowing the shoulder to
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Figure 4.27: 600 MHz 1 H CIDNP pulse labelled spectra of human Qf-lactalbumin upon a 
jump from pH 2 to 7. The spectrum was recorded using an injection time of 50 ms and 
a laser pulse width of 500 ms. Spectrum (a) used a post-injection delay of 100 ms, which 
was increased to 150 ms in (b). Assignments are taken from [62]. F denotes a polarised 
flavin signal.
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Figure 4.28: 600 MHz X H CIDNP pulse labelled spectra of human a-lactalbumin following 
jumps from the P state and apo state to the native state. Both spectra were recorded 
using an injection time of 50 ms, a laser pulse width of 500 ms and a post-injection delay 

of 100 ms. Assignments are taken from [62].

be clearly assigned to the H3,5 protons of the Tyr 50 residue, indicating that this 

amino acid side chain is exposed to the FMN dye in the A state molten globule.

Figures 4.28 and shows the result of experiments to study the P state to N 

state jump and the apo to holo state jump. These were performed under the same 

conditions as for the bovine cases in Figure 4.26. These spectra are somewhat less 

well resolved, especially in the case of the P to N state experiment. This is probably 

due to the presence of the denaturant affecting the folding of the protein. However, 

it is clear that there are several exposed residues in both cases. In the P to N state 

case Trp 60 and Tyr 50 are both accessible, while in the apo to holo case three out 

of four tyrosine residues are exposed, with Tyr 103 remaining buried in the molten 

globules.
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As for the bovine case above, these three molten globules of human a-lactalbumin 

all have very different CIDNP pulse labelling spectra, indicating that the side chain 

accessibilities and hence the structure of the molten globules is different. The results 

of these experiments are summarised in Table 4.4.

4.2.3.3 Interpretation

These results, summarised in Table 4.4, are in broad agreement with those obtained 

by Lyon et al. [31, 32]. However, the ability to determine exactly which tryptophan 

residues are exposed does provide some points for comment. As before, there is 

a large amount of unfolding occurring in the /^-domain of the protein, comprising 

residues 40 to 81. Exposure of Tyr 36, in the interface between the two domains, is 

also observed in each case, except in the P state molten globules.

As for the a-domain, there are some subtle differences between this study and 

previous results. In bovine a-lactalbumin, Trp 104 in BLA is anomalous in that it 

does not show the same native-like accessibilities that are shown by the other residues 

in the a-domain. This residue in HLA is not observed. Previous studies have shown 

that this domain is particularly resistant to unfolding by chemical denaturant [168] 

and that these amide protons undergo deuterium exchange less readily [170] that 

those in the other domain, or in the interface. So it is not surprising that these 

aromatic residues show native-like accessibilities.

These differences between the various equilibrium molten globule states highlight 

different degrees of hydrophobic cluster formation. In general the /3-domain of the 

a-lactalbumins is unfolded, while the a-domain retains native-like character. The 

minor differences seen for the different molten globules may correspond to occupation 

of differing small local minima, within the deep folding pathway on the free energy 

landscape.

Differences between the molten globule states of the bovine and human variants



4.2. CIDNP Pulse Labelling 109

Bovine a-lactalbumin 
Domain Residue N state A state P state apo state

Oi

a
a
Oi

a
a
a

Interface

0
^
13

—

Domain

a
Oi

Oi

Oi

Oi

Oi

Oi

Interface

13
(3
(3

Tyr 18
Trp 26
His 32
Tyr 103
Trp 104
His 107
Trp 118

Tyr 36

Tyr 50
Trp 60
His 68

Tyr NN

Residue

Tyr 18
(Trp 26)
His 32
Tyr 103
Trp 104
His 107
Trp 118

Tyr 36

Tyr 50
Trp 60
(His 68)

Yes
No
No
No
No
No
Yes

No
No
Yes

No

Human

Yes
No
n/d
No
Yes
n/d
Yes

Yes

Yes
Yes
n/d

7.10 ppm

a-lactalbumin
N state A state

Yes Yes

Yes
No
n/d
No
Yes
n/d
Yes

No

Yes
Yes
Yes

n/d

P state

No

Yes
No
n/d
No
No
n/d
Yes

Yes

Yes
No
Yes

6.85 ppm

apo state

Yes
Leucine

No
No
No
No
Yes

No

No
No

n/d
No
No
n/d
No

Yes

Yes
Yes

n/d
No
No
n/d
No

No

Yes
Yes

n/d
No
No
n/d
No

Yes

Yes
No

Glutamine

Tyr NN No n/d n/d n/d

Table 4.4: Summary of the solvent accessibilities of the tryptophan, tyrosine and histidine 
residues in the A, P and apo states of bovine and human a-lactalbumin, based on CIDNP 
pulse labelling results. Tyr NN represents the non-native tyrosine peak observed in some 
of the experiments, n/d = not detected.
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of the protein indicate that while these proteins maybe share a common evolutionary 

ancestor, there folding properties are somewhat different.

4.3 Another Application of Rapid Mixing

The use of a rapid injection mixing device has many other applications in addition 

to CIDNP pulse labelling. The other major use is to follow protein folding in 

real-time [22, 23, 117]. To demonstrate this, a real time refolding experiment was 

performed using the mixing device described in Section 4.1. Denatured lysozyme was 

produced by dissolving a 10 mM solution of lysozyme in 8 M guanidine hydrochloride 

at pH 7.5, containing 0.2 mM flavin mononucleotide dye, along with a small amount 

of 1,4-dioxane as a chemical shift reference. 50 p,L of this solution was injected into 

280 nL of H20 also containing 0.2 mM FMN. This resulted in final concentrations 

of lysozyme and guanidine HC1 of 1.5 mM and 1.2 M respectively, with a final pH 

of around 6.5.

A series of real-time CIDNP spectra was recorded using a laser pulse width 

of 100 ms. Spectra were recorded every 340 ms, using 2048 complex points and 

a spectral width of 9009 Hz. The data was linear-predicted out to 4096 complex 

points and a 10 Hz exponential line broadening window function was applied. Water 

suppression was provided by the use of the CHESS sequence as above [125].

Figure 4.29(a) shows the indole region of the NMR spectrum, averaged over four 

injections, each with laser illumination. No improvement was found by subtracting 

the dark spectra. In the native conformation of lysozyme only tryptophans 62 and 

123 are solvent accessible. These are clearly seen at 10.18 and 10.75 ppm respectively. 

The broad signal at 10.04 ppm corresponds to the indole signal from the denatured 

protein.

In order to extract kinetic information about the folding process of lysozyme,
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Figure 4.29: Results from the real-time refolding of hen egg white lysozyme from 8 M 
guanidine HCI. The time indicates the time between the injection event and the start of 
the acquisition of the FID. The red lines are the result of fitting the data to Equation 4.3. 
Assignments are taken from [141].
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Figure 4.29(b) shows a plot of the peak height as a function of time following the 

injection event. The experimental intensity points were fitted to a function of the 

form: (4- 3)
where I(t] is the intensity at time t after injection, Tr is the time-constant for the rise 

in intensity, Td is the time-constant for the decay in signal intensity and A is a scaling 

factor. Table 4.5 shows the fitted time-constants and scaling factors for the Trp 62, 

123 and unfolded tryptophan signals. The differences in the scaling factors arise from

Residue A Tr

Trp 62 4628.3 2.38 s 27.5 s
Trp 123 756.3 2.24s 23.15s
Trp unf 407 0.57 s 22.22 s

Table 4.5: Time-constants and scaling factors for the function fitted to the peak intensities 
in Figure 4.29.

differences in the solvent accessibilities of the two tryptophan residues in the native 

state of the protein. The time-constant for rise in signal intensity is marginally 

larger for Trp 62 indicating that the exposure of this residue may occur more slowly 

than that for Trp 123. This is in agreement with previous studies in which Trp 62 

is believed to be involved in hydrophobic clustering in the unfolded state and hy- 

drophobic interactions in the very early stages of the folding process [171]. However, 

comparing this data with time-constants for the refolding process obtained by fluo­ 

rescence spectroscopy reveals some disparity [172]. Matagne and Dobson measured 

the fluorescence of the lysozyme inhibitor 4-methylumbelliferyl-N,N'-diacetyl-/3-D- 

chitobioside (MeU-diNAG) following an eleven-fold dilution from 6 M guanidine 

HC1 solution. From this they concluded that approximately three-quarters of the 

protein molecules folded with a time constant of 350 ms; the other quarter folding
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with a faster time constant of 100 ms. These rates do not agree with those obtained 

from the real-time NMR experiment, especially for Trp 62 which is situated in the 

active site of the protein and would be expected to show similar behaviour to the 

inhibitor. However, there are several explanations for this. Firstly the actual refold­ 

ing experiments performed are not directly comparable since they result in differing 

final conditions. In the real-time CIDNP experiment a 6.4 fold dilution from 8 M 

guanidine was performed. This results in a 2.5 times greater denaturant concentra­ 

tion at the end of the experiment. While the denaturant concentration would not 

be expected to affect the rate of hydrophobic collapse, which occurs on a time scale 

not amenable to real-time NMR, is would be expected to have a significant effect on 

the rate of folding from this compact hydrophobic cluster to the native state [173]. 

Since this refolding rate is extremely sensitive to the concentration of denaturant the 

different between the measured rate constants and those expected can be attributed 

to slight imperfections in the mixing. These imperfections may arise as a result of 

the increased viscosity of the 8 M guanidine HCI solution compared to that of the 

buffer. There is also a fast folding phase which has a time constant of the order 

of 100 milliseconds. It is expected to be complete by the time the data acquisition 

starts and so it is not detected in this experiment.

The time constants for the decay of the signal intensity are in reasonable agree­ 

ment with each other and can be attributed to depletion of the photosensitiser, 

caused by photo-reduction of the flavin to the colourless semiquinone [117]. How­ 

ever, a second argument can also be put forward, based on work by Connolly and 

Hoch [174]. They attribute the decay in tryptophan signal intensity following a 

CIDNP experiment to photo-damage of the tryptophan aromatic ring. They ob­ 

served extra peaks seen in both 1-dimensional NMR and 2-dimensional COSY ex­ 

periments performed after the CIDNP experiments. These are attributed to pho- 

toproducts of reaction between the tryptophan and the photosensitiser, in this case
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lumiflavin. Indeed there is evidence in the literature of photochemical oxidation, 

sensitised by flavins, for each of the CIDNP active amino acids, tyrosine, tryp- 

tophan [175] and histidine [176]. Studies have also been performed on the flavin 

sensitised conformational changes in both hen egg white lysozyme [177] and ribonu- 

clease A [178] produced by photochemical oxidation. In both cases changes in the 

fluorescence spectrum and protein activity were noted. These have been interpreted 

as conformational changes in the protein rendering it inactive. Unfortunately the 

exact nature of the changes were not mentioned.

In order to determine whether these effects are contributing to the signal decay, 

a series of experiments were performed. Figure 4.30 shows NMR spectra of a tryp- 

tophan solution both before and after prolonged laser irradiation. In this case 128 

laser pulses were applied, each at 4.9 W for a duration of 100 ms. There is very 

little difference between the spectra. This is in stark contrast to the data obtained 

by Connolly and Hoch, in which they saw definite evidence of additional resonances 

within the aromatic envelope. As a further test two COSY experiments were per­ 

formed on the system, one before and a second after the application of the laser 

irradiation. These spectra are overlayed and shown in Figure 4.31. As with the one- 

dimensional spectra the results of the COSY experiments show that there is very 

little change occurring after the application of the laser irradiation. The spectrum 

recorded after laser irradiation overlay perfectly with that taken before exposure, 

with the exception of the diagonal peak at 8.0 ppm. This peak is attributed to 

the amide NH proton. It is unclear as to why this signal should be missing in the 

post irradiation spectrum, however, this could be the result of a number of factors 

include deuterium exchange.

Based on the results of these experiments it is unlikely that photo-damage to the 

extent reported by Connolly and Hoch has taken place. Therefore the decay in the 

signal intensity noted in the real-time CIDNP experiment appears to arise purely
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Figure 4.30: 500 MHz 1 H NMR spectra of a solution of 2 mM tryptophan containing 
0.2 mM FMN as a photosensitiser. The spectra were recorded using 4096 complex points 
a spectral width of 8000 Hz and apodised with a cosine-squared window function. Laser 
irradiation consisted of 128 pulses of 100 ms duration at a power level of 4.9 W.
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Figure 4.31: 500 MHz 1 H COSY spectra of a solution of 2 mM tryptophan containing 
0.2 mM FMN as a photosensitiser. The black spectrum was taken before the laser irra­ 
diation with the red spectrum being taken after. The spectra were recorded using 4096 
complex points in the direct dimension and 512 points in the indirect dimension. Spectral 
widths of 8000 Hz and sine-bell window functions were used in both dimensions. Laser 
irradiation consisted of 256 pulses of 100 ms duration at a power level of 5.0 W.
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as a result of reduction of the flavin to the colourless, inactive form. Methods to 

reduce this photoreduction have been proposed by Maeda et al. [117].

4.4 Last thoughts / Conclusions

Described in this chapter is an injection device which is simple to use, but is capable 

of producing high resolution NMR spectra within 50 to 100 ms after the injection 

event. The design of the insert is simple and requires no modification to the spec­ 

trometer. Coupling this injection device to the CHESS solvent suppression scheme 

has enabled solvent exchangeable protons to be detected and information about 

protein structure and folding inferred.

There is, however, scope for improvement. Construction of the insert from sus­ 

ceptibility matched glass would enable the tip of the insert to be placed closer to 

the RF coil, possibly enabling greater mixing efficiency. The device could also be 

modified to include liquid from a second syringe, allowing ternary mixing to be per­ 

formed, thus following two step processes, such as protein folding followed by ligand 

binding.

Previous work by Lyon et al. detecting nuclear polarisation transferred from 15N- 

labelled tryptophan indoles via CIDNP-HSQC experiments [28] suggests that it may 

be possible to perform the CIDNP pulse labelling experiment in a similar manner. 

This would involve recording 15 N-edited one-dimensional spectra and taking advan­ 

tage of the much longer spin-lattice relaxation times of nitrogen-15 as compared 

to protons, allowing greater time for solution mixing and protein folding between 

injection and acquisition, thereby giving a single signal for each exposed tryptophan 

residue as the NH backbone amide is too far removed from the delocalised spin 

system to show any nuclear polarisation.

Recent experiments following the refolding of single tryptophan mutants of the
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small histidine-containing phosphocarrier protein (HPr) from E. coli using photo- 

CIDNP [33] show the potential scope for using a device which is capable of rapid 

mixing allowing the earliest points along the folding pathway to be observed and 

characterised.



Chapter 5

Real-Time Refolding of Bovine 

Pancreatic Ribonuclease A

There are several techniques which allow the study of protein folding in real-time, 

including various stopped-flow compatible techniques such as fluorescence and cir­ 

cular dichroism, which provide information on global changes occurring as folding 

is induced. More recently, real-time NMR and photo-CIDNP methods have been 

introduced. They have the capability to provide residue specific (both backbone and 

side chain) information [20, 22-24, 26, 27]. This chapter applies the rapid mixing 

device [27] and real-time methodology presented in Chapter 4 to a second protein 

system ribonuclease A from bovine pancreas, which has been extensively studied.

Bovine pancreatic ribonuclease A (RNase A) has long been the subject of study 

by protein biochemists. It was this protein which Anfinsen used to show that proteins 

can be reversibly denatured, concluding that the overall fold of the protein, its 

tertiary structure, is encoded purely by the amino acid sequence [179]. It was also 

used in the first experimental demonstration of a protein nuclear magnetic resonance 

spectrum in 1957 [180]. RNase A is a small globular protein constructed from 124 

amino acids (molecular weight 14.2 kDa). Figure 5.1 shows the solution-state NMR
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Figure 5.1: The solution structure of ribonuclease A (PDB File: 2AAS [181]). Tyrosine 
and histidine residues are shown in blue and green respectively. The figure was drawn 
using MOLMOL [89].

structure. It consists of three a-helices which serve as a scaffold for a large /3-sheet 

region. This contains the cleft of the RNA binding site. The overall topology of 

the protein is stabilised by the presence of four disulphide bridges between residues 

26-84, 58-110, 40-95, and 65-72. It contains ten potentially polarisable residues, 

six tyrosines and four histidines. Interestingly, two out of the four proline residues, 

namely Pro 93 and Pro 114, are in the cis conformation in the native state [182-184]. 

RNase A is involved in the hydrolysis of RNA strands in cells, via cleavage of the 

phosphodiester bond preceding a uracil or cytosine nucleotide. Two of the histidine 

residues are employed in the active site. It cannot hydrolyse DNA, because it lacks
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the 2/-hydroxyl group, as this is involved in the formation of a cyclic intermediate 

in the hydrolysis mechanism [184].

The folding and unfolding properties of RNase A have been widely studied [185], 

employing a variety of techniques including NMR using equilibrium unfolding [186, 

187], and temperature jump measurements [188]. The unfolding at low temperatures 

in the presence of cryosolvents has been monitored [189, 190]. Optical techniques 

have also been extensively employed using stopped-flow fluorescence [191], optical 

absorption [190-192], infrared spectroscopy using both temperature jumps [193] and 

pressure-induced folding [194] and the monitoring of 2'-cytosine monophosphate 

inhibitor binding and protein activity [195].

Drawing on a combination of optical spectroscopies and 1 H- 3 H exchange labelling 

techniques, Baldwin and co-workers have proposed the following kinetic scheme for 

the refolding of RNase A [196, 197]:

UF

Us -

Us1 -

— > N

-> (I') — > N

Ii -H. IN -+ N

u =* { m —* rn —-> N (s.i)

In this scheme refolding from the unfolded state U, consists of three phases, one 

fast folding (Up), on the order of seconds, and two slower folding phases, Us (minor 

contribution) and Ug1 (major contribution), folding on the order of tens to hundreds 

of seconds. The latter two are thought to differ in the cis / trans configuration of 

the four proline residues. Both these slow folding phases give rise to the formation 

of kinetic intermediates along the folding pathway. The intermediate IN is native- 

like in that it possesses some enzymatic activity as monitored by the binding of 

2'-cytosine monophosphate [195].

Using a series of single-jump stopped-flow studies of the refolding of RNase A 

following a 5-fold dilution from 4.2 M guanidine hydro chloride, Houry et al. obtained
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the data shown in Table 5.1 [198]. In addition to the fast and slow phases given 

in the reaction scheme above, they observed an additional very fast folding phase 

(UVF)- The slow folding phase given is the sum of Us and Ug.

Method TVF TF TS

absorbance 47.8 ms 3.85 s 303 s 
fluorescence 71.9 ms 6.15 s 341 s

Table 5.1: Results of single-jump stopped-flow refolding of RNase A following a 5-fold 
dilution from 4.5 M GdnHCl [198].

The remainder of this chapter details results of equilibrium unfolding experiments 

and real-time refolding experiments, all monitored by the use of photo-CIDNP spec- 

troscopy.

5.1 Equilibrium Unfolding

There is a variety of methods available to denature proteins. These include changes 

to the solvent system by altering the pH [137, 163], the addition of co-solvents [145, 

146, 148-151, 199-201] or chemical denaturants such are urea and guanidine hy- 

drochloride (GdnHCl) [146, 148, 164, 202, 203]. Unfolding can be induced by phys­ 

ical methods such as changes in temperature [199, 204], or pressure [169, 194].

Figure 5.2 shows the equilibrium unfolding of RNase A using guanidine deute- 

rochloride as a chemical denaturant, probed using photo-CIDNP. The spectrum 

recorded in the absence of denaturant shows that four of the tyrosine residues are 

exposed to the solvent and accessible to the triplet flavin, namely Tyr 73, Tyr 76, 

Tyr 92 and Tyr 119. This is in agreement with inspection of the RNase A crystal 

structure. The H3,5 proton resonances of Tyr 76 and Tyr 92 are heavily overlapped, 

differing in their assigned chemical shifts by 0.02 ppm [205]. There is a noticeable
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Figure 5.2: 600 MHz 1H CIDNP spectra of the equilibrium unfolding of 2 mM RNase A 
using guanidine deuterochloride, at pH 6. The spectra were recorded using a 100 ms laser 
pulse at 10 W. The assignments are taken from [205].
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change in the appearance of the spectra as the denaturant concentration is increased. 

The change in protein conformation away from the native state results in the dis­ 

appearance of the signals arising from Tyr 79 and 92, and a weakening of the signal 

at 6.81 ppm, corresponding to Tyr 115. At high denaturant concentration, there is 

a large signal at 6.75 ppm arising from a number of exposed tyrosine residues in the 

unfolded state. From a visual inspection of these spectra it is apparent that there 

is a shift from the native to unfolded state at around 2.5 to 2.9 M GdnDCl. No fur­ 

ther changes were observed beyond 5.34 M denaturant. This is in good agreement 

with changes made monitoring the variation in optical absorption as the protein 

undergoes unfolding [202].

A second unfolding experiment, using urea as the denaturant, again under equi­ 

librium conditions, shows a similar trend. Figure 5.3 shows the CIDNP spectrum 

recorded at a series of different urea concentrations. Upon unfolding, there is a sin­ 

gle, broad signal at 6.81ppm, which may contain a contribution from as many as all 

six of the tyrosine residues in the protein. The midpoint of the unfolding appears to 

occur somewhere between 3.5 and 5.0 M denaturant. This is noticeably lower than 

that observed by Ahmad and Bigelow, who observed the unfolding midpoint to be 

around 6.5 M urea using optical absorption spectroscopy [202]. This difference can 

be attributed to the different method employed to obtain the data. Interestingly, the 

H2 proton of histidine 119 appears to be unaffected by the increase in denaturant.

The denatured states attained by these two experiments, shown in Figures 5.2 

and 5.3, are clearly different. This can be understood in terms of a denatured state 

ensemble. That is, the denatured state of a protein is not comprised of one single 

structure, but an ensemble of conformations which are in a dynamic equilibrium. 

Therefore the observed spectrum is an average over that ensemble [203, 206, 207]. 

The use of difference chemical denaturants to effect the unfolding shifts the relative 

weights of the members of the ensemble, each with differing amounts of residual
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Figure 5.3: 600 MHz J H CIDNP spectra of the equilibrium unfolding of 2 mM RNase A 
using deuterated urea, at pH 6. The spectra were recorded using a 100 ms laser pulse at 
10 W. The assignments are taken from [205].
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structure, giving rise to distinct spectra. It is also interesting to note that spectra 

recorded at intermediate denaturant concentrations are not identical. For example, 

the spectrum recorded with 3.75 M urea does not have a similar appearance to 

any of the spectra in the guanidine unfolding series, indicating that the series of 

conformations being sampled in the two experiments is not the same.

5.2 Real-Time Refolding

Using the rapid mixing injection device [27] and the real-time methodology de­ 

scribed in Chapter 4, a series of experiments to probe the real-time refolding of 

ribonuclease A, using photo-CIDNP, was performed. These experiments all follow 

a broadly similar protocol: 30 pL of 10 mM denatured protein containing 0.2 mM 

flavin mononucleotide in 100 mM sodium phosphate buffer at pH 6 was loaded into 

the injection device. A trace amount of dioxane was added to serve as the chemical 

shift reference. This solution was then injected into 300 //L of 100 mM sodium 

phosphate buffer, also containing 0.2 mM flavin. This resulted in a 10-fold dilution 

of the injectant solution. All solutions were prepared in deuterium oxide, with all 

pH readings uncorrected for any isotope effects.

A series of CIDNP spectra was then recorded as a function of time, using the 

pulse sequence shown in Figure 5.4. A laser pulse of 100 ms duration, typically at a 

power level of 10 W, was applied prior to each acquisition. Solvent suppression was 

provided using the CHESS sequence1 [125]. The spectra were acquired using the 

following parameters: 2048 complex points were acquired over a spectral width of 

7005 Hz. The data set was then extended to 4096 complex points by the application 

of forward-backward linear prediction, and apodised with a suitable window function 

prior to the Fourier transform.

iCHEmical Shift Selective



5.2. Real-Time Refolding 127

1 H

Laser

Injection

Presaturation 

9Q

3 x CHESS

Figure 5.4: The pulse sequence timing diagram for the real-time refolding. The delay r 
is set to allow the monitoring of folding over different timescales. Solvent suppression is 
provided using the CHESS method [125].

A series of injection experiments were then performed, using an appropriate 

delay r chosen so as to cover the time period of interest. The real-time CIDNP 

spectra were averaged over a series of light and dark subtraction pairs to improve 

the signal-to-noise ratio.

As for the equilibrium unfolding experiments performed above, real-time CIDNP 

refolding spectra were obtained to observe the return to the native state following 

denaturation in either guanidine deuterochloride or urea.

The initial refolding experiment probes the refolding of RNase A from 5 M guani­ 

dine deuterochloride, giving a final denaturant concentration of 0.5 M GdnDCl, and 

1 mM protein. The refolding was followed over a time period of 60 seconds following 

the injection at 40 time points, generating 40 CIDNP spectra. Selected time points 

from this experiment are shown in Figure 5.5(a). There are clearly changes occurring 

to the CIDNP spectra over the time course of the refolding reaction. Comparison of 

the final spectrum, recorded 58.9 s after the injection event, with the equilibrium un-
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Figure 5.5: Refolding of RNase A from 5 M GdnDCl monitored over 60 s. The spectra 
were apodised with 2 Hz exponential line broadening. "Tyr int" denotes a signal from 
some folding intermediate. The time indicates the time between the injection event and 
the start of the acquisition of the FID. The red lines are the result of fitting the data to 
Equation 5.2. Assignments are taken from [205].
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folding spectra in Figure 5.2 shows that, while the protein is in the process of folding 

it has not yet attained its native conformation. Kinetic information about the fold­ 

ing process can be obtained by extracting peak heights at the known chemical shifts 

of the native state tyrosine H3,5 protons along the course of the folding process. 

Figure 5.5(b) shows the peak heights for Tyr 115 and for the peak corresponding 

to both Tyr 76 and Tyr 92. Due to the tyrosine resonance from the unfolded state 

having an identical chemical shift to that of Tyr 73, it was not possible to extract 

useful kinetic information for this residue. The extracted intensities were then fitted 

to a double exponential function of the following form:

/(*) = A (exp (-1) - exp f-1] } (5.2)
I \ J-dJ \ J-rJ )

where Tr is the time constant for the recovery of the native state signal, and Td is 

a time constant for the subsequent decay. The origin of this decay is principally 

photoreduction of the photosensitiser, and will be expanded upon and interpreted 

in Section 5.2.2. A is an arbitrary scaling factor. The parameters extracted from the 

fit of Equation 5.2 to Figure 5.5(b) are summarised in Table 5.2. Also noticeable in

Residue A Tr Td

Tyr 76/92 -6007 6.99 s 57.2 s
Tyr 115 -9205 4.73s 43.7s
Tyr 73 not fitted

Table 5.2: Time constants and scaling factors obtained from fitting Equation 5.2 to the 
peak intensities in Figure 5.5(b).

this set of spectra is the presence of a signal at 6.85 ppm, denoted by 'Tyr inf. This 

signal does not correspond to the native chemical shift of any of the six tyrosine 

residues in RNase A, and is hence presumed to be a kinetic intermediate. This 

intermediate appears after approximately four seconds and persists as a shoulder on
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Figure 5.6: Refolding of RNase A from 10 M urea monitored over 60 s. The spectra 
were apodised with 2 Hz exponential line broadening. "Tyr int" denotes a signal from 
some folding intermediate. The time indicates the time between the injection event and 
the start of the acquisition of the FID. The red lines are the result of fitting the data to 
Equation 5.2. Assignments are taken from [205].

the Tyr 115 signal for the duration of the experiment.

A similar experiment was performed using 10 M urea as the denaturant, giving a 

final concentration of 1 M urea. The remaining sample conditions were unchanged. 

The CIDNP spectra recorded over 60 seconds are shown in Figure 5.6(a). As for the 

guanidine case, the native state is not fully formed by the end of this experiment. 

The spectra bear a striking resemblance to each other. Kinetic information can also 

be extracted from these data, again, fitting Equation 5.2 to the peak heights shown 

in Figure 5.6(b). The parameters obtained are given in Table 5.3. Since there is a 

small difference between the position of the emissive tyrosine signal corresponding
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Residue A Tr Td

Tyr 76/92 -10688 15.45 s 34.2 s
Tyr 115 -12549 4.51 s 35.0 s
Tyr 73 -12892 6.68 s 38.0 s

Table 5.3: Time constants and scaling factors obtained from fitting Equation 5.2 to the 
peak intensities in Figure 5.6(b).

to the urea denatured state and Tyr 73 in this experiment, it is now possible to 

extract kinetic information for this residue.

The signal from a possible folding intermediate observed in the case of refolding 

from GdnDCl is also observed in the refolding from urea, at 6.83 ppm. Again, this 

intermediate is first noticed around seven seconds following the initiation of the 

folding.

The data obtained from these two experiments are in reasonable agreement. 

Since the native state is clearly not fully formed in either case, the experiments were 

repeated, this time monitoring the refolding at forty time points over a three hun­ 

dred second period. Using guanidine deuterochloride as the denaturant, the spectra 

and extracted native position peak intensities shown in Figure 5.7 were obtained. 

It is apparent here, two, that the native state is not obtained by the end of the 

experiment. This is in fact due to poor subtraction of the residual guanidine deute­ 

rochloride signal, at 6.70 ppm. The contribution to this GdnDCl signal from the 

dark state spectra is slightly larger than in the case of the light spectrum hence upon 

subtraction, it appears as an emissive signal. The increased intensity of the GdnDCl 

signal in the dark state compared to the lit state arises from minor heating effects in 

the light experiment. This is not observed in the equilibrium unfolding experiments 

because there is a longer delay between scans. Without this complication, RNase 

A shows a native-like spectrum after 300 s following the initiation of refolding. Ex­ 

tracting the kinetic parameters for this data set, shown in Figure 5.7(b), gives the
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Figure 5.7: Refolding of RNase A from 5 M GdnDCl monitored over 300 s. The spectra 
were apodised with 2 Hz exponential line broadening. The time indicates the time between 
the injection event and the start of the acquisition of the FID. The red lines are the result 
of fitting the data to Equation 5.2. Assignments are taken from [205].
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data in Table 5.4. An additional signal is also noticed to be present in this data set,

Residue A Tr

Tyr 76/92 -8204 27.84 s 315.0 s
Tyr 115 -5034 7.16 s 519.7 s
Tyr 73 not fitted

Table 5.4: Time constants and scaling factors obtained from fitting Equation 5.2 to the 
peak intensities in Figure 5.7(b).

first observed in the spectrum recorded at 7.65 s and persisting for the next sixty 

seconds.

The series of experiments is completed using urea as the denaturant. The result­ 

ing spectra are shown in Figure 5.8(a). The final spectrum in this series does show 

native-like characteristics when compared to that from the equilibrium unfolding 

experiments as shown in Figure 5.3, in the presence of 1.0 M urea. The kinetic 

data extracted from this injection experiment are shown in Table 5.5. Again, the

Residue A Tr Td

Tyr 76/92 -8113 21.49 s 273.2 s
Tyr 115 -7280 3.86 s 229.52 s
Tyr 73 -3957 3.38 s 266.4 s

Table 5.5: Time constants and scaling factors obtained from fitting Equation 5.2 to the 
peak intensities in Figure 5.8(b).

presence of a non-native tyrosine signal during the refolding.

With the exception of the time constant for the recovery of Tyr 76/92 when 

monitored over three hundred seconds, the kinetic data sets obtained for the refold­ 

ing of RNase A are reasonably consistent, across both time periods and chemical 

denaturants. This is in agreement with observations made by Mui et al. using tyro- 

sine fluorescence measurements [203]. Moderately faster kinetics are observed in the



5.2. Real-Time Refolding 134

(a)
292.903 s

8

Tyr 76 / 92 
\

(b)

217.836s Tyr 115

142.769s

105.236 s

67.702 s

30.169s

22.662 s

15.155s

7.649 s

7.5

Tyr 73

6.5

H 8 (ppm)

-1000

~ -2000

-3000
CO

"33
c
IE
OLz Q
o

-4000

-5000

-6000 -1

-7000
100 200 

Time (s)
300

Figure 5.8: Refolding of RNase A from 10 M urea monitored over 300 s. The spectra were 
apodised with 2 Hz exponential line broadening. The time indicates the time between the 
injection event and the start of the acquisition of the FID. The red lines are the result of 
fitting the data to Equation 5.2. Assignments are taken from [205].



5.2. Real-Time Refolding 135

case of refolding from urea; however, considering the accuracy of these experiments, 

it is difficult to infer details about the folding processes occurring in the different 

cases. It is furthermore interesting to note that a kinetic intermediate has been ob­ 

served along the folding pathway, starting in both high concentrations of urea and 

GdnDCl [203].

5.2.1 Interpretation of the Folding Kinetics

Ribonuclease A has been used the subject of numerous investigations in protein 

folding studies [185]. Comparison of the literature results shown in Table 5.1 with 

those obtained in the real-time photo-CIDNP experiments presented in Figures 5.5 

and 5.7 shows that the principal species monitored in the folding experiment is likely 

to be the fast phase Up. The very fast folding species UVF cannot be observed in 

the photo-CIDNP detected refolding experiments since the folding of this species 

will be complete within the dead time of the experiment.

The slower time constants observed for the recovery of the native state signals 

from Tyr 76 and Tyr 92, which are difficult to distinguish given they differ in chem­ 

ical shift by 0.02 ppm, can be understood in terms of proline isomerism. Usually, 

the peptide bond adopts the trans configuration, with less than 0.1% being present 

in the cis conformation [184]. Proline constitues an exception to this in that the 

side chain forms a five membered loop between Ca and NH . Figure 5.9 shows the 

trans and cis conformations of the proline peptide bond. In free solution and small 

peptides the equilibrium is shifted so approximately 30% of prolines are present in 

the cis configuration. Native ribonuclease A contains four proline residues, of which 

two (Pro 93 and Pro 114) are found in the cis conformation [182-184]. Isomerism of 

these peptide bonds will therefore be a rate-limiting step along the folding pathway. 

Of these two cis proline residues, Pro 93 immediately follows Tyr 92 in the sequence. 

Thus in order for Tyr 92 to attain its correct native position, and hence give rise to
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Figure 5.9: trans and cis isomers of the proline peptide bond within a protein chain.

a CIDNP signal at the correct region in the spectrum, it is dependent on the rate 

of proline isomerism, from trans to cis, at Pro 93.

Further evidence from Houry and Scheraga suggests that there is a fifth folding 

contribution, termed UM, for medium folding phase [208]. Under similar conditions 

to those used for the real-time photo-CIDNP experiments time constants for the 

folding of the two fast phases and the medium phase suggest that these are the 

principal components observed since it is not possible to separate the contributions, 

and the slower time constants measured for Tyr 76/92 correspond to the refolding 

of Ug1 [208]. This unfolded species is known to have non-native configuration of 

Pro 93, i.e. it is in the trans form, and a partition between species with non-native 

Pro 114 or Pro 117 [209]. This non-native configuration of Pro 93 has been shown 

by limited proteolysis and tyrosine absorption and fluorescence spectroscopy to be 

a rate-limiting step in the refolding of RNase A [182, 183, 191].

Since the slower kinetics obtained for Tyr 76 / 92 are postulated to arise from pro- 

line isomerism required for the folding of Ug, it is therefore possible to envisage that 

the intermediate observed in the folding from both urea and guanidine deuterochlo- 

ride arises from significant population of the native-like intermediate IN- Although 

this intermediate has not been structurally characterised, it is known to be rea­ 

sonably native-like because it binds the inhibitor 2'-cytosine monophosphate [195],
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suggesting that the active site is at least partially formed.

5.2.2 Photodegradation and Sample Heating Effects

Photodegradation of the flavin is a known problem in the CIDNP experiment and 

several methods have been proposed to circumvent it [117]. The decay constants ob­ 

tained from fitting the peak intensities in the real-time experiments presented above, 

especially those for the sixty second time frame, are in agreement with those ob­ 

tained previously in Chapter 4 for the refolding of hen egg white lysozyme, presented 

in Table 4.5 [27]. As mentioned in Chapter 4, there is also some evidence in the liter­ 

ature of flavin-sensitised photo-oxidation of the amino acids and related compounds 

such as indole [174-176, 210, 211], along with photodeactivation of lysozyme [177] 

and ribonuclease A [178]. The photodeactivation presented in these articles occurs 

after illumination for tens of minutes. This, coupled with the experiments performed 

following the lysozyme refolding (Chapter 4), strongly suggests that the decay in the 

observed CIDNP intensities during the refolding of RNase A is attributable solely 

to decay of the flavin.

In an attempt to quantify and understand the photodegradation occurring in the 

real-time spectra presented in this Chapter, the following experiment was performed. 

The change in CIDNP intensity of the native state tyrosine residues over the same 

time period as that used in Figures 5.5 and 5.6, i.e. 60 s, was monitored, this time 

without an injection event. The results of this experiment are shown in Figure 5.10. 

The decaying intensity of the native state CIDNP signals was then fitted to the 

following function:

/(*) = Ae~t/Td + C (5.3)

The parameters obtained from the fit are given in Table 5.6. It is immediately 

clear that the time constants for the decay of the flavin obtained from this model 

experiment are much shorter than those observed in the refolding experiments, which
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Figure 5.10: The decay of RNase A polarisation monitored over 60 s. The time indicates 
the time between the start of the experiment and the start of the acquisition of the FID. 
The red lines are the result of fitting the data to a single decaying exponential. Assignments 
are taken from [205].
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Residue A Td C

Tyr 76/92 -4186 11.77 s -362
Tyr 115 -2958 15.99 s -395
Tyr 73 -2822 9.33 s -315

Table 5.6: Time constants and scaling factors obtained from fitting Equation 5.3 to the 
peak intensities in Figure 5.10(b).

are of the order of ~ 25 s. This indicates that reduction of the flavin is occurring 

more rapidly in this model experiment. This difference can be understood in terms 

of the shortcomings of this model: when the real-time refolding experiments are 

set up a small air-bubble, approximately 0.5 fj,L in volume, is placed at the end of 

the injector tip [27]. The presence of this air bubble will introduce a small amount 

of molecular oxygen into the sample. This oxygen will react with the colourless 

flavin hydroquinone to regenerate the photoactive flavin quinone. The turbulent 

nature of the injection event will also introduce a small amount of oxygen into the 

sample. This is, in part, analogous to the reoxidation via the mechanical re-injection 

technique proposed by Maeda et al. [117]. A second possible explanation is that the 

unfolded form of the protein causes the flavin dye to be bleached more slowly than 

native state RNase A would. The mechanism of this action is not yet clear.

Previous studies of protein folding monitored in real time by photo-CIDNP have 

employed laser pulses at a power level of approximately 4 W [26, 27, 33, 117]. The 

experiments presented here use a much greater power level, that is 10 W, which 

has the potential to complicate the interpretation of the data recorded. A quick 

"back of the envelope" calculation suggests that, assuming all light entering the 

sample is absorbed as heat2 , forty 100 ms laser pulses would introduce enough 

energy into the sample to raise the temperature by ~ 25°. In reality, there will 

be a smaller temperature rise in the system since only a proportion of the light

2 Clearly a gross over-estimate!
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Figure 5.11: Temperature dependence of the HOD resonance. The red line is that calcu­ 
lated from Equation 5.4.

is absorbed and heat will be dissipated. This heating will also not be uniform, 

since the laser light is introduced from the top of the sample. The extent of the 

heating will decrease exponentially down from the tip of the injector. In order to 

judge what temperature change is actually occurring during the real-time experiment 

the following experiment was devised. The temperature dependence of the proton 

chemical shift of the residual HOD peak of deuterium oxide is well known, given by 

the equation below [74]:

— 7.83 — T 
96^6 (5.4)

where T is given in Kelvin, and the solution is at pH 5.5. There is also a change 

in the HOD chemical shift of 0.02 per pH unit. Figure 5.11 shows the measured 

chemical shift of the residual HOD signal in a solution of 0.2 mM FMN containing 

trace amounts of dioxane and DSS3 , made up in 99.9% D2 0. The solution pH was 

measured to be 6.0, uncorrected for the deuterium isotope effect. Using this as

2,2-dimethyl-2-silapentane sulphonic acid
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Figure 5.12: Contour plots of the HOD, dioxane and DSS signals. The spectra were 
recorded every 1.1 s, and therefore span a time period of 60 s.

a baseline, a series of forty spectra were then acquired over sixty seconds using 

the same protocol as in Figure 5.10. The results of this experiment are shown in 

Figure 5.12. There is clearly a noticeable change in the HOD chemical shift, shown 

in Figure 5.12(a), from 4.815 ppm at the start of the experiment to 4.789 ppm 

by its conclusion. Similar changes are not mirrored by the dioxane or DSS signals, 

whose chemical shifts are constant over the complete time series and therefore shown 

to be independent of temperature (Figures 5.12(b) and 5.12(c)). It is possible to 

follow the change in the chemical shift of the HOD signal and convert this to the 

average temperature within the sample tube. This is demonstrated in Figure 5.13. 

These results indicate that the average temperature rise in the sample is ~ 3°, 

which should be insufficient to cause noticeable thermal denaturation effects under 

the usual experimental conditions used for the photo-CIDNP monitored refolding 

experiments.
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Figure 5.13: Temperature change in the HOD signal during Figure 5.12(a). The temper­ 
ature conversion was performed using Equation 5.4.

5.3 Last thoughts / Conclusions

The results presented in this chapter show that photo-CIDNP is a powerful technique 

for monitoring the folding of proteins in real-time. It allows side chain-specific 

information to be obtained. This has also been clearly demonstrated in previous 

studies such as those on hen egg white lysozyme described in Chapter 4, and the 

refolding of the histidine containing phosphocarrier protein from E. coli [33].

In order to obtain more detailed information about the refolding of RNase A, 

and separate the spectral overlap in the tyrosine H3,5 region it may be possible to 

selectively "block" tyrosine residues, for example:

MeI/K 2 C03 m—TyrOH —————> — TyrOMe (5.5)

by forming 0-methylated tyrosines (Equation 5.5) which are not observed in the 

CIDNP experiment [60]. The possibility of selectively removing signals from dif-
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ferent tyrosine residues without significantly disrupting the structure of the protein 

would allow the relative contributions from Tyr 76 and Tyr 92 to be resolved. This 

approach would also allow the identity of the intermediate observed to be elucidated.



Chapter 6

Photochemically Induced 

Conformational Change: The 

LOV2 Domain of Phototropin 

from Avena sativa

Phototropins are plant serine/threonine kinases which act as photoreceptors for a 

wide range of processes such as phototropism, light induced chloroplast movement 

and stomatal opening [212]. These proteins are found in a wide variety of plants 

such as Arabidopsis, oats, corn and rice [213]. The phototropin proteins contain 

three folded domains, consisting of two PAS 1 domains designated LOV1 and LOV2, 

for Light-Oxygen-Volt age sensing [214], and a C-terminal kinase domain [215].

PAS domains are involved in a wide variety of signalling pathways including 

light sensing, circadian rhythm regulation and hypoxia response pathways [216] and 

are highly conserved across a large range of organisms [214, 217, 218]. The LOV 

domains of the phototropins are a subset of this family and are involved in the

1 Per-Arnt-Sim: named for Drosophila PERiod, vertebrate ARyl hydrocarbon receptor Nuclear 
Translocator, and Drosophila SIngle-Minded.
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Figure 6.1: The structure of the dark state of the LOV2 domain from Avena sativa. The 
structure is based on a homology model with the LOV2 domain from A. capillus-veneris 
(PDB file:lG28 [223]). The FMN cofactor is shown in the centre of the protein. The figure 
was drawn using MOLMOL [89].

regulation of photoreceptor function [212] by controlling the autophosphorylation of 

the C-terminal kinase as a response to blue light [212, 219-222].

This chapter considers the photochemically induced changes in the second of the 

PAS domains, LOV2. Previous studies have shown this system to have a reversible 

photocycle [220] on timescales readily amenable to study by NMR. The structure 

of the second LOV domain in phototropin from Avena sativa, the LOV2 domain, is 

shown in Figure 6.1. This structure is based on a homology model with the LOV2 

domain from Adiantum capillus-veneris [36]. The protein consists of 104 amino 

acid residues in the folded domain, spanning residues 412 to 516 of the complete 

phototropin sequence. The structure consists of a large five stranded 0-sheet protein 

binding region, a series of smaller a-helices and loop regions. An a-helix, termed 

the Ja helix, is located outside the folded LOV domain, and lies along the /3-sheet 

region [36]. A single molecule of flavin mononucleotide is bound non-covalently in the
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Figure 6.2: UV/visible absorption spectra of the LOV2 domain of oat phototropin and 
free FMN solution. Both were recorded at a concentration of 20

core of the protein [224]. Figure 6.2 shows the UV/visible absorption spectra of the 

LOV2 domain compared with that of free FMN in solution. It is this FMN molecule 

which is thought to be the source of the protein activity [36, 221, 224]. Other proteins 

are also known to have a reversible photocycle, for example the Photoactive Yellow 

Protein (PYP) from Ectothiorhodospira halophila uses 4-hydroxycinnamic acid as 

its chromophore [225, 226].

Saloman et al. have proposed that illumination of the protein with blue light 

causes the formation of a covalent link between the bound flavin and a cysteine 

residue in the core of the protein [221]. This cysteinyl-flavin adduct distorts the 

protein structure [227] and causing changes in the 13 C NMR spectrum of an iso- 

topically labelled FMN cofactor [221] and in the protein NMR spectrum [36]. This
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Figure 6.3: The proposed mechanism of attack of the flavin C(4a) site by cysteine-450 
upon illumination of the protein with blue light [213].

mechanism has since been elucidated by EPR2 and ENDOR3 spectroscopy of the 

wild-type protein and a C450A mutant in which the cysteine residue has been re­ 

placed with alanine [213]. The proposed mechanism for the adduct formation is 

shown in Figure 6.3. The reaction scheme starts with absorption of a blue light 

photon by the FMN and as is common in flavin photochemistry, this excited state 

rapidly undergoes intersystem crossing to the triplet state [70]. The excited triplet 

flavin then extracts a hydrogen atom from the thiol of cysteine 450, and forms a 

triplet spin correlated radial pair. This then undergoes coherent oscillations be­ 

tween the triplet and singlet states, modulated by the hyperfine interactions in the 

radicals. Once the system is in a singlet spin correlated state it may either form 

the cysteinyl-flavin adduct, in the case of the wild type protein, or simply undergo 

a reverse hydrogen atom transfer in the case of the C450A mutant. Once this 

adduct is formed, the rate of return to the ground state of the protein is limited 

by the rate of /^-elimination between the cysteine residue and the proton attached

2 Electron Paramagnetic Resonance 
3 Electron Nuclear DOuble Resonance
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to the central ring nitrogen, N(5). An ionic mechanism has also been proposed for 

this reaction [228], however, this is not consistent with the EPR and ENDOR data 

presented by Kay et al. [213].

The formation of this cysteinyl-flavin adduct causes a shift in the absorption 

spectrum of the protein as the aromaticity of the flavin is disrupted. The return 

of the ground state absorption spectrum can be used to monitor the recovery of 

the dark state after illumination, however, this is limited to describing changes 

occurring around the FMN binding site. Described below are a series of experiments 

to determine some of the global structural changes on formation of the excited state. 

A new photo-CIDNP methodology is developed to study these changes and provide 

complimentary information to other NMR techniques. It is also of interest to study 

the kinetics of the decay of the adduct to the ground state.

Uniformly nitrogen-15 labelled LOV2 domain (AsLOV2) from Avena saliva (oats), 

was produced using standard bacterial expression techniques [229] by Ms. S. M. 

Harper of the University of Texas, Southwestern Medical Center at Dallas. The 

domain comprises residues 517 to 560 of the complete phototropin amino acid se­ 

quence. The protein was dissolved in 50 mM sodium phosphate and 100 mM sodium 

chloride and used either at pH 6 or 7 as noted when appropriate.

6.1 The Conformational Change

As outlined in the introduction to this Chapter, the LOV2 domain undergoes a 

reversible photocycle which has been studied using various biophysical techniques, 

mainly optical and EPR spectroscopies. These techniques, while giving valuable in­ 

sight into the changes occurring at the photoactive centre, namely the FMN cofactor, 

are unable to give details on global changes occurring across the protein during the 

photocycle. The application of standard NMR techniques coupled with illumination
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Figure 6.4: 600 MHz : H NMR spectra of a 300 fM solution of AsLOV2 at pH 6. 15 N 
decoupling was applied during the acquisition of the FID.

of the protein within the NMR magnet can allow residue-specific information to 

be obtained. In this Section, results of initial experiments to study conformational 

changes in the protein structure are presented.

6.1.1 One-Dimensional Spectra

The initial experiments were performed on the LOV2 domain to determine the illu­ 

mination levels requires to induce the conformational change without damage to the 

protein. A series of 1-dimensional NMR spectra were recorded using a low power 

laser pulse, 100 mW at the laser head, preceding the NMR pulse sequence. These 

experiments served to determine the conditions required to excite the protein and 

produce efficient photoconversion. This was achieved by monitoring the changes 

in the 1-dimensional spectra. These results are shown in Figure 6.4. It is imme­ 

diately clear that the whole NMR spectrum is affected at moderate illumination 

times. Marked changes can be seen in the aliphatic region particularly between -0.5



6.1. The Confer mat ional Change 150

10.5 9.5 8.5 7.5 
'H 8 (ppm)

6.5 5.5 3.5 2.5 1.5 0.5 
'H 8 (ppm)

-0.5 -1.5

(b) The aliphatic region(a) The aromatic region

Figure 6.5: 600 MHz 1 NMR difference spectra of a 300 ^M solution of AsLOV2 domain 
at pH 6. Each trace is the result of subtraction of the dark spectrum of Figure 6.4 from 
the corresponding illuminated spectrum.

and 2.5 ppm, and across the whole aromatic and amide region. Figure 6.5 shows 

difference spectra between the dark state of the protein and the spectra recorded 

after a short period of laser illumination. These spectra show even more clearly that 

there are changes across the sample. The use of short illumination times minimises 

the effects of sample heating due to the laser pulse.

It is obvious from these spectra that there is a large change in the protein asso­ 

ciated with photoexcitation. Using illumination times beyond 25 ms produces little 

further effect. However, in order to be certain that efficient photoconversion has 

occurred, 50 ms was chosen as a suitable illumination time. Since the 1-dimensional 

spectra are crowded, more detailed information about the changes occurring can 

be gained by using two-dimensional ^N^H correlation experiments. These are de­ 

scribed in the following subsection.
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6.1.2 15N- X H Correlation Spectra

Heteronuclear single-quantum correlation (HSQC) spectroscopy is routinely used for 

the study of proteins [74]. It provides correlation of proton and nitrogen-15 chemical 

shifts of all 15 NH spin systems coupled through one bond in the protein.

Figure 6.6 shows the overlay of two ^N^H HSQC spectra of the LOV2 domain. 

The black spectrum was recorded using the dark (ground) state of the protein, the 

second, red spectrum, recorded with a 50 ms laser pulse preceding the acquisition of 

each transient, hence observing the photoexcited state. Under these conditions, the 

lifetime of the photo-excited state is sufficient to allow the recording of the HSQC 

free induction decay for each transient. It is immediately clear that the changes 

observed in the 1-dimensional spectra are also observed in the HSQC spectra. Both 

the dark and light states of AsLOV2 give well resolved spectra which are not super- 

imposable, indicating changes of the backbone H^ and side chain NH environments 

upon illumination. As an example, the protein contains two tryptophan residues, 

one from the LOV2 domain (Trp 491) and a second at the end of the linker, after 

the Ja helix (Trp 557). These are good choices as they are well separated from the 

backbone amides and can be found down field of 10 ppm in the proton dimension. 

The changes in chemical shift are given in Table 6.1. Similar effects are also observed

LOV2 (W491) Linker (W557) 
Trp residue I 15 ' lR 15N

Dark 10.11 127.99 10.27 129.29
Light 10.09 128.68 10.08 128.99
Difference -0.02 +0.69 -0.19 -0.30

Table 6.1: Changes in the tryptophan indole chemical shifts between the dark and light 
states of LOV2. The difference is quoted as light minus dark.

for the vast majority of the backbone amides.

It is interesting to compare these results with those obtained from the same set
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Figure 6.6: 600 MHz 15 N-J H HSQC of AsLOV2 at pH 6. The black spectrum is the 
dark state and the red spectrum is the photoexcited state, recorded using 50 ms laser 
illumination before each transient. The spectra were recorded using a spectral width of 
10 kHz, 512 complex points in the directly detected dimension ( 1 H) and a spectral width 
of 2777 Hz, 64 complex points in the indirectly detected dimension ( 15 N). Eight transients 
were recorded per £1 increment. Shifted sine-squared window functions were used in both 
dimensions.
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of experiments performed on a shorter construct of the LOV2 domain, termed the 

AsLOV2A construct. This protein has the Ja helix and C-terminal linker truncated, 

residues 522 to 560 are removed. Figure 6.7 shows overlayed light and dark HSQC 

spectra of this version of the protein. The differences between the ground and 

photo-excited states are much less striking than those seen in Figure 6.6. Only 

minor changes in chemical shifts are observed for a large number of the backbone 

H^ and side chain NH resonances. Again, looking at the now single tryptophan 

indole signal (Trp 491), the changes observed in the chemical shift are much smaller. 

These changes are of the order of a hundredth of a ppm, and are given in Table 6.2. 

These small scale changes observed for the backbone amides and side chain NHs

Trp residue l 15

Dark 10.12 128.63
Light 10.11 128.67
Difference -0.01 +0.04

Table 6.2: Changes in the tryptophan indole chemical shift between the dark and light 
states of the short construct protein. The difference is quoted as light minus dark.

indicate that, although less widespread, there are still changes in this construct 

upon photo-excitation.

6.1.3 Interpretation

From the results of the 1-dimensional spectra shown in Section 6.1.1 and the ^INPH 

HSQC spectra from Section 6.1.2 it is clear that there are wide ranging changes in the 

amide environments, and proton environments more generally, resulting in dramatic 

changes in the observed chemical shifts. These changes are much more striking 

for the complete LOV2 domain, retaining the Ja helix, compared to the truncated 

construct, AsLOV2A. These changes can be interpreted as conformational changes
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Figure 6.7: 600 MHz ^-^N HSQC of AsLOV2A (the shorter construct) at pH 7. The 
black spectrum is the dark state and the red spectrum is the photoexcited state, recorded 
using 50 ms laser illumination before each transient. The acquisition parameters remained 
the same as for Figure 6.6.



6.1. The Conformational Change 155

R
I

*WV«Aj
dark

C450

Figure 6.8: An interpretation of the structural changes occurring in the LOV2 domain 
upon illumination [36]. The folded LOV2 domain is represented by the yellow oval.

occurring in the protein as a result of the formation of the cysteinyl-flavm adduct 

upon exposure to blue light. As outlined in the introduction to this Chapter, there 

is a five-stranded /3-sheet region of the domain which can act as a helix binding site. 

In the ground state of the complete construct the Ja helix, and C-terminal linker 

can fold back over onto this region (see Figure 6.1).

When this conformational change is triggered by the formation of the flavin 

adduct, the Ja helix and linker are released from the /3-sheet and unfold and along 

with changes in the tertiary structure of the LOV2 domain, result in the changes 

observed in the NMR spectrum. These changes have been elucidated in more detail 

by Gardner and co-workers using a wide range of NMR techniques [36], and are 

shown schematically in Figure 6.8.

The folding of the linker and the Ja helix onto the protein binding region can also 

provide a tentative explanation as to the light-mediated activation of phototropins. 

As described above, the activity of the C-terminal kinase is controlled in response 

to blue light [212, 219, 221]. Therefore if, in the ground state, the kinase is held 

in an orientation relative to the rest of the protein in which it is unable to undergo 

the autophosphorylation reaction, then when the LOV2 domain (and potentially
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the LOV1 domain also) is exposed to blue light and undergoes this conformational 

change, the unfolding of the Ja helix will release the kinase, enabling the phosphory- 

lation reaction to occur. This would then constitute the initial part of the signalling 

pathways involved in phototropism, light-induced chloroplast movement and stom- 

atal opening [212] and may provide clues as to the role of other PAS domains in 

signal transduction [217].

6.2 Photo-CIDNP Spectroscopy

Photo-CIDNP NMR Spectroscopy provides a powerful method to observe solvent 

accessible aromatic amino acid side chains. It is particularly suited to looking at the 

changes in solvent accessibility following a perturbation of the sample conditions, 

such as in real-time refolding experiments [26, 33]. It is therefore of interest to look at 

changes in the solvent accessibility of the aromatic residues during the photocycle of 

the protein. The LOV2 domain contains a number of potentially polarisable residues 

of interest, there are, for example, two tryptophan residues, Trp 491 and Trp 557. 

The former it situated at the junction of the linker to the main folded domain, and 

as such may alter its environment significantly upon photoactivation of the protein. 

The domain also contains three tyrosine residues, Tyr 440, Tyr 483 and Tyr 508. 

These are highlighted in Figure 6.9 along with the FMN cofactor.

6.2.1 A New Dye System

The traditional CIDNP experiment, in which the nuclear polarisation is generated 

using FMN as the photosensitiser, is not readily applicable to the study of the 

LOV2 domain. The reason for this is that it is impossible to generate triplet state 

free FMN to sensitise the aromatic residues, while maintaining the protein in the 

ground state. Therefore, in order to perform these CIDNP experiments, a different
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Figure 6.9: The structure of the dark state of the LOV2 domain from Avena sativa (Fig­ 
ure 6.1). The tryptophan resides are shown in red, and tyrosine in blue. The FMN cofactor 
is shown in the centre of the protein. The figure was drawn using MOLMOL [89].

dye system must be developed.

Several factors affect the choice of a suitable dye for photo-CIDNP experiments. 

These include significant solubility and a large optical absorption at the wavelength 

to be used to generate the nuclear polarisation. This means that only a small amount 

of dye is required, hence reducing the possibility of any deleterious interactions 

between the protein and photosensitiser. The chosen dye also needs to be capable 

of either an electron transfer or hydrogen atom abstraction in order to generate the 

radical pair, and hence produce nuclear spin polarisation. To this end, two different 

dyes have been studied. These are a flavin based dye, roseoflavin, and the thiazine 

compound thionin.

6.2.1.1 Roseoflavin

As flavins are widely used as photosensitisers in CIDNP experiments [55, 60], this 

was considered the best starting point. Prom a review of riboflavin analogues [230],
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Figure 6.10: The structures of FMN and roseoflavin

two possible compounds were identified, roseoflavin and 1-deazariboflavin. Both of 

these compounds have visible absorption spectra that are significantly red-shifted 

compared to riboflavin [230-232]. The first of these compounds was purchased from 

Toronto Research Chemicals, Canada, and used as obtained. 1-deazariboflavin is not 

commercially available and the synthetic route to this compound is non-trivial [233]. 

Therefore roseoflavin was considered to be the best choice.

Figure 6.10 shows a comparison of the structures of FMN and roseoflavin. As 

can be seen from this, the major difference is at the 8-position, where one of the 

methyl groups of FMN is replaced by an N,N-dimethylamine group. The presence 

of this electron donating group red-shifts the absorption spectrum, which is shown 

in Figure 6.11. The lack of the 5'-phosphate group has the effect of greatly reducing 

the solubility of the roseoflavin compared to FMN. The UV/visible absorption spec­ 

trum shows that roseoflavin has a broad absorption band between 450 and 550 nm, 

resulting in significant absorption at 514 nm and also at 488 nm, the principal wave­ 

lengths emitted by the argon ion laser. The molar extinction coefficients, for both 

FMN and roseoflavin at these wavelengths are tabulated in Table 6.3. At 488 nm 

roseoflavin has approximately twice the absorption of FMN, while at 514 nm the 

absorption is even larger. Since at 514 nm FMN is effectively transparent, it is this
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Figure 6.11: UV/visible absorption spectra of 20 /zM solutions of FMN and roseoflavin in 
D2 O. The blue dashed lines indicate the principal wavelengths emitted by the laser.

Dye Extinction Coefficient 
________488 nm 514 nm

FMN 4082.5 236.1 
Roseoflavin 8742.5 9313.0

Table 6.3: Molar extinction coefficients (dm3mol~ 1 cm~1 ) at 488 and 514 nm for FMN and 
roseoflavin, calculated from the spectra in Figure 6.11.
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Figure 6.12: 500 MHz J H CIDNP spectra of 2 mM tyrosine using various concentrations 
of roseoflavin as a photosensitiser. The spectra were recorded using a 100 ms laser pulse 
and averaged over 16 scans. The laser was operated in multiline mode.

absorption which is of interest.

Figure 6.12(a) shows the CIDNP spectrum of tyrosine as a function of roseoflavin 

concentration. These spectra indicate that nuclear polarisation is only generated at 

low dye concentrations. There are two possible explanations for this observation. 

The first is that there is no radical pair formation at high dye concentration, result­ 

ing in no observable CIDNP. The change in the molecular structure of roseoflavin, 

relative to FMN or riboflavin, brings about changes in the reduction potential as well 

as in the absorption spectrum. The reduction potential for roseoflavin is 6 mV more 

negative than that for FMN [230]. It is conceivable that this difference disfavours 

the initial electron transfer reaction required to generate the radical pair intermedi­ 

ate [59]. Fritz et al. quote the triplet yield for roseoflavin as 0.0002, measured by
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photoreduction of EDTA, with the corresponding value for FMN being 0.42 [234], 

which also lends support to this argument. However, the generation of polarisation 

at lower dye concentration indicates that the high optical density of the sample is 

also a contributing factor. Similar results are obtained using laser illumination only 

at 514 nm.

Figure 6.12(b) shows the integrated signal intensity for the H2,6 and H3,5 protons 

of tyrosine as a function of roseoflavin concentration. The integrated intensity was 

calculated using a modified trapezium rule sum, as given in Equation 6.1.

) (5k - (6.1)

where Ik is the intensity of point k, with chemical shift 6k. This form of integration 

is used in order to account for the fact the the spectra consist of both absorptive and 

emissive signals, and provides a reasonable guide to the concentration dependence 

of the signal intensity.

From these curves it might be expected that the CIDNP intensity would increase 

further as the dye concentration is lowered. However, a problem soon arises in the 

fact that the number of triplet state flavins being produced is lower, hence the 

resulting polarisation generated is smaller. This results in a trade-off between the 

optical density of the sample and the number of triplet flavins produced in the RF 

coil region. Therefore, in the following experiments 10 fjM roseoflavin was used as 

a suitable photosensitiser concentration.

6.2.1.2 Thiazines

Previous work by Lopez [235] and Carter [236] highlighted the thiazine class of 

compounds as possible photosensitisers for the photo-CIDNP experiment. Examples 

of this class of compounds are the pH indicator methylene blue and a homologue 

thionin. The structure of thionin is shown in Figure 6.13. As with the flavins, the
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Figure 6.13: The structure of thionin, usually obtained as the acetate salt.
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Figure 6.14: UV/visible absorption spectra of 20 /*M solutions of FMN and thionin in 
D2O. The blue dashed lines indicate the principal wavelengths emitted by the laser.

thiazines are based on tricyclic aromatic heterocyclic structures, resulting in these 

compounds being deeply coloured. The absorption spectrum is shown in Figure 6.14. 

At the wavelengths of interest, thionin shows strong absorption, being comparable 

to FMN at 488 nm and significantly increased at 514 nm. Table 6.4 shows the 

extinction coefficients for thionin and FMN at the wavelengths of interest.

Carter and Lopez both showed that nuclear polarisation could be generated in ty- 

rosine and tryptophan residues using thionin. The optimum concentration of thionin 

was shown to be 0.05 mM [236]. No appreciable polarisation was observed with histi-
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Dye Extinction Coefficient 
_______488 nm 514 nm

FMN 4082.5 236.1 
Thionin 4781.0 9692.0

Table 6.4: Molar extinction coefficients (dm3mor 1 cm~ 1 ) at 488 and 514 nm for FMN and 
thionin, calculated from Figure 6.14.
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Figure 6.15: 500 MHz CIDNP spectra of 4 mM tyrosine and 2 mM tryptophan using 
0.05 mM thionin. The spectra were recorded using 100 ms laser illumination and averaged 
over 16 acquisitions. The laser was operated in multiline mode.

dine. CIDNP spectra of tyrosine and tryptophan, sensitised using thionin, are shown 

in Figure 6.15. As can be seen from this, the generation of nuclear polarisation is 

quite successful using thionin. However, some caution must be exercised. There are 

a series of small signals seen in the CIDNP spectrum of tryptophan between 6.7 and 

7.2 ppm. These are believed to correspond to photo-products formed by reaction 

of the tryptophan with the excited thionin. The principal product is thought to 

be kynurenine [237], formed by a complex series of oxidations and rearrangements, 

initiated by the formation of singlet oxygen [238].
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Figure 6.16: 500 MHz X H COSY spectra of 4 mM tyrosine and 2 mM tryptophan solutions 
containing 0.05 mM thionin. The black spectra were recorded before laser irradiation, with 
the red spectra taken after. All spectra were recorded using 4096 complex points in the 
direct dimension and 512 points in the indirect dimension. Spectral widths of 8000 Hz 
and sine-bell window functions were used in both dimensions. Laser irradiation consisted 
of 16 pulses of 100 ms duration at a power level of 5 W, in multiline mode.

In order to gain an understanding of the extent of this photo-damage, COSY 

spectra were recorded using tyrosine and tryptophan, both before and after the 

CIDNP spectra shown in Figure 6.15. The results of these experiments are shown 

in Figure 6.16. As can clearly be seen from this there is little change in the tyrosine 

spectra, shown in Figure 6.16(a), which is expected since there was no evidence of 

any reaction products in the one-dimensional CIDNP spectrum (Figure 6.15). How­ 

ever, there are obvious changes in the tryptophan spectra shown in Figure 6.16(b). 

There is a clear marked decrease in the intensity of both the diagonal peaks and the 

COSY cross-peaks, indicating that there is less amino acid present in the sample. 

Nakagawa et al. have presented a series of possible products for the photochemically 

sensitised oxidation of tryptophan [237]. Thus it is extremely difficult to determine 

what compounds are responsible for the changes in the COSY spectrum based on
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Figure 6.17: 500 MHz NMR (32 scans) and CIDNP (16 scans) spectra using 0.2 mM FMN 
and 0.05 mM thionin as dyes. Spectra were acquired using a laser pulse length of 100 ms, 
in multiline mode. The assignments were taken from [141].

this evidence alone. The point which is clear, however, is that this makes thionin a 

less suitable dye for the generation of CIDNP in the solvent accessible amino acid 

side-chains of proteins. One key requirement of the CIDNP reaction scheme is that 

the reaction be cyclic so as not to introduce any modification to the protein [55, 60].

As a final experiment, CIDNP spectra were recorded using the protein hen egg 

white lysozyme, with FMN and thionin as the photosensitisers. These spectra are 

shown in Figure 6.17. It is immediately obvious that there is a decrease in the signal- 

to-noise ratio of the CIDNP spectra recorded using thionin. Signals from Trp 123 are 

also missing in the thionin spectrum. This can be attributed to differing coulombic 

interactions between the protein and dye. As noted before, reaction products are 

clearly visible in the thionin CIDNP spectrum, upfield of 7.0 ppm.

From these experiments it is clear that thionin can be used to generate CIDNP 

with the amino acids tyrosine and tryptophan and can therefore be used to probe the
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accessibility of these side chains in proteins. However, since the radical pair reaction 

is less ideal than in the case of FMN, side products are formed from photodegredation 

of the amino acid side chain. This introduces an increased level of complexity when 

interpreting the CIDNP spectrum. Care must be taken to distinguish peaks arising 

from polarised amino acids and those arising from any photoproducts.

6.2.1.3 Single-line illumination

Following on from the results shown above, which were obtained using multiline 

illumination, it is important to investigate the suitability of the different dyes using 

single line illumination at 514 nm. At this wavelength the LOV2 domain does not 

undergo significant photo conversion.

Figure 6.18 shows the results of CIDNP spectra obtained under similar condi­ 

tions to those recorded above, but using only single line illumination at 514 nm. 

From this it is clear that all three dyes are capable of generating CIDNP at this 

wavelength. Roseoflavin generates very weak polarisation, probably due to the low 

triplet yield [234]. A surprising result is that FMN produces moderate polarisa­ 

tion in the tyrosine ring system, despite having a very low extinction coefficient at 

514 nm. Thionin, however, produces extremely strong polarisation at this wave­ 

length, of the order of four times that produced by FMN. This is in contrast to that 

observed under broadband illumination, where thionin gives roughly half the polar­ 

isation of FMN. As before, it is important to compare the polarisation produced 

in protein systems. Figure 6.19 shows CIDNP spectra of lysozyme using the three 

dyes of interest, illuminated at 514 nm. Clearly, the lysozyme CIDNP spectra show 

that there is significant polarisation in the Trp 62 residue, with very weak addi­ 

tional enhancement of Trp 123. The lack of Trp 123 in the case of sensitisation with 

thionin in Figure 6.19 can be attributed to differing coulombic interactions between 

the positively charge thionin and the protein as compared to the negatively charge
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Figure 6.18: 600 MHz : H CIDNP spectra of 4 mM tyrosine using 0.2 mM FMN, 0.01 mM 
roseoflavin and 0.05 mM thionin. The spectra were recorded using 100 ms laser illumina­ 
tion at 514 nm and averaged over 16 acquisitions.
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Figure 6.19: 600 MHz *H NMR (32 scans) and CIDNP (16 scans) spectra using 0.2 mM 
FMN, 0.01 mM roseoflavin and 0.05 mM thionin as dyes. The assignments were taken 
from [141].
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FMN.

Based on the results of the experiments given above, it is clear that thionin is the 

preferred choice as photosensitiser for use in the CIDNP experiments on the LOV2 

domain. The signal-to-noise ratio is greatly increased compared to the roseoflavin. 

While there is significant production of photoproducts, these in general occur on 

the high field side of the tryptophan aromatic resonances and are usually easy to 

identify.

6.2.2 Photo-CIDNP Spectroscopy of the LOV2 Domain

For the CIDNP experiments, two mutants of the LOV2 domain were produced, 

along with the wild type protein. These were a C450S mutant in which the cysteine 

residue which attacks the flavin upon illumination was replaced with serine. This 

mutant is an analogue of the dark state of the protein as it is incapable of undergoing 

the photocycle. The second mutant was I539E, in which isoleucine 539 was replaced 

with glutamate. This replacement destabilises the interaction of the Ja helix with 

the LOV2 domain, and so produces a protein which mimics the light state of the 

wild type protein, in both the appearance of its 15 N- X H HSQC spectra and in kinase 

activity assays [239]. This mutant, however, is still capable of forming the cysteinyl- 

flavin adduct.

6.2.2.1 One-dimensional Spectra

Figure 6.20 shows CIDNP spectra of each of the wild type LOV2 domain and two 

mutants, sensitised with thionin and illuminated at 514 nm. This should provide 

a probe of tyrosine and tryptophan residues in the ground state of the protein. 

Firstly, it is important to note that nuclear polarisation is generated. This is evident 

from the enhanced tryptophan indole signals and various signals also seen in the 

aromatic region. However, there is also evidence of some formation of the cysteinyl-
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Figure 6.20: 600 MHz X H CIDNP spectra of the LOV2 domain and two mutants at a 
concentration of 750 /uM. 50 ,uM thionin was used as the photosensitiser. Laser illumination 
was applied at 514 nm for 100 ms before each light scan. The spectra are averages of 16 
light and dark pairs. The assignments are taken from the known chemical shifts of the 
ground state of the protein [239]. Th represents a polarised thionin signal.
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Figure 6.21: 600 MHz :H NMR difference spectra of the LOV2 domain and two mutants 
at a concentration of 750 /uM. Each sample was illuminated at 488 nm for 200 ms before 
each scan.

flavin adduct, primarily from the broad signals seen between 8.0 and 8.75 ppm in 

the spectrum of the wild-type protein. Since the C450S mutant is incapable of 

forming this adduct, all of the signals in this spectrum can be assumed to arise as a 

result of the nuclear polarisation generated. To gain a better understanding of the 

photoconversion taking place in these three mutants, NMR spectra were recorded 

in the presence and absence of illumination (as in Figure 6.4), and the difference 

plotted. This is shown in Figure 6.21. There are major changes in the wild-type as 

expected, and also in the lit state mimic, the I539E mutant. This is due to the fact 

that, even though the Ja helix is no longer "docked" along the /3-sheet region and 

it is unfolded, cysteine 450 still reacts with the FMN cofactor to form the adduct, 

and causes some distortion of the protein structure. The middle trace of this Figure, 

pertaining to the C450S mutant, confirms that there is no photoconversion taking 

place upon illumination. This adds support to the argument that all the signals 

seen in the middle trace of Figure 6.20 are truly from CIDNP. Given the fact that 

illumination at 514 nm does produce some formation of the cysteinyl-navin adduct
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Figure 6.22: Static side chain accessibilities as a function of probe radius for AsLOV2, 
shown in Figures 6.1 and 6.9. The calculations were performed using the program Naccess 
2.1.1 [104].

in the wild-type protein and I539E mutant and hence associated structural changes 

occur, this increases the difficulty of interpreting the spectra shown in Figure 6.20. 

The assignment of CIDNP spectra is aided by comparison with static solvent ac­ 

cessibility calculations. Figure 6.22 shows the results of these calculations performed 

using a structure of the dark state of AsLOV2 derived from a homology model with 

the LOV2 domain from Adiantum, as shown in Figures 6.1 and 6.9. The calculations 

were performed for a series of probe radii in consideration of the non-spherical shape 

of the flavin and thionin photosensitisers. These calculations are in agreement with 

the results shown in Figure 6.20 in that they predict that both tryptophan residues 

are solvent exposed. Trp 559 is clearly very exposed, as a result of being at the end 

of the unfolded linker region. Tyrosine 508 has a very similar solvent accessibility 

to Trp 491, and a corresponding emissive signal is observed at 6.65 ppm. The other
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Figure 6.23: 500 MHz X H CIDNP spectra of the LOV2 domain and two mutants at 750 fM. 
Laser illumination was applied at 488 nm for 100 ms before each light scan. The spectra 
are averages of 16 light and dark pairs. The assignments of the C450S are taken from the 
known chemical shifts of the ground state of the protein [239].

tyrosine residues have very low solvent accessibilities for physically reasonable probe 

sizes and are not observed.

It is interesting to compare these results to those obtained when the illumination 

is performed at 488 nm, i.e. when driving the photo-excitation of the protein in 

addition the generation of CIDNP. Figure 6.23(a) shows this using thionin as the 

photosensitiser. There is no evidence of photoconversion for the C450S mutant, as 

expected. However, in the case of the wild type protein there are extensive changes. 

The tryptophan indole proton is visible at 10.09 ppm, therefore a proportion of the 

signals between 6.5 and 7.5 ppm can be assumed to originate from the side chain of 

this amino acid residue. The signal at 6.65 ppm can be tentatively assigned to the 

H3,5 ring protons of Tyr 508 since this signal appears at the ground state chemical 

shift of Tyr 508. Also, from inspection of the structure (Figure 6.9) this residue is 

unlikely to be greatly affected by the unfolding of the Ja helix upon photoconversion.

Since thionin and FMN possess differing electric charges, it is interesting to
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investigate any effects of the different coulombic interactions between the dye and 

protein and what effect this has on the degree of nuclear polarisation generated. 

Figure 6.17 shows the differences between the spectra sensitised with the two dyes 

for the case of hen egg white lysozyme. The comparison for the LOV2 domain is 

shown in Figure 6.23. There is little difference between the two sets of spectra, 

except for a slight increase in intensity for the case of FMN. This is in agreement 

with previous experiments using thionin, which have been shown to have a decreased 

signal-to-noise ratio compared to the use of FMN [235].

There is a curious feature of the C450S mutant spectra shown in Figure 6.23 

compared to the spectra recorded with illumination at 514 nm. Concentrating on 

the tryptophan indole proteins, Figure 6.20 shows both residues Trp 491 and Trp 559, 

with the latter having greater intensity. This can be loosely attributed to the much 

larger solvent accessibility of this residue, as shown in Figure 6.22. However, in 

the spectra recorded with illumination applied at 488 nm, Trp 559 is much weaker 

in Figure 6.23(a), when sensitised using thionin, and absent in Figure 6.23(b) with 

FMN. The precise reasons for these differences are unclear. A possible explanation 

is that there is an energy transfer from the internal flavin of the LOV2 domain to 

the photosensitiser when exciting at 488 nm. This would require the photosensitiser 

to be close to the internal FMN, hence could give rise to increased polarisation of 

Trp 491 since this lies closer to the internal cofactor than Trp 559 at the end of the 

linker.

There is also the possibility of the formation of a radical pair from the internal 

flavin and Trp 491. However, there is no evidence for the generation of CIDNP 

in flavoproteins when the radical pair consists of the internal chromophore and 

an electron donor. This is due to the need for the radical pair to separate to a 

distance at which the average hyperfine coupling, and the difference in radical g- 

values are greater that the electron-electron exchange interaction, thus allowing 5To
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mixing [60].

6.2.2.2 CIDNP-HSQC Spectra

The CIDNP-HSQC experiment was developed by Lyon et al. to gain greater chem­ 

ical shift resolution when studying the tryptophan indole region of unfolded pro­ 

teins [28, 31]. This experiment differs from the normal HSQC experiment in that 

there is no initial INEPT transfer of magnetisation from protons to nitrogen. Greater 

sensitivity is obtained by detecting the chemically pumped nitrogen magnetisation, 

via a reverse refocused INEPT transfer to the attached proton. Using this method 

there is no benefit in subtracting a spectrum in the absence of the laser pulse [28, 31]. 

Figure 6.24 shows an overlay of CIDNP-HSQC spectra of the C450S mutant and 

wild type LOV2 domain. The C450S mutant clearly shows identical features to the 

indole region of Figure 6.6. Both Trp 491 and Trp 559 are exposed, and visible at the 

dark state chemical shifts. The wild-type protein, by comparison, shows that some 

photoconversion is taking place during the laser pulse. The resonance corresponding 

to Trp 491 is no longer visible at the dark state chemical shifts, indicating that 

structural changes in the protein are occurring. A new signal at 10.05 ppm in the 

proton dimension, corresponding to the light state of the protein is seen. Trp 559 is 

clearly present in both spectra.

6.2.3 Interpretation

The spectra presented in this section show that it is possible to generate and de­ 

tect CIDNP in the LOV2 domain using different photosensitisers and illumination 

wavelengths, despite the absorption of the protein. The original purpose of using 

thionin and exciting at 514 nm was to avoid the protein photocycle and hence probe 

the ground (non-signalling) state. The fact that the protein does undergo the pho­ 

tocycle at this wavelength, despite the low extinction coefficient complicated the
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Figure 6.24: 600 MHz 15 N-CIDNP-HSQC spectra of C450S mutant (black spectrum) and 
wild type LOV2 domain (red spectrum), using thionin as the photosensitiser, showing 
the tryptophan indole region. A 100 ms laser pulse at 514 nm preceded each scan. The 
spectra were recorded using a spectral width of 9.5 kHz, 610 complex points in the directly 
detected dimension ( J H) and a spectral width of 133 Hz, 8 complex points in the indirectly 
detected dimension ( 15N). The 15N carrier was placed in the centre of the indole region. 
Four transients were recorded per increment (to achieve sensitivity enhancement [77-79] 
and quadrature detection in t\). Shifted sine-squared window functions were used in both 
dimensions.
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interpretation of the results. Of the five residues in the LOV2 domain which are 

amenable to study in these experiments, there appears to be little change in their 

solvent accessibility as the protein undergoes the reversible photocycle.

A number of improvements could be envisaged for the experiments described 

in this Section. The principal improvement would be to remove the complicating 

effect of the signals from the photo-excited state being superimposed on the CIDNP 

spectra of the protein. This could be achieved by recording the CIDNP "dark" 

spectrum in a slightly different manner. The "dark" spectrum could be recorded 

using the same illumination scheme as for the "light" spectrum, but without the 

photosensitiser present. This would therefore generate a "dark" spectrum which 

contained no nuclear polarisation, but had signals at the same chemical shifts as they 

appear in the CIDNP "light" spectrum. Subtraction of this spectrum of this from 

the "light" spectrum would result in only the polarised signals from the light state 

being present. There is, however, a problem with this approach. When recording the 

CIDNP spectrum a significant portion of the light entering the sample is absorbed 

by the photosensitiser. If the dye is not present this intense illumination would 

cause significant and irreparable damage to the protein. In fact, initial experiments 

performed prior to those shown in Section 6.1.1 using >1 W illumination caused 

photo-induced precipitation of the protein.

6.3 Kinetics of the Dark State Recovery

The ability to follow protein folding in real time by NMR has been well docu­ 

mented [21-24, 35, 240, 241]. These approaches generally follow the renaturation of 

the protein by monitoring the folding following a rapid pH jump, or dilution from a 

high concentration of chemical denaturant, such as 8 M urea. Recently, photochemi- 

cally initiated refolding techniques have been performed to follow the refolding based
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Figure 6.25: The pulse sequence for the dark state recovery experiment. The laser illumi­ 
nation for a period suitable to produce almost complete conversion to the light state of 
the domain. Water suppression is provided by the use of a DPFGSE [73].

on the release of metal ions necessary for a stable tertiary fold to be maintained [30]. 

Using the principles behind these experiments a method to follow the recovery of 

the dark state of the LOV2 domain from the light state was developed. Thi method 

uses changes in the one-dimensional NMR spectrum as a function of time following 

illumination. The methodology and results are shown below.

6.3.1 The Pulse Sequence and Methodology

The pulse sequence used for this recovery experiment is a simple sequence consisting 

of an illumination period, to generate the light state of the protein. This is then 

followed by acquisition of a number free induction decays, each preceded by a general 

water suppression scheme (the DPFGSE [73]), as a function of time following the 

end of the illumination. Figure 6.25 shows the timing diagram for this experiment. 

Acquisition of the NMR data using this method results in a pseudo two-dimensional 

data set of the form s(ti, t2 ), where ti is the time elapsed following the illumination,
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and is related to the delay r in the pulse sequence by the following expression:

tacq ) (6.2)

where tps is the time required to execute the RF pulses and pulsed field gradients, 

and £acq is the acquisition time. t2 is the usual FID acquisition period. After Fourier 

transformation with respect to the t2 dimension, this yields a mixed time-frequency 

domain spectrum:

(6.3)

where F^ represents Fourier transformation in the t2 dimension.

The protein's reversible photocycle allows repetition of the experiment a number 

of times and summation of the resulting data sets, thereby increasing the signal-to- 

noise ratio.

6.3.2 Results and Interpretation

The real-time recovery experiment described above was then applied to the LOV2 

domain. A 300 pM sample was used at pH 7. The temperature was raised to 37 °C 

in order to increase the rate of return to the dark state. Spectra were recorded 

at one second intervals for two minutes following illumination, using 512 complex 

data points and a spectral width of 6800 Hz. The experiment was averaged over 

64 pseudo 2D planes. Selected 1-dimensional spectra from the complete series are 

shown in Figure 6.26(a). These spectra clearly show that at later times (i.e. after 

~60 s) there is little change in the spectrum. In fact, it is difficult to see changes 

even in the early spectra

The changes occurring in these real-time spectra during the recovery of the 

ground state can be most easily followed by subtracting the first spectrum in the 

series, that is, the first spectrum after illumination, from the remaining spectra. In
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Figure 6.26: Selected spectra at the times indicated from the dark state recovery exper­ 
iment. Spectra were recorded at 500 MHz, pH 7, and 37°C. Nitrogen-15 decoupling was 
applied before acquisition of each spectrum.

this case, signals from the returning dark state will be shown as positive, while those 

from the light state will be shown as negative (note that this is the reverse of that 

seen in Figure 6.5). This method of presentation is shown in Figure 6.26(b).

In order to obtain quantitative information about the kinetics of the dark state 

recovery, the intensity at fifteen positions across both the aromatic and aliphatic 

regions of the difference spectra presented in Figure 6.26(b) were extracted. These 

intensities are plotted as a function of time after the laser irradiation in Figure 6.27. 

These points were fitted with a decaying single exponential function of the form:

(6.4)

where ti is the time after the laser illumination, Tr is the time constant for the 

return to the ground state, A is a scaling factor, and 7(0) is the intensity of the 

first spectrum recorded. Table 6.5 shows these data for the fifteen points chosen. 

These data show that there is a distribution of lifetimes amongst the peaks selected,
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Figure 6.27: Peak heights taken from the difference spectra, plotted as a function of time 
after the laser illumination. The data points are fitted with a single exponential function 
(shown in red) as described in the text.

with an average time constant for the return of the LOV2 domain to the dark state 

of (Tr ) = 22.13 ± 2.76 s. This distribution of lifetimes of the light state has been 

investigated further by Harper et al using a time-resolved HSQC experiment [38]. 

This gives the lifetime of each of the backbone amides, and the tryptophan indole 

protons. The lifetimes measured here are in general agreement with those obtained 

by Harper et al. subject to two caveats. Firstly, the experiment described here was 

performed at a higher temperature (37°C compared to 30°C), thereby shortening 

the measured lifetime. Secondly, measurements taken from the one-dimensional 

real-time data are global measurements since it is not possible to resolve individual 

resonances, and hence obtain site specific information.
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a H 6 (ppm)

-0.05
0.28
0.54
0.81
0.89
0.97
1.07
1.73
2.47
3.88
5.26
6.89
7.24
8.01

A (a.u.)

-273617
283953
668885
571074
-1498800
-1945400
1852000
-811741
708199
-336638
-134115
532057
-504823
345260

Tr (s)

24.84
20.54
22.22
19.83
26.29
24.76
20.07
24.16
20.55
23.59
21.55
19.14
27.35
18.65

Table 6.5: Parameters taken from fitting Equation 6.4 to the real-time NMR data shown 
in Figure 6.26(b).

6.4 Last thoughts / Conclusions

This chapter has demonstrated the application of a number of NMR techniques, 

including photo-CIDNP real-time methods, to the study of a domain from a plant 

signalling protein, phototropin. These experiments have shown that there are large- 

scale structural changes occurring in the protein, induced by the absorption of a 

light photon. In turn, these changes activate signalling pathways in the plant, ini­ 

tially via autophosphorylation of the C-terminal kinase, leading to the control of 

phototropism, light induced chloroplast movement and stomatal opening [212, 220- 

222].

Future experiments on this system can be envisaged along two lines. The first 

is to study the LOV1 domain to gain insight into the first photoreceptor of the 

phototropin sequence. This has similar optical characteristics to the LOV2 domain. 

Secondly, the techniques used here could be applied to multi-domain constructs 

of phototropin, for example, LOV2-Kinase and the complete phototropin sequence
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LOVl-LOV2-Kinase (and potentially LOVl-Kinase), using selective labelling of 

the domains to combat the increased spectral complexity.



Chapter 7

Simulating Tryptophan Nuclear 

Polarisation

Experimental observations of the tryptophan radical are relatively recent [242- 

244]. In these cases tryptophan is immobilised in a protein matrix, for example 

in DNA photolyase [242], cytochrome c peroxidase [243] and in ribonucleotide re- 

ductase [244]. Identification of the tryptophan radical: whether it is the cationic 

or neutral radical, is usually by comparison with computed hyperfine coupling con­ 

stants for various analogues and model compounds such as indole [245, 246], 3- 

methyl indole [247, 248] and 3-ethyl indole [248]. As well as information from EPR 

measurements of the tryptophan radical in a protein matrix, there are several other 

studies, including photodegradation during CIDNP experiments [174, 237], steady- 

state CIDNP [249], time-resolved CIDNP experiments [250, 251] and laser flash 

photolysis [59].

Knowledge of the hyperfine couplings in a radical pair makes it possible to predict 

both the phase and intensity of the nuclear polarisation produced in the resulting 

diamagnetic products. This chapter explores the case of the tryptophan radical, 

using computed hyperfine couplings from the literature to determine how accurately
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it is possible to predict the enhancement of the NMR spectrum from the CIDNP 

experiment.

7.1 Theory

The probability of a radical pair recombining from a given nuclear spin state x is 

given by the following equation [252, 253]:

P* = X r S*(t)f(t)dt (7.1) 
Jo

where Sx (t) is the probability that the radical pair is in an electronic singlet state 

at time £, and hence depends on the spin dynamics of the radical pair; f(t) is the 

probability that the radical pair undergoes a reencounter within a time t — > t + dt, 

following its creation; and A is a steric factor which determines whether a given 

collision will be reactive.

Consider a radical pair born in a triplet spin correlated state, undergoing coherent 

spin evolution via the Ag mechanism. Neglecting inter-electron exchange and all 

anisotropic interactions, this is described by the following spin Hamiltonian:

3=1

where j is the radical and i is the nucleus within that radical; all other symbols have 

their usual meaning. The probability of this radical pair being in a singlet state at 

time t can be determined by considering the wavefunction for the radical pair:

= (cs (t) \S) + cTo (t) |T0» ® |<2 ) (7.3)
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where \S) and |T0 ) are the electron spin wavefunctions given by:

\S) = -(|a/J) - |/?a)) (7.4)

|T0 > = -(|a/?) + |/?a)) (7.5)

and 1 0^2) *s ^ne nuclear spin wavefunction across the whole radical pair. The coef­ 

ficients in the radical pair wavefunction are given by:

(7.6) 

= cTo (Q)cos(u$TQt)-ics (Q)sm(u>%To t) (7.7)

where U%TQ is the rate of oscillation between the singlet \S) and the triplet |7o) states 

for a given nuclear spin state x [252]. From this the probability of being in a singlet 

\S} state at a time t of a radical pair formed in an initial triplet state, i.e. 05(0) = 0, 

is therefore given by:

(7.8)

Assuming that all three triplet sublevels are equally populated at the creation of the 

radical pair results in CTO (O) = 4=. Then the final expression for the probability of 

the radical pair being found in a singlet \S) state at a time t following its creation 

as a triplet species, with the spin evolution via the Ag mechanism is:

S*(t)= c5 (t)| = sin2 (u&b*) (7.9)

At high field, the |T±) states are unable to interconvert with \S) and |T0 ) states 

since they are too far removed in energy.
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7.1.1 Radical Pair Diffusion Models

The radical reencounter function /(£), depends purely on the kinetic (reactive) and 

diffusive behaviour of the radical pair. The simplest model describing this is the 

so-called exponential model, in which the reencounter probability is described by a 

single decaying exponential:

(7.10)

where ks is the rate constant for reaction of the radical pair via the singlet chan­ 

nel. Integration of Equation 7.10 multiplied by Equation 7.9 leads to the following 

predicted recombination probability:

A more realistic treatment of diffusion has been performed by Adrian [252] , which 

results in a reencounter function of the following form:

(7.12)

where:
a 1 R~ and =

with RQ being the separation of the radical pair at its creation and Ra the critical 

reaction distance, i.e. the distance to which the radicals must diffuse in order to 

react, and given by Ry = \/3Dr, where D is the diffusion coefficient and r is the 

time between diffusive steps [252] . The recombination probability now has a more
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complex functional form and is given by:

_ I ———y_j cos | ^ (714)

Typically 2m/'p ~ 1.5 [252]. Adrian also argues that, on the time-scale of the ST0 

mixing responsible for the generation of CIDNP, the exponential term in Equa­ 

tion 7.12 tends to unity and can hence be neglected. This leads to a simplified form 

of the diffusion-based reencounter function:

/(t)=mr3/2 (7.15)

Using this simplified form the recombination probability reduces to:

Am

which is equivalent to retaining just the first term in a Taylor series expansion of 

Equation 7.14 in powers of

7.1.2 Calculating the CIDNP Intensity

Using Equation 7.1 and the diffusion models given in the previous Section, it is 

possible to calculate the probability that a radical pair will recombine from a given 

nuclear spin state. Thence it is straightforward to calculate the nuclear polarisation 

at a particular nucleus since this is just the difference in the probability of recom­ 

bination between the different nuclear spin states of that nucleus. For example, the 

difference in recombination probability between the a (m/ = +5) and /3 (m/ = -|
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spin states of a spin-| nucleus is given by the following equation:

where

(7.18)
*i 3

N is the number of spin-5 nuclei and M is the number of spin-1 nuclei in the 

calculation. Ag is defined as g\ — g2 . This calculates the nuclear polarisation of 

a particular spin-^ nucleus k situated on radical one, in the presence of all other 

nuclei in the radical pair, in all possible configurations of nuclear spin states. Weak 

coupling between the nuclear spins is assumed throughout these calculations.

The program cidnpint.f was developed to calculate the field dependence of 

the CIDNP intensity using this method; the source code is listed in Appendix B.I. 

Figure 7.1 shows the calculated field dependence of the nuclear spin polarisation of 

the H2,6, H3,5 and H^ protons of the tyrosyl neutral radical (with an FMN neutral 

counter radical), using the three models for diffusion given above. The spectra 

were scaled to the maximum of the H^ curve for each model. These calculations 

clearly show a large difference in the predicted CIDNP field dependence. This is not 

surprising since the exponential model is only a very basic model. Also, Adrian's 

assumption that the diffusion model given in Equation 7.12 can be simplified by 

neglecting the exponential term to give Equation 7.15 is justified in this case, since 

the field dependence curves for these two models show only very minor differences 

at high field.

Previous experimental measurements have shown that the simplified diffusion 

model is in fact a good fit to experimental field dependence measurements [31,
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Figure 7.1: Calculated field dependence using Equation 7.17 and the three diffusion mod­ 
els. The hyperfine couplings were taken from Table C.I [254, 255], and Table C.3 [256], 
both given in Appendix C. For the exponential model a rate constant k$ = 5 x 108 s" 1 
was used, and for the Adrian diffusion model 2p/m ~ 1.5.

257]. Calculations performed previously employed the approximation that a spin-1 

nucleus could be treated as two spin-! nuclei. This approximation has the effect of£

doubling the degeneracy of the m/ = 0 state. Figure 7.2 shows calculations using 

this approximate treatment and the explicit consideration of spin-1 nuclei described 

above. The calculations were performed using the same parameters as for Figure 7.1, 

and using the simplified diffusion model given in Equation 7.15. There is a slight 

shift to lower field of the maxima and minima of the field dependence curves for 

the case of the approximate model. There is also a slight broadening for the curves 

arising from the explicit inclusion of the spin-1 nuclei. Therefore the differences 

between the exact and approximate treatments can be seen to be minor.
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Figure 7.2: Comparison of results obtained by treating all nuclei as spin-| (i.e. spin- 
1 = 2x spin-J) and by treating spin-1 nuclei explicitly. The hyperfine couplings were 
taken from Table C.I [254, 255], and Table C.3 [256], both given in Appendix C.
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7,1.3 Simulating CIDNP Spectra

Since a CIDNP spectrum is simply an NMR spectrum with enhanced intensities, it 

is straightforward to simulate. The starting point is the construction of a suitable 

time-domain signal, which is given by the following expression:

s(t) = Y^ {Kk exp(iO^) coslk - l (7rjk t)} x exp(-t/T2 ) (7.19)
k

where Kk is the number of nuclear spins contributing to the kth multiplet, which 

occurs at an offset of f^, with a scalar coupling of J^ and a multiplicity of 4- These 

simulations assume that the weak coupling scheme applies, which is a reasonable 

approximation at high field. The experimental spectra were all recorded at a proton 

frequency of 500 MHz, which corresponds to B0 — 11.75 T. T^ is the spin-spin 

relaxation time and governs the linewidth in the simulations (AZ/FWHH — ^~)- The 

same linewidth is assumed for each multiplet in the spectrum. The NMR spectrum 

in then given by the Fourier transform of Equation 7.19:

/ oo 
s(t) exp(io;t)dt (7.20)

As is convention, it is the real part of Equation 7.20 which is displayed. The spectra 

were calculated using the program spec-sim.f, the source code for which is given 

in Appendix B.2. As the CIDNP spectra are just NMR spectra with enhanced 

intensities, this is accounted for by replacing the number of nuclei contributing to the 

multiplet, with the CIDNP intensity at 11.75 T obtained from the field dependence 

calculations. This is a valid approach since to a first approximation the observed 

CIDNP intensity is proportional to the polarisation generated.

Ik oc Kk for the NMR spectra (7.21) 

Ik oc PfcR for the CIDNP spectra (7.22)
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Figure 7.3: Experimental (black) and simulated (red) 500 MHz NMR and CIDNP spectra 
for tyrosine. The experimental spectrum was acquired using a 2 mM solution of tyrosine, 
illuminated for 50 ms at 4 W. The CIDNP intensities were taken from the simplified 
diffusion model curves in Figure 7.1.

An example of the simulated NMR spectrum for tyrosine, and the experimental 

spectrum for comparison, is shown in Figure 7,3(a). The strong coupling observed in 

the H^ proton resonances was accounted for by adjusting the relative contributions 

of the component multiplets in the simulation of the FID.

The CIDNP spectrum in Figure 7.3(b) was simulated using intensities obtained 

by applying the simplified diffusion model in Figure 7.1. This is modelling the tyrosyl 

neutral radical with the flavin neutral radical as the counter species. The spectrum 

has been scaled to the height of the H3,5 protons of the experimental spectrum. 

This simulation shows that reasonable agreement with the experimental spectrum 

is obtained using this model of diffusion and algorithm for the simulation of the 

CIDNP spectrum. There are, however, slight discrepancies. The most pronounced 

is the over-estimation of the intensity of the H2,6 ring protons. This arises since the 

effects of polarisation cancellation are most noticeable for nuclei with small hyperfine
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couplings [55]. The same is observed for the H^ protons, however, the polarisation 

is now spread across eight lines of the multiplet.

The case of CIDNP from the tyrosyl neutral radical constitutes the "proof of 

concept" for this method of predicting the CIDNP intensities in the diamagnetic 

products of a radical pair reaction. These ideas are extended in the rest of this 

chapter to the study of tryptophan, and to determine how accurately is it possible 

to predict both the phase and intensity of the nuclear polarisation.

7.2 Results

As described in the introduction to this thesis (Chapter 1), tryptophan nuclear 

polarisation is generated via an electron transfer process, followed, at neutral pH, by 

rapid deprotonation of the tryptophan radical cation on a microsecond timescale [59] :

3FMN + TrpH -» 3FMN~' + TrpH+- -> 3FMNH* Trp* (7.23)

where the overbar indicates spin correlation between the radicals. This mechanism 

therefore supposes that nuclear polarisation arises from a radical pair involving either 

the tryptophan radical cation, or the neutral radical.

The experimental CIDNP spectrum shown in this section was obtained using a 

2 mM 7V-acetyl tryptophan solution at pH 7, containing 0.2 mM FMN. The spectra 

were recorded at a proton frequency of 500 MHz, using a laser pulse of 50 ms duration 

at a power of 4 W.

7.2.1 Tryptophan Radical Cation

Since the accepted mechanism for the generation of tryptophan CIDNP is via an 

electron transfer process [59], it is logical to start with the radical pair consisting of 

a tryptophan cation radical and an anionic flavin radical.
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In order to calculate hyperfine couplings in the tryptophan radical on a sensi­ 

ble time scale it is often necessary to approximate the structure, usually to either 

3- methyl indole or 3-ethyl indole. O'Malley and Ellson performed hyperfine cou­ 

pling calculations on 3-methyl indole using Density Functional Theory (DFT) at 

the B3LYP/EPR-III level of theory [247]. These hyperfine couplings are given in 

Table 7.1 (and Table C.5 in Appendix C). Figure 7.4(a) shows the CIDNP field

NH (HI) H2 H4 H5 H6 H7 H^l H^2 Nl

-0.52 -0.49 -0.58 - -0.42 -0.17 2.65 1.22 0.22

Table 7.1: Isotropic hyperfine coupling constants for the cationic tryptophan radical, ob­ 
tained from DFT calculations at the B3LYP/EPR-III level of theory on 3-methyl in­ 
dole [247].

dependence curves obtained using these hyperfine couplings and the simplified dif­ 

fusion model (Equation 7.15). These curves are dominated by the large predicted 

hyperfine couplings of the H^ protons, which are modelled as a methyl group at­ 

tached to carbon-3 of the indole ring. The magnitude of the hyperfine couplings 

at these protons leads to a large overestimate of the CIDNP intensity, as seen in 

Figure 7.4(b). However, the converse is true for the other major signals. Both 

the resonances of H4 and H6 show smaller simulated polarisation than is observed 

experimentally, by factors of approximately 1/3 and 2/3, respectively. The minor 

signal H7 has greater predicted polarisation which can be attributed to polarisation 

cancellation effects. These are more noticeable given the small magnitude of the 

hyperfine coupling at H7. Finally, the indole proton is of interest. The observed 

discrepancy can be attributed to the increased linewidth of this proton resonance, 

arising from chemical exchange of the proton with the solvent. Increased relaxation 

rates, due to significant chemical shift anisotropy of the nitrogen and the fact that 

14N is a spin-1 nucleus.

While the model used in Figure 7.4 shows reasonable qualitative agreement with
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Figure 7.4: CIDNP field dependence and spectra for a radical pair consisting of a trypto- 
phan cation radical and an anionic flavin radical. The black spectrum is the experimental 
spectrum and the red is the simulation, which is scaled to the height of the H2 singlet. 
The hyperfine couplings used are tabulated in Table C.2 [258, 259] and Tables 7.1 and 
C.5 [247].

the experimental spectrum, it is clearly deficient in certain respects. The extension 

of the alkyl chain attached at position 3 of the indole ring therefore should bring an 

improvement. Hyperfine couplings for 3-ethyl indole have been calculated by Himo 

and Eriksson, using DFT at the PWP86/ILGO-III level of theory. The hyperfine 

couplings used for the tryptophan radical cation are presented in Table 7.2 (and 

in Table C.5 in Appendix C). These hyperfine couplings give rise to the CIDNP

NH(H1) H2 H4 H5 H6 H7 Nl

-0.34 -0.47 -0.51 0.06 -0.35 -0.21 0.33 0.84 0.25

Table 7.2: Isotropic hyperfine coupling constants for the cationic tryptophan radical, 
obtained from DFT calculations at the PWP86/ILGO-III level of theory on 3-ethyl in­ 
dole [248].

field dependence given in Figure 7.5 (a). The simulated CIDNP spectrum obtained
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Figure 7.5: CIDNP field dependence and spectra for a radical pair consisting of a trypto- 
phan cation radical and an anionic flavin radical. The black spectrum is the experimental 
spectrum and the red is the simulation, which is scaled to the height of the H2 singlet. 
The hyperfine couplings used are tabulated in Table C.2 [258, 259] and Tables 7.2 and 
C.5 [248].

using the hyperfine couplings from 3-ethyl indole in Figure 7.5(b), show a better 

fit to the experimental spectrum than that obtained using 3-methyl indole. It is 

immediately clear that the polarisation of the H^ protons predicted is closer to 

the experimentally observed value. The ring protons generally have polarisation 

comparable to that observed for 3-methyl indole, due the fact that the hyperfine 

couplings are of similar magnitudes. From the simulations the polarisation of the 

h5 ring proton is incorrectly predicted to be of the opposite phase to that of the 

other ring protons. This antiphase nature may arise from polarisation transfer via J- 

coupling, in that nuclear spins which are strongly coupled may transfer polarisation, 

although contributions from this mechanism are known to be small [249].

Given that transfer of polarisation from NOE transfers and from strong J- 

coupling are small, there are two reasons for the incorrect estimate of the H5 and H7 

polarisation: cancellation effects will be largest due to the small hyperfine coupling
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at the H5 and H7 positions [55]. Secondly, inaccuracies in the calculation of the 

hyperfine coupling constants from the DFT calculations. These may be improved 

by the use of an higher level of theory in these calculations.

7.2.2 Tryptophan Neutral Radical

The reaction mechanism for tryptophan with the triplet state flavin molecule in­ 

volves electron transfer. There is evidence for a proton transfer on a microsecond 

time scale following this transfer [59]. It is therefore worth considering attempts 

to simulate the tryptophan CIDNP spectrum using hyperfine couplings obtained 

from DFT calculations performed on the neutral radical. This species differs from 

the cationic radical in that is lacks the indole NH proton. There will thus be no 

polarisation predicted at that position, unless, when the radicals recombine, the 

tryptophan neutral radical extracts a proton from the N5 position of the protonated 

FMN radical.

The first model for the tryptophan neutral radical is the 3-methyl indole model 

used by O'Malley and Ellson [247]. The hyperfine couplings are given in Table 7.3 

(and in Table C.4 in Appendix C). Using these hyperfine couplings the CIDNP

H2 H4 H5 H6 H7 Wl W1 Nl

0.11 -0.42 - -0.34 -0.06 2.48 2.52 0.41

Table 7.3: Isotropic hyperfine coupling constants for the neutral tryptophan radical, from 
DFT calculations at the B3LYP/EPR-III level of theory on 3-methyl indole [247].

spectrum shown in Figure 7.6 was obtained. As before, the simulated spectrum has 

been scaled to the height of the H2 singlet. It is clear that this model does not 

satisfactorily reproduce the experimental spectrum. The polarisation expected is 

over estimated at the H4 and H^ protons. However, a more reasonable agreement 

is obtained for the H6 and H7 protons. The phase of the polarisation at H5 is still



7.2. Results 198

H4

NH

H2

H7

10 8

1 H 8 (ppm)
6 3.6 3.35 3.1 2.85 

1 H 8 (ppm)

Figure 7.6: CIDNP spectra for a radical pair consisting of a tryptophan neutral radical 
and a neutral flavin radical. The black spectrum is the experimental spectrum and the red 
is the simulation, which is scaled to the height of the H2 singlet. The hyperfine couplings 
used are tabulated in Table C.I [258, 259] and Tables 7.3 and C.4 [247].
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Figure 7.7: CIDNP spectra for a radical pair consisting of a tryptophan neutral radical 
and a neutral flavin radical. The black spectrum is the experimental spectrum and the red 
is the simulation, which is scaled to the height of the H2 singlet. The hyperfine couplings 
used are tabulated in Table C.I [258, 259] and Tables 7.4 and C.4 [248).

predicted incorrectly.

Using the model of Himo and Eriksson [248], that of 3-ethyl indole, does not
result in any significant improvement of the simulations, as is shown in Figure 7.7.
The hyperfine couplings are shown in Table 7.4 (and in Table C.4 in Appendix C).
The polarisation observed at H4, H7 and H? is still overestimated. The phase of

H2 H4 H5 H6 H7 Nl

-0.05 -0.40 0.03 -0.32 -0.08 0.29 1.08 0.25
Table 7.4: Isotropic hyperfine coupling constants for the neutral tryptophan radical, from 
DFT calculations at the PWP86/ILGO-IH level of theory on 3-ethyl indole [248].

H5 also remains incorrect. It can be concluded from these results that the radical 
pair consisting of a neutral tryptophan radical and a neutral flavin radical does not
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Figure 7.8: Comparison of the ionic and neutral radical pairs. The hyperfine couplings 
used were those for 3-ethyl indole [248].

provide the major contribution to the observed spectrum.

7.3 Discussion

From the results presented above, it is clear that a radical pair, predominantly con­ 

sisting of the cationic tryptophan radical and an anionic flavin radical gives rise to 

the observed CIDNP spectrum. Figure 7.8 shows the experimental and simulated 

spectra for the ionic and neutral radical pairs side-by-side for comparison. These 

spectra are simulated for the case of the 3-ethyl indole [248]. Interestingly, a better 

fit to the experimental spectrum can be obtained by constructing a linear combi­ 

nation of simulated spectra: a small contribution from the neutral species is added 

to that from a radical pair containing the cationic tryptophan radical. Since the 

results above indicate that 3-ethyl indole is a better model for the tryptophan radi­ 

cal, the hyperfine couplings from Himo and Eriksson's calculations were used [248]. 

Figure 7.9 shows the best least squares fit of a linear combination of the simulations
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Figure 7.9: Linear combination of the simulated spectra from Figures 7.5(b) and 7.7. 
The determined contributions of the two radicals are 0.8661 from the cationic radical and 
0.1339 from the neutral radical.

from a cationic tryptophan radical and a neutral tryptophan radical, obtained in a 

least-squares sense. Using this approach results in much better agreement with the 

experimental spectrum. There is now only a minor underestimate of the polarisation 

at H4 and H6, with excellent agreement for the H^ protons. H7 is also much closer 

to the experimental spectrum. Agreement for the indole proton is better, however, 

the linewidth of this signal in the experimental spectrum is still greater than for 

the simulation, for the reasons described above. This minor contribution from the 

neutral radical pair is to be expected: if deprotonation of the cationic tryptophan 

radical is slow, the observed polarisation will be small, because of the effects of 

degenerate electron transfer [61].
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7.4 Last thoughts / Conclusions

In spite of the simplistic models used in this Chapter, reasonable agreement with 

the experimental results was obtained. However, more information may be obtained 

using a different experimental approach. In the limit of short laser pulses, so as 

not to accrue significant polarisation transfer via dipolar coupling, the intensity of 

a given signal can be expressed as:

(7.24)

where Ck is the CIDNP build-up rate and ti^^ is the duration of the laser pulse. 

The use of time-resolved CIDNP (tr-CIDNP) in which the polarisation is generated 

using a pulsed laser source (usually either an XeCl excimer laser, or a Nd:YAG 

laser) allows the build-up of nuclear polarisation to be followed with microsecond 

time resolution following the laser pulse [250, 251, 260-262]. In this regime, the 

effects of nuclear spin relaxation during the laser pulse can be neglected, and since 

the electron Zeeman interaction is much larger than the electron-nuclear hyperfine 

coupling, the CIDNP build-up rate is directly proportional to the hyperfine coupling.

Ck oc ak => Ik oc ak (7.25)

Measurement of this CIDNP build-up rate would allow the extraction of the hyper­ 

fine couplings, and given the approximations of the relevant diffusion model used, 

allow the identity of the participating radical to be determined. This approach 

also allows an indirect method for determining both the magnitude and sign of the 

hyperfine couplings in the free tryptophan radical in solution.

A more accurate approach to the simulation of the CIDNP spectrum, is to per­ 

form a full density operator calculation, which takes into account the evolution of
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the correlated electron spins in the radical pair, the evolution of the nuclear spins 

following the recombination of the radical pair, and the subsequent RF pulse and 

detection. This style of calculation would still evaluate Equation 7.1, however, the 

spin evolution would be calculated using the Stochastic Liouville Equation [42]:

= (-1L - F) (<?(*) - <7(0)) (7.26)
dt

.*.

where <j(t) is a vector in Liouville space corresponding to the density matrix and L 

is the spin superoperator, calculated from the full spin Hamiltonian in the following 

manner:
,*.

r _ W"rv>ii _ 1 <c>\ fj (7 O7"\

where <g> is the direct product. The Hamiltonian can be constructed in such a way as 

to include the effects of polarisation transfer by strong J-coupling. F is the relaxation 

superoperator, and describes both the electron and nuclear spin relaxation processes 

occurring in the system. It is in this term that processes which are responsible for 

cross polarisation by dipolar couplings would be included.

The probability of the radical pair being in a singlet state at time t is then given 

by the trace of the density vector, obtained from solving Equation 7.26 for a(t), 

with a suitable singlet projection operator <SX :

(7.28)

This is then combined with Equation 7.1, and can be used to calculate the observed 

polarisation at a given nucleus.



Chapter 8

NMR Characterisation of the 

Homologous 4K Peptide Series

To obtain a complete understanding of the protein folding process and its impli­ 

cations, it is important to know the three dimensional folds, that is the tertiary 

(and quaternary) structures of proteins. Classically, this has been performed by 

X-ray crystallography. Protein structure determination in the solution state is prin­ 

cipally performed by fitting the known primary structure of the protein to a set of 

experimentally derived NMR constraints using restricted molecular dynamics sim­ 

ulations [74]. These constraints are typically of two types: distance constraints, 

obtained from nuclear Overhauser effects observed in NOESY1 spectroscopy; and 

torsion angle constraints, principally obtained from scalar coupling data. Observable 

distances between protons are usually limited to around 5 A since the magnitude of 

the NOE decays with increasing separation of the protons as r~6 . The use of chem­ 

ically pumped 19F NOEs may extend this range to approximately 8 A [65]. Further 

constraints can be obtained from residual dipolar couplings by weakly aligning the 

protein molecules within the magnetic field of the NMR spectrometer. This weak

1 Nuclear Overhauser Effect SpectroscopY
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alignment reintroduces part of the dipolar interaction between the EN and NH nu­ 

clei of the amide bond and allows the orientation of the NH bond vector, relative to 

the alignment tensor of the protein, to be obtained [263].

Recently, the use of site-directed spin-labelling has allowed paramagnetic probes, 

usually stable nitroxide radicals, to be attached to proteins [264]. These probes 

have found a wide variety of uses, both in EPR and in NMR studies of proteins. 

The influence of the paramagnetic centre on the NMR spectrum allows information 

about a range of protein interactions to be obtained, for example protein-ligand 

interactions [265], domain-domain docking [266]. Spin labels have been used in the 

study of membrane proteins where the depth and angle of insertion of the protein 

into the membrane can be determined [267].

Information about the spin label environment is also available from EPR stud­ 

ies, via changes in the g and hyperfine tensors. Using pairs of spin labels allows 

the distance between the paramagnetic centres to be measured, using the so-called 

DEER2 experiment. This experiment involves creating an electron spin echo in such 

a manner that it is modulated by the electron-electron dipolar coupling [268, 269]. 

Analysis of these modulations enables distance information to be obtained [270]. 

There has, however, been little comparison of this pulsed method with traditional 

continuous wave EPR spectroscopy, where the dipolar coupling is manifested as a 

contribution to the spectral linewidth.

A set of peptides, specially designed for the work described in this chapter will be 

used to compare CW-EPR and DEER methods for obtaining the distances between 

the spin labels. To this end, information at atomic resolution on the secondary 

structure adopted by the peptides is necessary. This allows comparison of the dis­ 

tances obtained from the EPR measurements with those expected from the peptide 

secondary structure [271]. This chapter describes the NMR characterisation of a

2Double Electron Electron Resonance
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homologous series of de novo peptides, which will be used in CW-EPR and DEER 

experiments when modified using nitroxide spin labels.

8.1 The Peptides

The series of peptides under investigation in this chapter was designed around a 

poly(alanine) sequence spanning twenty-one residues. Every fifth residue was re­ 

placed with lysine in order to increase the helical propensity of the sequence [272], 

and hence results in the name "4K" to describe the series. In order to provide points 

to attach the spin labels, two of the alanine residues were replaced with cysteines 

at particular locations along the sequence. The variable separation of these cysteine 

residues allows different distances between the spin labels to be obtained. Table 8.1 

gives the primary sequences of the six peptides which comprise this 4K series, along 

with individual names. The chemical structures of the three amino acids compris-

Name_____________Sequence___________

	5 10 15 20 
4K(3,7) AACAK ACAAK AAAAK AAAAK A 
4K(3,11) AACAK AAAAK CAAAK AAAAK A 
4K(3,12) AACAK AAAAK ACAAK AAAAK A 
4K(3,13) AACAK AAAAK AACAK AAAAK A 
4K(3,14) AACAK AAAAK AAACK AAAAK A 
4K(3,18) AACAK AAAAK AAAAK AACAK A

Table 8.1: Names and amino acid sequences for the 4K peptides. The amino acids are 
designated by their single letter codes (A=alanine, C=cysteine, K=lysine).

ing the peptide series are shown in Figure 8.1. The peptides were synthesised by 

Ms. J. E. Banham using standard solid phase Fmoc3 chemistry [273].

3 9-F1 uoreny Imethy loxy carb ony 1
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Alanine Cysteine Lysine

Figure 8.1: Structures of the amino acids alanine (A), cysteine (C) and lysine (K). The 
notation used to identify the side chain positions is shown also.

8.2 Initial Investigation

The 4K peptides were designed to have a strong propensity for the formation of he­ 

lical secondary structure. It is, however, possible to further increase the helicity of 

an amino acid sequence by the addition of a cosolvent such as 2,2,2-trinuoroethanol 

(TFE). The presence of TFE stabilises the helix by interaction with the hydrogen 

bonding network along the peptide backbone [200]. For example, the helical content 

of the protein hen egg white lysozyme is increased by the presence of TFE in con­ 

centrations of 20% (v/v) or greater [149, 150], as shown in Figure 4.20, Chapter 4. 

For the 4K peptides an increase in the helical content is observed on increasing the 

TFE concentration, with a plateau observed above 40% (v/v) [271]. Therefore, all 

spectroscopic measurements were performed in the presence of 50% TFE (v/v), at 

which point no further increase in helicity was observed [271]. This concentration 

is also chosen to be the same as that used in the EPR experiments performed on 

these peptides.

As a first estimation of the secondary structure adopted by the 4K peptides, a 

series of far-UV circular dichroism spectra were recorded, each in 50% TFE (v/v), 

and at a temperature of 4°C so as to be consistent with the NMR data shown later
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Figure 8.2: Far-UV circular dichroism spectra of 100 fjM solutions of the 4K peptides in 
50% TFE (v/v) at 4°C. The spectra were recorded by Ms Janet E. Banham.

in this Chapter. These spectra clearly show a large degree of helical secondary 

structure. This is evident by the strong negative mean residue ellipticity at 205 nm 

and 222 nm, both of which are characteristic of a helix [84]. While each peptide 

gives rise to CD spectra with similar shape, there is, however, some variation across 

the series. This arises principally from inaccuracies in determining the weight of 

peptide used to prepare the samples for circular dichroism.

Following the circular dichroism, the one dimensional NMR spectra of the peptide 

series were assessed. These are shown in Figure 8.3. The spectra were recorded 

under the same conditions as for the circular dichroism measurements, except for an 

increase in sample concentration. The spectra were all referenced to the chemical 

shift of the residual TFE signal, observed at 3.88 ppm. Despite the fact that these 

peptides contain only three distinct types of amino acid residue, and despite the 

repetitive nature of the primary sequence, there is reasonable resolution in the NMR 

spectra. There are also clearly subtle differences between the different peptides 

comprising the series, most noticeably in the amide region, between 7.5 and 9.0 ppm,
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Figure 8.3: ^ NMR spectra of the 4K peptides recorded at 4°C. The samples contained 
5 mM peptide in 50% TFE-d3 (v/v), 50% H2 O.
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and in the Ha region, between 4.0 and 4.5 ppm. These observations indicate that the 

peptides are folded under these conditions and have well-defined secondary structure. 

This is in general agreement with the data obtained from CD spectroscopy, and 

suggests that these peptides will be amenable to further characterisation.

8.3 NMR Characterisation

Following on from the results presented above, this section describes the more de­ 

tailed NMR characterisation of the 4K peptides, first outlining the methodology used 

to obtain the data, and then working through the data collection process, using one 

of the peptides as an example.

8.3.1 Methodology

There are several approaches available to obtain the sequence specific chemical shift 

assignment, and hence structural information, of a peptide or protein [74]. The 

method used in this chapter to gather the ! H assignments loosely follows that pro­ 

posed by Wiithrich in which homonuclear scalar coupling correlations are used in 

conjunction with NOE information to provide connectivities [274, 275]. These as­ 

signments can then be easily extended to the side chains, enabling complete assign­ 

ment of the peptide or protein. The protocol used for the sequential assignment in 

this chapter is broadly as follows:

1. Identify individual amino acid spin systems using (total) correlation spec­ 

troscopy.

2. Obtain sequential connectivities on the basis of backbone NOE analysis.

3. Extend assignments to the complete spin systems, including side chains.
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Once the sequential assignment has been performed, more detailed analysis of the 

NOESY spectra allows secondary (and potentially tertiary) structural information 

to be extracted. These data can then be used in further characterisation of the 

peptide or protein.

For the 4K peptide series investigated in this Chapter, TOCSY4 experiments 

were used to identify the individual amino acid spin systems. These were usu­ 

ally recorded using an isotropic mixing time of 80 ms, employing the MLEVlTc 

scheme [76]. The NOESY experiments used in both sequential assignment and 

structural characterisation were recorded using a mixing period of 150 ms. Both 

experiments employed presaturation of the solvent signal prior to execution of the 

pulse sequence.

All of the NMR spectra presented in this chapter were recorded at 4°C in order 

to increase the intensity of the NOESY cross peaks. As described in Chapter 2 the 

NOESY cross peak intensity is determined principally by the duration of the mixing 

time (rm ) and the rate of cross relaxation between the two interacting spins, given 

by the following expression:

2 4 f fir7 I _ °T
c

where rc is the rotational correlation time, r is the distance between the pair of 

protons experiencing the NOE, and u0 is the proton Larmor frequency. All other 

symbols have their usual meaning. This equation assumes a pure dipole-dipole 

relaxation mechanism [75]. In the slow tumbling limit, i.e. when UO TC > 1, this 

equation simplifies to the following:

-Across
J 7 T<c

407T2r1

4 Total Correlation SpectroscopY
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Therefore, the rate of cross relaxation, and hence the cross peak intensity, depends 

on the rotational correlation time of the peptide or protein under investigation.

For a sphere of hydrodynamic radius m, undergoing isotropic rotational motion 

in a solution of viscosity 77, the rotational correlation time is given by [74]:

<"•»

hence a reduction in the temperature will result in slower tumbling (a longer cor­ 

relation time), and thus in greater cross peak intensity. The spectra presented in 

Figure 8.2 indicate that the 4K peptides are helical, hence are rod-shaped, and 

do not undergo isotropic rotation in solution. This absence of rotational isotropy 

leads to more a complex expression for the rotational correlation time and for the 

cross relaxation rate. However, the general premise is still valid: that a decrease in 

temperature leads to an increase in the effective rotational correlation time.

In the context of peptides and proteins the proton-proton distances, and hence 

the NOEs, are described using the following notation:

(8.4)

which describes the distance between the proton at position A of residue i to the 

proton at position B of residue j. So for example, the NOE arising from the Ha 

proton of residue 10 to the H^ proton of residue 13 is denoted:

(8.5)

By convention, if the residues are sequential (i.e. if j = z + 1) then the indices i and 

j are omitted [274, 275].
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8.3.2 A Worked Example — 4K(3,18)

In order to illustrate the procedures used to obtain the results shown in this Chapter, 

one of the peptides will used as a "worked example". Given the similarity of the 

peptides in the 4K series, the choice of peptide is unimportant; in this case 4K(3,18) 

is used.

Following on from the one dimensional spectrum shown in Figure 8.3, identifi­ 

cation of the individual amino acid spin systems was performed using a TOCSY 

experiment. Figure 8.4 shows the scalar coupling correlations arising from the H^ 

protons along the side chains. The identification of the spin systems is straight­ 

forward given that only three types of residue are present in the 4K(3,18) peptide. 

The sulphydryl group of the cysteine side chain causes the H13 protons to be more 

deshielded compared to those of the alanine residues, and hence they tend to res­ 

onate at lower field, usually in the region 2.6 to 3.4 ppm [74]. Characteristic signals 

from these cysteine H^ protons are observed in region (a) of Figure 8.4. Similarly, 

due to the larger number of protons on the lysine side chains, these residues can be 

clearly identified in the highlighted region (b) of Figure 8.4. This region principally 

contains signals from the H^ to H7 and H*5 correlations. Once the resonances from 

the cysteine and lysine residues in the spectrum have been identified, the remain­ 

der of the signals must, by a process of elimination, correspond to the remaining 

alanine residues. Figure 8.5 shows an enlargement of the region corresponding to 

the Ha *-> RN scalar coupling correlation, with the amino acid type responsible for 

that signal indicated. There are twenty observable cross peaks in this portion of the 

spectrum. The Ha to EN correlation for the N-terminal residue is not observed as 

H^ undergoes rapid exchange with the solvent.

In order to determine the sequence specific assignments for 4K(3,18) the amino 

acid spin systems must be connected together in the correct, i.e. sequence, or­ 

der. With 13 C, 15 N isotopically labelled samples this is best achieved using triple-



8.3. NMR Characterisation 214

\

3.5 3.0
H1 ppm

2.5 2.0 1.5

7.6

7.7

7.8

7.9

8.0 H 
1

8.1
P

8.2

8.3

8.4

8.5

8.6

8.7

m

NFigure 8.4: 600 MHz J H TOCSY spectrum (80 ms mixing time) showing the H^ corre­
lations to Ha, H^ and other side chain protons for the 4K(3,18) peptide. 1024 complex 
points were acquired in the directly detected dimension for each of 256 increments. The 
spectrum was processed with a cosine-squared window function and zero-filled to 2048 
points in each dimension prior to Fourier transformation. The H2 O signal was removed 
by deconvolution with a sine-bell extending over 32 points. The spectrum is referenced to 
the residual TFE signal at 3.88 ppm.
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4.7 4.6 4.5 4.4 4.3 4.2

H1 ppm
4.1 3.9

Figure 8.5: Enlargement of the Ha 
arises from the residual TFE signal.

<-> region of Figure 8.4. The stripe at 3.88 ppm
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4.6 4.5 4.4 4.3 4.2
H1 ppm

4.1 3.9 3.8

Figure 8.6: 600 MHz 1 K NOESY spectrum (150 ms mixing time) showing the W* to 
H* correlations for the 4K(3,18) peptide. 1024 complex points were acquired in the 
directly detected dimension for each of 256 increments. The spectrum was processed with 
a cosine window function and zero-filled to 2048 points in each dimension prior to Fourier 
transformation. The H2 O signal was removed by deconvolution with a sine-bell extending 
over 32 points. The spectrum is referenced to the residual TFE signal at 3.88 ppm. The 
red line indicates the "walk" along the peptide backbone.

resonance techniques such as HNCA, HN(CA)CO and HCA(CO)N. As this is a 

small peptide it should be possible to determine the connectivities using homonu- 

clear, through space techniques, in this case NOESY spectroscopy. Figure 8.6 shows 

the Ha to H* region of a NOESY spectrum recorded under the same conditions 

as for the previous TOCSY experiment, using a mixing time of 150 ms, which was 

found to give the most satisfactory results. Comparison of this spectrum with Fig­ 

ure 8.5 allows the intraresidue NOEs, that is daN (i,i) interactions, to be identified 

as these will appear at the same positions as the resonances in the TOCSY spec­ 

trum. Once this has been performed, sequential NOEs, i.e. daN must be identified. 

This procedure makes it possible to "walk" along the peptide backbone from the
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N-terminus to the C-terminus. The route taken is shown as the red line in Fig­ 

ure 8.6, where each line segment connects the resonances from the daN (i, i) and daN 

interactions. The sequential NOEs are usually straightforward to assign as these 

cross peaks are of comparable intensity to those arising from the intraresidue NOEs. 

Once this connectivity of the amino acid residues has been obtained, the backbone 

assignment is complete.

Following the identification of the Ha and H^ protons, further inspection of 

the TOCSY spectrum allows the assignment of the H^ protons to be made, in 

this way extending the assignment out to the side chains. No attempt was made 

to obtain the stereospecific assignment of the cysteine H^ protons, neither was a 

complete assignment of the lysine side chains performed. The backbone and partial 

H^ chemical shift assignments for 4K(3,18) are given in Table D.6, Appendix D.

The Ha chemical shifts obtained from the above analysis can be used to predict 

the probable types of secondary structure present along the amino acid sequence. 

This is achieved by using the Chemical Shift Index (CSI) [276] and will be discussed 

in more detail in Section 8.4.

Once the sequence specific assignment has been completed it is then possible to 

perform a more detailed analysis of the resonances observed in the NOESY spec­ 

trum; identifying medium range NOE interactions in order to gain structural infor­ 

mation about the peptide. To illustrate this, Figure 8.7 shows slices taken parallel 

to the FI axis from both the TOCSY experiment (Figures 8.4 and 8.5) and from the 

NOESY experiment (Figure 8.6). These slices are taken through the centre of the 

cross peak arising from the Ha <-» RN correlation for Cys 3. The TOCSY experiment 

shows a single resonance arising from the scalar coupling correlation between the Ha 

and H^ protons. The intraresidue NOE (dajv(3,3)) for this cysteine is clearly iden­ 

tifiable, occurring at the same position as in the TOCSY trace. Four further signals 

are also observed in the slice from the NOESY spectrum. The strongest of these
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1 H 5 (ppm)
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Figure 8.7: Slices taken at 4.51 ppm (the Ha position of Cys 3), parallel the FI axes of 
Figures 8.4 and 8.6. The daN (i,j) NOEs are identified on the trace from the NOESY 
spectrum.

corresponds to the sequential NOE daN- The smaller signals, in order of intensity, 

correspond to daN (3, 5), daN (3, 6) and finally daN (3, 7). That is they correspond to 

the NOEs arising from the i —> i + 2, i -* i + 3 and i —> i + 4 NOE interactions. 

This pattern of observed NOEs is consistent with the cysteine residue being part 

of a helix [274, 275]. The same approach to the identification of the medium range 

NOEs is then performed for the complete amino acid sequence. Figure 8.8(a) shows 

the same region of the NOESY spectrum as in Figure 8.6, identifying all NOEs that 

can be attributed to specific interactions. The colour scheme used is that daN (i,i) 

are green, daN (i, i + 1) are red, daN (i, i + 2) are orange, daN (i, i + 3) are light blue 

and daN (i, z + 4) are dark blue. A total of fifty-nine NOEs arising from Htt to H^ can 

be seen in this region of the spectrum. These NOEs are well distributed along the 

amino acid sequence indicating the adoption of a well-defined secondary structure. 

The second set of through-space correlations which are important for structural 

analysis of the peptide backbone are those arising between pairs of amide protons,
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(a) daN (i,j)
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(b) dNN (i,j)

Figure 8.8: Identification of all NOE cross peaks taken from Figure 8.6. The NOEs are 
identified using the following colour scheme: da]y(i,i) are green, dax(i,i + 1) are red, 
daN(i>i + 2) are orange, da]\i(i,i + 3) are light blue and da^(i^i + 4) are dark blue. 
Similarly, dNN (i,i) are green, dNN (i,i + 1) are red and dNN (i,i + 2) are orange.
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that is the dNN (iJ) NOEs [274, 275]. Figure 8.8(b) shows this amide region of 

the NOESY spectrum between 7.3 and 9.0 ppm, using the same colour scheme 

as in Figure 8.8(a). From this spectrum twenty one NOEs have been identified, 

comprising fifteen d,NN interactions and six d,NN (i,i + 2) interactions.

The results of this NOE analysis are presented in Figure 8.10(f). The identi­ 

fication of patterns of NOEs allows structural information to be elucidated, based 

on the expected proton-proton distances in the various types of regular secondary 

structure [274, 275]. The following section presents the results obtained using the 

method described in this section applied to the complete series of 4K peptides.

8.4 Results

The strong sequence identity between the peptides of the 4K series enables the results 

of the chemical shift assignment process to be checked, since there is expected to be 

little difference between the member peptides, except at the cysteine replacement 

sites. The analysis of the chemical shift and NOE data obtained from the NMR 

experiments described above is given below, in terms of Wishart's chemical shift 

index and interpretation of the observable NOE patterns.

8.4.1 Chemical Shift Index

Wishart and coworkers have undertaken an analysis of the chemical shift assign­ 

ments of a large number of proteins and noted that the deviation of the measured 

Ha chemical shift from its random coil value is strongly correlated with the type of 

secondary structure at that position in the sequence [277, 278]. The CSI approach 

functions as follows: Ha protons which are shielded (upfield) compared with the 

random coil position tend to be found in a-helices while those residues in /3-sheets 

tend to have Ha chemical shifts which are found downfield of the random coil po-



8.4. Results ____________________________________ 221

sition. This leads to the concept of the Chemical Shift Index (CSI), which can be 

defined as follows [276]:

dobs ~ $rc (8-6)

If a residue has a CSI more negative than —0.1 ppm, and is surrounded by residues 

with similar values of the CSI, then it is deemed to be part of a helical region of sec­ 

ondary structure. Similarly, a residue with a CSI more positive that +0.1 ppm, and 

surrounded by residues with similar values, is likely to be part of a /5-sheet structure. 

Values intermediate between these two cases, i.e. -0.1 < 6csi < +0.1 ppm, tend to 

arise from residues lacking well-defined secondary structure.

A study by Merutka et al. has found that the Ha chemical shifts are relatively 

unperturbed by the presence of trifluoroethanol, while the H^ protons are signifi­ 

cantly perturbed [200, 279]. This therefore allows the CSI classification technique 

to be used for the analysis of the Ha chemical shift information obtained for the 4K 

peptides.

Figure 8.9 shows the CSI plotted as a function of the amino acid sequence for 

the 4K peptides. The chemical shifts for each peptide in the 4K series are given in 

Appendix D. The random coil chemical shifts used for the calculation of the CSI 

are given in Table 8.2. The chemical shift index clearly provides strong evidence

Residue 6TC (ppm)

Ala 4.35
Cys 4.65
Lys 4.36

Table 8.2: Random coil chemical shifts for the Ha proton of the three amino acids used in 
the 4K peptides [276].

that these peptides are forming helical secondary structure. Across all members 

of the 4K series, residues spanning Cys 3 to Ala 19 all have chemical shift indices
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Figure 8.9: CSI as a function of amino acid sequence for the series of 4K peptides. Chemical 
shift assignments are given in Appendix D and the random coil Ha chemical shifts are given 
in Table 8.2.
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indicative of a helix, in most cases being significantly more negative than -0.1 ppm. 

The cysteine residue closest to the C-terminus of the peptide is clearly identifiable in 

all cases as having the most negative CSI, except in the case of 4K(3,18), where it is 

still clearly seen to have anomalous magnitude. The more neutral values of the CSI 

toward both the N- and C-termini of the peptides may suggest some slight "fraying" 

of the helix in these regions. This is expected since any secondary structure at the 

termini has an incomplete set of hydrogen bonds. At the N-terminus there are no 

hydrogen bonds to the carbonyl oxygen in the early residues. In an ideal a-helix this 

hydrogen bond cannot exist until the fourth residue since the helix is characterised 

by a i — > i + 3 hydrogen bonding pattern. Likewise at the C-terminus the final three 

residues have no partner for the hydrogen bonds in an a-helix.

8.4.2 NOE Analysis

Analysis of the sequential and medium range NOE interactions allows information 

about the nature of the secondary structure adopted to be obtained. These NOE 

interactions are all obtained by analysis of NOESY spectra recorded for the com­ 

plete series of 4K peptides. Figure 8.10 shows the information obtained from these 

experiments. The total number of unambiguously identifiable NOEs for the 4K 

series of peptides is summarised in Table 8.3. This corresponds to an average of

Peptide Number of NOEs
dNN (i,j) Total

4K(3,7)
4K(3,11)
4K(3,12)
4K(3,13)
4K(3,14)
4K(3,18)

44
58
52
54
48
59

33
29
34
34
26
21

77
87
86
88
74
80

Table 8.3: Number of NOEs identified for each of the 4K peptides.
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Figure 8.10: Short and medium range NOE analysis for daN(iJ) and dNN(iJ] for the 
series of 4K peptides. The thickness of the bar for the da^ and djVTv NOEs indicates 
the relative magnitude of the observed resonance, categorised as strong, medium or weak. 
These assignments were performed manually, and in the case of any ambiguity the NOE 

was assigned was made to the weaker category.
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approximately four identifiable backbone interactions per residue of the peptides.

The analysis of these NOEs is generally consistent with the formation of heli­ 

cal secondary structure. Characteristically, observation of a series of daN(i,i + 3) 

NOEs along with strong sequential da^ is indicative of helical secondary structure. 

Supporting evidence is provided by the observation of daN (i, i + 2) and daN (i.i + 4) 

interactions, although these are usually much weaker. In general, these NOEs can be 

observed within each of the peptides. Identification is sometimes hampered by over­ 

lapping signals. This is a particular problem for 4K(3,7) and 4K(3,14), where there 

are regions covering five amino acids that have few unambiguously assigned NOEs. 

Despite this, these results strongly indicate the formation of a series of helices.

Similar to the Ha to H^ interactions, the interactions between the amide protons 

of different amino acid residues can be used to obtain structural information. In the 

case of the helices, the important interactions are d^N and d/vjv(i, i+2). The distance 

between amide protons separated by two residues is similar to the distance between 

the Ha and H^ protons of the same pair of residues. A number of these interactions 

have been found for each of the 4K peptides, further increasing the evidence for the 

formation of helical secondary structure.

Overall, the information gained from the detailed analysis of the NOESY exper­ 

iments performed on the 4K peptides strongly indicates the formation of a helix for 

each of these peptides. This is true, even to the ends of the peptides. Sequential, 

and medium range interactions, indicative of a helix can be clearly identified right 

to the ends of the peptides.

8.5 Last thoughts / Conclusions

The data presented in this chapter are all consistent with the formation of helical 

secondary structure by this series of peptides. Strong evidence for global helicity
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is provided by the circular dichroism spectra (Figure 8.2) and by the interpretation 

of the Ha chemical shifts in terms of the chemical shift index (Figure 8.9). These 

observations are further supported by the observed patterns of backbone NOEs 

obtained from the NOESY spectra (Figure 8.10). The models shown in Figure 8.11 

show the six peptides studied in this chapter in idealised a-helix structures.

Unfortunately, neither the CSI analysis nor the interpretation of the NOE in­ 

formation can accurately reveal which type of helix, i.e. whether 7r-helix, a-helix, 

or 3io-helix, is adopted by the peptides. Recently, Freedberg et al showed that, 

by selective isotopic labelling of the backbone NH and CO at particular residues, 

a slightly modified form of the triple resonance HNCO experiment can be used to 

determine which type of helix is present [280]. This approach utilises coherence 

transfer via the hydrogen bonds present in the helix. Observation of an HNCO 

cross peak for a given pattern of isotope labelling gives directly the type of helix 

formed.

The data presented in this chapter can be used as a starting point for structure 

calculations using information obtained from the NMR experiments as structural 

restraints. The NOE information given in Figure 8.10 can be input as constraints 

in restricted molecular dynamics (MD) calculations. The peptides are then allowed 

to fold in the MD force field subject to these constraints.

Additional constraints on the <f> backbone torsion angle, i.e. the angle of rotation 

about the Ca — N^ bond, can be added to the MD calculations. This angle can 

be obtained from NMR experiments by measuring the three-bond scalar coupling 

between the H^ and Ha protons of a particular residue. The <j> torsion angle is 

related to this coupling constant by the Karplus equation [74, 281]:

= Acos2 (\(f> - 60°|) + Bcos(\(t> - 60° |) + C (8.7)

where A = 6.4, B = -1.4 and C = 1.9 are empirical constants. Commonly, the
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(a) 4K(3,7) (b) 4K(3,H)

(c) 4K(3,12) (d) 4K(3,13)

(e) 4K(3,14) (f) 4K(3,18)

Figure 8.11: Idealised a-he\ix conformations for the 4K peptides. The side chains are 
shown in a fully extended conformation, with lysine shown in blue and cysteine shown in 
yellow. The figures were constructed and drawn using MOLMOL [89].
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scalar coupling is measured using the COSY experiment or a double quantum-filtered 

variant. Unfortunately due to the limited amino acid type in these peptides, the 

chemical shift dispersion in the Ha <-»• H^ region of the spectrum leads to partial 

cancellation of the resonances due to the antiphase doublet nature of the cross peaks 

in the COSY experiment. This limits the accuracy of the measured scalar couplings, 

and hence their validity as structural constraints in the MD calculations.

It is also possible, using NMR methods, to determine how flexible the helix is 

along its length. This is generally performed using NMR relaxation measurements 

of the backbone carbon and nitrogen nuclei. As an initial experiment, a ^C- 1 !! 

HSQC experiment was performed on 4K(3,18), using the 13C at natural abundance, 

to test the possibility of measuring Ti, T% and the "Cj 1 !!} NOE of the carbon nuclei 

at the Ca position. Each of these parameters is sensitive to backbone motions of 

the peptide. Figure 8.12 shows the ^C^H HSQC spectrum of 4K(3,18) recorded at 

natural abundance. Using the Ha chemical shift assignments obtained for 4K(3,18), 

it is possible to transfer some of these to the Ca chemical shifts. From this, seven 

resonances can be clearly identified, three at the N-terminus, and four at the C- 

terminus of the peptide. Unfortunately, due to some resonances having coincident 

Ha chemical shifts and the lack of significant chemical shift dispersion in parts of 

the 13 C dimension, it is not possible to unambiguously assign the Ca of each residue. 

This therefore limits the applicability of measuring 13 C relaxation parameters as a 

probe of the peptide structure and dynamics, except at the termini of the peptide. 

It is possible that isotopic double labelling would introduce sufficient resolution in 

three dimensions ( 1 H/13 C/ 15 N) to enable these experiments to be performed. Cost 

effective synthesis of these peptides, however, precludes this approach.

The results presented in this chapter will be extremely useful in aiding the inter­ 

pretation of EPR experiments performed on spin-labelled variants of these peptides. 

Once molecular dynamics simulations have been performed to determine the struc-
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Figure 8.12: 600 MHz ^C^H HSQC spectrum of 4K(3,18) showing the Ca/W* region. 
The spectrum was recorded using a spectral width of 12 kHz and 1020 complex points in 
the directly detected dimension ( 1 H) and a spectral width of 9 kHz and 64 complex points 
in the indirectly detected dimension ( 13 C). The spectrum was recorded at natural 13 C 
abundance, with 64 transients per t\ increment. Shifted sine-squared window functions 
were used in both dimensions.
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tures, distances obtained from the EPR experiments can be compared to those 

expected from the structures obtained from these NMR experiments.



Appendix A

Product Operator Description of 

the Radical Pair Mechanism

The radical pair mechanism described in Chapter 1 can be recast [55] in terms of 

the product operator formalism [54]:

The triplet |Tb) spin-state of the radical pair can be described by the following 

expression:

|T0 > (To =\E- IZ SZ + {ZQ} X (A.I)

where E is the identity operator, IZ SZ is electron two-spin order and:

{ZQ} X = IxSx + IySy (A.2) 

and {ZQ}y = IySx ~Ix Sy (A.3)

is electronic Zero-Quantum coherence. By analogy, the singlet state is described by:

\S) (S\ = \E- IZ SZ - {ZQ} X (A.4)
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The initial density operator1 of the triplet-born radical pair, ignoring the \T+) and 

|T_) states, can be written in the following form:

= I \T0a) (T0a\ + \ |T0/3> (T0/3|

(A.5)

where a and /3 correspond to the nuclear spin states of a spin-| nucleus coupled 

to electron / with isotropic hyperfme coupling a JR. This density operator is then
,*,

allowed to evolve under the electronic Zeeman Hamiltonian (Hz = (ujl
/*,

and the electron- nuclear hyperfine Hamiltonian

p(0)

(A.6)

1 ,_, r c 
-^ - ̂ z^z

+ {ZQ}X [cos (a;/ -

— 2^ sin (a;/ — 6^5)^ sin(7ra/_Rt)j 

+ {ZQ}y [2RZ cos(a;/ -

+ sin (a;/ — 0^5)^ cos(7ra/#£)] (A.7)

(A.8)

The nuclear polarisation in the recombination products, formed through the

1 The density operator is defined as p(t) — \ip(t)} (^(t)\, where the overbar indictes averaging 
over the ensemble.



Ill

singlet channel, is then given by the trace of p(t) with:

Rz = (\ \Sa) (Sa + \ \S0) (Sp\) R 
\^ ^ /

(A.9)

= ±E-IZ SZ -{ZQ}RZ (A.10)

therefore:

i = Tr[p(t)\S)(S\Rz ] (A.ll) 

oc - sin(o;/— u;s)£sin(7ra/#£) (A. 12)

The polarisation in the escape products, which is equal and opposite in phase to the 

recombination products, is given by the trace of p(t) with \To)(To\Rz .

oc — - sin(u;/ — tU5)tsin(7ra/^) (A. 13)

Clearly, from Equations A. 12 and A. 13 no polarisation is produced if the g-values 

of the two radicals are the same, or if there is no hyperfine coupling. The phase of 

the polarisation, as predicted by Kaptein's sign rules [56], is also evident from the 

signs of A.g and the hyperfine coupling.



Appendix B

Source Code Listings

This Appendix contains Fortran 77 source code listings for the programs used in 

Chapter 7.

B.I Listing of cidnpint.f
program cidnpint

* A program to calculate the CIDNP intensity field dependance.

*
* Options of different kinetic models.
* a = exponential model
* b = t~(-3/2) truncated diffusion model

* c = full t~(-3/2) diffusion model (including exponential term)

*
* Can model 10 spin-1/2 nuclei on each radical (set using maxnuc parameter)

* Can model 5 spin-1 nuclei on each radical (set using maxnucl parameter)

* Calculates polarisation of a selected spin-1/2 nucleus.

*
* NB: Program requires input paameters in Tesla, however, comverts to

* angular frequencies for main calculations.
*
* Compile using:
* g77 cidnpint.f -o cidnpint
*
* IJD
* 20/7/04

* Declaration of variables 

implicit none

integer i, j
integer maxnuc, nucint, nnuc, dnuc, anuc

integer maxnucl, nnucl, dnucl, anucl, nnuct

parameter (maxnuc = 10, maxnucl=5)

double precision mub, hbar, deltag, pi, onuc, g

double precision bOstart, bOend, numbO, bO, bOinc

double precision dhfc(maxnuc), ahfc(maxnuc), hfc(2*maxnuc), p
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double precision dhfcl(maxnucl), ahfcl(maxnucl), hfcl(2*maxnucl)
double precision pattern((2*maxnuc-l)+(2*maxnucl))
double precision hfcmod((2*maxnuc-l)+(2*maxnucl))
double precision ks, alpha
double precision omegaplus, omegaminus

character*! model 
character*6 fname

integer base((2*maxnuc-l)+(2*maxnucl))

* Set loop counters to zero

i = 0 
j = 0

* Zero all arrays

do i=l, maxnuc
dhfc(i) = O.OdO 
ahfc(i) = O.OdO

end do

do i=l, maxnuc1
dhfcl(i) = O.OdO 
ahfcl(i) = O.OdO

end do

do i=l, 2*maxnuc
hfc(i) = O.OdO 

end do

do i=l, 2*maxnucl
hfcl(i) = O.OdO 

end do

do i=l, (2*maxnuc-l)-t-(2*maxnucl) 
pattern(i) = O.OdO 
base(i) = 0

end do

* Zero the polarisation 

p = O.OdO

* Define some constants

pi = 4.0dO * datan(l.OdO)
mub = 9.427401d-24
hbar = 1.05457d-34
g = 2.0024

* Get parameters from the user

write(6,*)'Enter the output filename'
read *, fname
write(6,*)'Enter the initial field strength'
read *, bOstart
write(6,*)'Enter the final field strength'
read *, bOend
write(6,*)'Enter the number of field points'
read *, numbO
write(6,*)'Enter the difference in g-value (d-a)'
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read *, deltag

write(6,*)'Which kinetic model?'
read *, model
if (model .eq. 'a') then

write(6,*)'Enter the reaction rate constant'
read *, ks 

else if (model .eq. 'b') then
write(6,*)'No model specific parameters to enter' 

else if (model .eq. 'c') then
write(6,*)'Enter diffusion model alpha parameter'
read *, alpha 

end if

write(6,*)'Enter the number of spin-1/2 nuclei on donor'
read *, dnuc
write(6,*)'Enter the number of spin-1/2 nuclei on acceptor'
read *, anuc
write(6,*)'Enter the donor spin-1/2 nucleus of interest'
read *, nucint
write(6,*)

if (dnuc .ne. 0) then
write(6,*)'Enter the hfc for each donor nucleus (ml)'

do i=l, dnuc
read *, dhfc(i) 

end do 
end if

if (anuc .ne. 0) then
write(6,*)'Enter the hfc for each acceptor nucleus (mT)'

do i=l, anuc
read *, ahfc(i) 

end do 
end if

write(6,*)'Enter the number of spin-1 nuclei on donor'
read *, dnucl
write(6,*)'Enter the number of spin-1 nuclei on acceptor'

read *, anucl
write(6,*)

if (dnucl .ne. 0) then
write(6,*)'Enter the hfc for each donor nucleus (mT)'

do i=l, dnucl
read *, dhfcl(i) 

end do 
end if

if (anucl .ne. 0) then
write(6,*)'Enter the hfc for each acceptor nucleus (mT)'

do i=l, anucl
read *, ahfcl(i) 

end do 
end if

write(6,*)

* Calculate some other variables

nnuc = dnuc + anuc 
nnucl = dnucl + anucl
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nnuct = nnuc + nnucl

* Write out a parameters file

open(2, file=fname//'.par')

write(2,100) bOstart, bOend, numbO, deltag, dnuc, 
& anuc, nucint, dnucl, anucl

if (model .eq. 'a') then
write(2,*)'Exponential Model used'
write(2,101) ks 

else if (model .eq. 'b') then
write(2,*)'Truncated Diffusion Model used'
write(2,*)' No model specific parameters needed' 

else if (model .eq. 'c') then
write(2,*)'Full Diffusion Model used'
write(2,102) alpha 

end if

100 format('BO Field Strength start point (T) = ', d!2.5,/,
& 'BO Field Strength end point (T) = ', d!2.5,/,
& 'Number of BO Field points = ', d!2.5,/,
& 'Difference in g-values (d-a) = ', d!2.5,/,
& 'Number of spin-1/2 nuclei on donor = ', i!2,/,
& 'Number of spin-1/2 nuclei on aceptor = ', i!2,/,
& 'Spin-1/2 Nucleus of interest = ', i!2,/,
& 'Number of spin-1 nuclei on donor = ', i!2,/,
& 'Number of spin-1 nuclei on acceptor = ', i!2)

101 format('Reaction Rate constant = ', d!2.5)

102 format('Diffusion model alpha (2m/p) = ', d!2.5)

* Stitch the arrays dhfc and ahfc together into hfc and scale to Tesla units

do i=l, dnuc
hfc(i) = dhfc(i) / 1.0d3 

end do

do i=l, anuc
hfc(i+dnuc) = -ahfc(i) / 1.0d3 

end do

do i=l, dnucl
hfcl(i) = dhfcl(i) / 1.0d3 

end do

do i=l, anucl
hfcKi+dnucl) = -ahfcl(i) / 1.0d3 

end do

* Convert the hyperfine couplings to angular frequency units for use in the

* rest of the calculations.

do i=l, nnuc
hfc(i) = hfc(i) * 2.8dlO * 2.0dO * pi 

end do

do i-1, nnucl
hfcl(i) = hfcl(i) * 2.8dlO * 2.0dO * pi 

end do

* Cut out the spin-1/2 nucleus of interest from the list of hyperfine constants
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do i=l, nnuc - 1
if (i .It. nucint) then

hfcmod(i) = hfc(i) 
else

hfcmod(i) = hfc(i+l) 
end if 

end do

* Add the spin-1 nuclei to the vector of hyperfine couplings

do i=l, nnucl
hfcmod(i+(nnuc-l)) = hfcl(i) 

end do

* Set the right base to use when calculating the array of spin states

do i=l, nnuct-1
pattern(i) = O.OdO 
if (i .It. nnuc) then

base(i) = 2 
else

base(i) = 3 
end if 

end do

* Open an output file

open(3, file=fname//'.dat')

* Start the field loop

do 800 bOinc=l, numbO

if (numbO .eq. 1) then
bO = (bOstart + bOend) / 2.0dO 

else
bO = (bOinc - l.OdO)

& * (bOend - bOstart) / (numbO - l.OdO) 
& + bOstart 

end if

* Zero the polarisation before calculating the main result 

p = O.OdO

* Perform the main calculation.
* Use the spinstates subroutine to generate all the spin-states of the nuclei

do i=0, (((2 ** (nnuc - 1)) * (3 ** nnucl)) - 1)

call spinstates(i, base, nnuct - 1, pattern)

* Dot the spin-state pattern vector with the chopped list of hyperfine coupling

* constants.

call rcdot(pattern, hfcmod, onuc, nnuct - 1)

* Calculate the STO oscillation frequencies
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omegaplus = (deltag * mub * bO) / hbar
+ O.BdO * hfc(nucint) + onuc

omegaminus = (deltag * mub * bO) / hbar
- O.SdO * hfc(nucint) + onuc

* Calculate the polarisation depending on what model was selected
* Exponential model version

if (model .eq. 'a') then

p = p + omegaplus**2.0dO /
it. (ks**2.0dO + 4.0dO * omegaplus**2.0dO)
& - omegaminus**2.0dO /
& (ks**2.0dO + 4.0dO * omegaminus**2.0dO)

* Truncated diffusion model version

else if (model .eq. 'b') then

p = p + dsqrt(dabs(omegaplus)) - dsqrt(dabs(omegaminus))

* Full diffusion model version
* Need to convert oscillation frequencies to Tesla to avoid machine precision
* problems with taking the exponential of a negative big number

else if (model .eq. 'c') then

omegaplus = omegaplus / (2.8dlO * 2.0dO * pi) 
omegaminus = omegaminus / (2.8dlO * 2.Odd * pi)

p = p + (l.OdO - dexp(- alpha * dsqrt(dabs(omegaplus))) * 
& dcos(alpha * dsqrt(dabs(omegaplus)))) 
& - (l.OdO - dexp(- alpha * dsqrt(dabs(omegaminus))) * 
& dcos(alpha * dsqrt(dabs(omegaminus))))

end if 
end do

* Scale the polarisation by 2"(N-1)+3*M
* N is number of spin-1/2 nuclei and M is the number of spin-1

p = p / (2.0dO ** (nnuc - l.OdO) * 3.0dO ** nnucl)

* Write out the data

write(3,*) bO, p

* End the field loop 

800 continue

* Close all open files

close(2) 
close(3)

* End of the main program 

stop
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end

***************************
*
* Subroutines and functions
*
***************************

* Subroutine rcdot
* Calculates the dot product of a row vector with a column vector of the same
* dimension

subroutine rcdot(inl, in2, out, size)

* Declare the subroutine varibles 

integer i, size 

double precision inl(size), in2(size), out

* Zero the output to make sure we don't do something stupid 

out = O.OdO

* Do the dot product

do i=l, size
out = out + (inl(i) * in2(i)) 

end do

* End the subroutine

return 
end

***************************

* Subroutine spinstates
* Generate the spin states from an integer

subroutine spinstates(decnum, base, size, out)

* Declare the subroutine variables 

integer decnum, size, i 

integer temp(size), base(size) 

double precision out(size)

* Reset the output base-number (base = 21+1)

do i=l, size
out(i) = (real(base(i))-1.0dO)/2.0dO

end do

* Set a counter one
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* Assign first element of out to the decimal number 

temp(l) = decnum

* Convert the decimal number to base-b
* Convert into a spinstate (2m+l values)

do while (temp(i) .ge. base(i))
temp(i-H) = temp(i) / base(i) 
temp(i) = temp(i) - (base(i) * temp(i+l)) 
out(i) = (real(base(i))-l)/2.0dO - reaKtemp(i)) 
i = i + 1

end do

out(i) = (real(base(i))-l)/2.0dO - real(temp(i))

* End the subroutine

return 
end

B.2 Listing of spec-sim.f
program specsim

* A program to simulate an NMR spectrum
* Program calculates the FID, then performs an FT to generate the NMR spectrum

* Compile against the f f tw library using the following statement:

* g77 spec-sim.f -o spec-sim -Ifftw -1m
* Program uses generalised FID
* Based on nmr_sym from Peter
* Zero frequency is at the left hand end of the spectrum

* Maximum length of FID defined by maxfid
* Maximum number of multiplets defined by maxmult
*
* Converts x-axis to ppm
*
* IJD
* 31/5/04

* Declaration of Variables 

implicit none 

integer maxfid, maxmult 

parameter (maxfid = 131072, maxmult=20)

double precision pi, sw, dw, at, digres, Iw, t2
double precision timept(maxfid), rfid(maxfid), ifid(maxfid)

double precision nnuc(maxmult), fmult(maxmult), mult(maxmult)

double precision j(maxmult), freqpt(maxfid)
double precision t2relax, jmodu, ccsmodu, scsmodu, sealer

double precision transfreq, carrppm, reffreq

double complex fid(maxfid), spec(maxfid) 

integer i, m, n, np, npf, nmult, plan, strlen

character*! printfid
character*200 fname, filepar, filefid, fileft
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* Declaration of variables for the using with the FFTW library

integer FFTW.FORWARD,FFTW.BACKWARD 
parameter (FFTW_FORWARD=-1,FFTW_BACKWARD=1)

integer FFTW_REAL_TO_COMPLEX,FFTW_COMPLEX_TO_REAL 
parameter (FFTW_REAL_TO_COMPLEX=-1,FFTW_COMPLEX_TO_REAL=1)

integer FFTW.ESTIMATE,FFTW.MEASURE 
parameter (FFTW_ESTIMATE=0,FFTW_MEASURE=1)

integer FFTW_OUT_OF_PLACE,FFTW_IN_PLACE,FFTW_USE_WISDOM
parameter (FFTW_OUT_OF_PLACE=0)
parameter (FFTW_IN_PLACE=8,FFTW_USE_WISDOM=16)

integer FFTW_THREADSAFE 
parameter (FFTW_THREADSAFE=128)

* Declare the used FFTW libraries as external

external fftw_f77_create_plan 
external fftw_f77_one 
external fftw_f77_destroy_plan

* Set loop counters to zero initially

i = 0 
m = 0

* Define some constants

pi = 4.0dO * datan(l.OdO)

* Zero arrays

do i=l, maxfid
rfid(i) = O.OdO
ifid(i) = O.OdO
timept(i) = O.OdO 

end do

do i=l, maxmult
nnuc(i) = O.OdO
fmult(i) = O.OdO
mult(i) = O.OdO
j(i) = O.OdO 

end do

* Get parameters from the user

write(6,*)'Enter the output filename'
read *, fname
write(6,*)'Write out FID?'
read *, printfid
write(6,*)'Scale spectrum'
read *, sealer
write(6,*)
write(6,*)'Enter the spectral width (Hz)'
read *, sw
write(6,*)'Enter the total number of points'
read *, np
write(6,*)'Enter the Fourier number'
read *, npf
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write(6,*)'Enter the transmitter frequency (MHz)'
read *, transfreq
write(6,*)'Enter the carrier position (ppm)'
read *, carrppm
write(6,*)'Enter the resonance linewidth (Hz)'
read *, Iw
write(6,*)
write(6,*)'Enter the number of multiplets'
read *, nmult
write(6,*)

if (nmult .ne. 0) then
write(6,*)'For each multiplet enter the following:' 
write(6,*)'No of Nuclei, Frequency (Hz), Multiplicity, J (Hz)

do i=l, nmult
read *, nnuc(i), fmult(i), mult(i), j(i) 

end do 
end if

* Calculate some other variables

dw = l.OdO / sw
at = np * dw
digres = sw / npf
t2 = l.OdO / (pi * Iw)
reffreq = transfreq / (l.OdO + carrppm * l.Od-6)

* Calculate the array of time points

do i=l, np
timept(i) = ((i - l.OdO) * at) / (np - l.OdO) 

end do

* Write out a parameters file

filepar = fnamed :strlen(fname))//' .par'

open(2, file=filepar)
write(2,100) sw, sealer, np, npf, transfreq, carrppm, dw, at, 

& digres, Iw, t2, nmult

100 format('Spectral Width (Hz) = ', dl2.5,/,
& 'Spectral scaling factor = ', d!2.5,/,
& 'Number of Points = ', i!2,/,
& 'Fourier Number = ', i!2,/,
& 'Dwell Time = ', d!2.5,/,
& 'Transmitter Frequency (MHz) = ', d!2.5,/,
& 'Carrier Position = ', d!2.5,/,
& 'Acquisition Time = ', d!2.5,/,
& 'Digital Resolution = ', d!2.5,/,
& 'Resonance Linewidth = ', d!2.5,/,
& 'T2 relaxation time = ', d!2.5,/,
& 'Number of multiplets = ', i!2)

if (nmult .ne. 0) then 
write(2,*)
write(2,*)'Spin systems' 
write(2,*)
write(2,*)'No of Nuclei, Frequency (Hz), Multiplicity, J (Hz)' 
do i=l, nmult

write(2,101) nnuc(i), fmult(i), int(mult(i)), j(i)
10 1 format(d!2.5, d!2.5, i!2, d!2.5)

end do 
end if
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* Calculate the FID, real and imaginary parts separately

do i=l, nmult
do m=l, np

rfid(m) = rfid(m) + (nnuc(i) *
& ccsmodu(pi, fmult(i), timept(m)) * 
& t2relax(timept(m), t2) * 
& (jmodu(pi, j(i), timept(m))**(mult(i) - l.OdO)))

ifid(m) = ifid(m) + (nnuc(i) *
& scsmodu(pi, fmult(i), timept(m)) * 
& t2relax(timept(m), t2) * 
& (jmodu(pi, j(i), timept(m))**(mult(i) - l.OdO)))

end do 
end do

* Scale the first point of the FID

rfid(l) = O.SdO * rfid(l)
ifid(l) = O.BdO * ifid(l)

* Write out the FID, using alternating real and imaginary points 

filefid = fname(l:strlen(fname))//'.fid'

if (printfid .eq. 'y') then 
open(3, file=filefid) 
do i=l, npf

write(3,*) rfid(i) 
write(3,*) ifid(i) 

end do 
end if

* Combine the real and imaginary parts of the FID into one double complex array
* Zerofilling is done if npf > np

do i=l, npf
fid(i) = cmplx(rfid(i), ifid(i)) 

end do

* Perform the FFT using the fftw library

call fftw_f77_create_plan(plan,npf.FFTW.FORWARD,FFTW.ESTIMATE) 
call fftw_f77_one(plan,fid,spec) 
call fftw_f77_destroy_plan(plan)

* Create a frequency array to use for spectrum x-axis scale

do i=l, npf
freqpt(i) = ((transfreq * 1.0d6) + (sw / 2.0dO)

& - ((i - l.OdO) * sw) / (npf - l.OdO)) / 1.0d6 

end do

* Convert the x-axis into a ppm scale

do i=l, npf
freqpt(i) = ((freqpt(i) - reffreq) / reffreq) * 1.0d6 

end do
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* Write out the real part of the spectrum and the frequency axis 

fileft = fname(l:strlen(fname))//'.ft'

open(4, file=fileft) 
do i=l, npf

write(4,*) freqpt(i), dble(spec(i)) * sealer 
end do

* Close all open files

close(2) 
close(3) 
close(4)

* End of main program

stop 
end

***************************
*
* Subroutines and functions
*
***************************

* Function ccsmodu
* Calculates the Chemical Shift modulation - real part, cosine modulation

double precision function ccsmodu(pi, freq, time)

double precision pi, freq, time

ccsmodu = dcos(2.0dO * pi * freq * time)

return 
end

* Function scsmodu
* Calculates the Chemical Shift modulation - imaginary part, sine modulation

double precision function scsmodu(pi, freq, time)

double precision pi, freq, time

scsmodu = dsin(2.0dO * pi * freq * time)

return 
end

* Function Jmodu
* Calculates the J-modulation, cosine modulation

double precision function jmodu(pi, j, time) 

double precision pi, j, time 

jmodu = dcos(pi * j * time)

return 
end
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* Function T2relax
* Calculates the T2 relaxation decay

double precision function t2relax(time, t2) 

double precision time, t2 

t2relax = dexp(-time/t2)

return 
end

* Function strlen
* Finds the logical length of a string

integer function strlen(st)

integer i

charact er st *(*)

i = len(st)

do while (st(i:i) .eq. ' ')
i = i - 1 

end do

strlen = i

return 
end



Appendix C

Tables of Hyperfine Coupling 

Constants Used in Chapter 7

This Appendix contains tables of g-values and isotropic hyperfine coupling constants 

used in Chapter 7. Hyperfine coupling constants are quoted in mT, and all nitrogen 

atoms are 14 N unless otherwise noted.

C.I Flavin Mononucleotide

C.I.I Neutral Radical

Source ff-value Hl'r H5 H6 8-CH3 N5 N10

[254, 255] 2.0030 - - -0.17 0.24 0.78 0.37 
[282-284] 2.0036 0.390 -0.769 -0.158 0.2675 0.393 0.212

Table C.I: Isotropic hyperfine coupling constants and the isotropic g-value for the neutral 
flavin radical. [254, 255] are from X-band EPR spectra of flavin neutral radicals. [282, 
284] are from EPR, ENDOR and TRIPLE resonance spectroscopy of DNA photolyase. 
[283, 284] are from DFT calculations at the B3LYP/EPR-II level of theory.
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C.I.2 Radical Anion

Source g-value Hl'r H5 H6 8-CH3 N5 N10

[258, 259] 2.0034 - - -0.35 0.40 0.73 0.31

Table C.2: Isotropic hyperfine coupling constants and the isotropic g-value for the anionic 
flavin radical. [258, 259] are from X-band EPR spectra of flavin anion radicals.

C.2 Tyrosine

C.2.1 Neutral Radical

Source ff-value H2 H3 H5 H6 H^

[256] 2.0041 0.15 -0.65 -0.65 0.15 0.77

Table C.3: Isotropic hyperfine coupling constants and the isotropic g-value for the neutral 
tyrosine radical. [256] are from the EPR spectra taken during the photooxidation of 
tyrosine.
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C.3 Tryptophan

C.3.1 Neutral Radical

Source #-value H2 H4 H5 H6 H7 H^l H^2 Nl

[248]
[247]

[244, 284]

-0
0.

2.0028

.05
11

-0
-0
-0

.40 0.03

.42 -

.40 -

-0.
-0.
-0.

32
34
36

-0.
-0.

—

08
06

0.29
2.48
1.36

1.08
2.52
2.83

0.25
0.41
0.40

Table C.4: Isotropic hyperfme coupling constants and the isotropic g-value for the neutral 
tryptophan radical. [248] are from DFT calculations at the PWP86/ILGO-III level of 
theory on 3-ethyl indole. [247] are from DFT calculations at the B3LYP/EPR-III level 
of theory on 3-methyl indole. [244, 284] are from EPR and ENDOR spectroscopy of 
ribonucleotide reductase.

C.3.2 Radical Cation

Source NH (HI) H2 H4 H5 H6 H7 H^l H^2 Nl

[248] 
[247]

-0.34 
-0.52

-0.47 -0.51 0.06 -0.35 -0.21 0.33 0.84 0.25 
-0.49 -0.58 - -0.42 -0.17 2.65 1.22 0.22

Table C.5: Isotropic hyperfine coupling constants for the cationic tryptophan radical. [248] 
are from DFT calculations at the PWP86/ILGO-III level of theory on 3-ethyl indole. [247] 
are from DFT calculations at the B3LYP/EPR-III level of theory on 3-methyl indole.
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1 H Chemical Shift Assignments for

the 4K Peptides

This appendix contains the chemical shift assignments for the 4K peptides char­ 

acterised in Chapter 8. All assignments were performed using a combination of 

TOCSY spectroscopy with a mixing time of 80 ms and NOESY spectroscopy with 

a mixing time of 150 ms, as described in Chapter 8. Complete assignment of the 

lysine side chains and stereospecific assignment of the cysteine H^ protons was not 

performed. All assignments are referenced to the CH2 protons of trifluoroethanol at 

3.88 ppm.



D.I. 4K(3,7) ____________________________________xxi

D.I 4K(3,7)

Number Residue H^ Ha H^ Other

1
2
3
4
5 
6
7 
8
9
10 
11
12
13
14
15 
16
17
18
19
20
21

Ala
Ala
Cys 
Ala
Lys 
Ala
Cys 
Ala
Ala
Lys 
Ala
Ala
Ala
Ala
Lys 
Ala
Ala
Ala
Ala
Lys 
Ala

_ ___

8.60
8.24 
8.56
8.15 
7.70
7.96 
8.07
8.26
8.13 
8.09
8.22
8.26
8.22
8.01 
8.13
8.15
7.90
7.76
7.65 
7.83

4.05
4.34
4.54 
4.12
4.04 
4.17
4.12 
4.09
4.06
4.00 
4.10
4.12
4.05
4.10
4.02 
4.10
4.12
4.15
4.21
4.29 
4.31

1.39
3.09, 2.96 SH: 2.16

1.47

1.50
3.07, 2.91 SH: 2.30

1.48
1.50

1.49
1.51
1.50
1.51

1.49
1.50
1.49
1.47

1.44

Table D.I: X H chemical shift assignments for 4K(3,7)



D.2. 4K(3,11)____________________________________xxii

D.2 4K(3,11)

Number Residue H^ Ea E13 Other

1
2
3
4
5 
6
7
8
9
10 
11 
12
13
14
15 
16
17
18
19
20 
21

Ala
Ala
Cys 
Ala
Lys 
Ala
Ala
Ala
Ala
Lys 
Cys 
Ala
Ala
Ala
Lys 
Ala
Ala
Ala
Ala
Lys 
Ala

_
8.65
8.18 
8.46
8.05 
7.70
7.90
8.15
8.16
8.18 
8.21 
8.31
8.22
8.30
8.12 
8.19
8.06
7.90
7.75
7.66
7.82

4.06
4.33
4.52 
4.17
4.05 
4.14
4.07
4.11
4.05
3.99 
4.11 
4.06
4.14
4.04
4.03 
4.10
4.09
4.15
4.21
4.28 
4.30

1.40
3.06, 2.95 SH: 2.13

1.47

1.47
1.48
1.53
1.49

3.08, 2.88 SH: 2.39 
1.50
1.51
1.51

1.51
1.48
1.48
1.44

1.51

Table D.2: 1 E chemical shift assignments for 4K(3,11)



D.3. 4K(3,12)____________________________________xxiii

D.3 4K(3,12)

Number Residue H^ Ha H^ Other

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Ala
Ala
Cys
Ala
Lys
Ala
Ala
Ala
Ala
Lys
Ala
Cys
Ala
Ala
Lys
Ala
Ala
Ala
Ala
Lys
Ala

_ __

8.65
8.19
8.47
8.04
7.71
7.89
8.12
8.16
8.08
8.16
8.38
8.28
8.16
8.06
8.29
8.09
7.90
7.77
7.67
7.85

4.06
4.33
4.53
4.18
4.05
4.14
4.06
4.13
4.06
4.00
4.05
4.09
4.10
4.11
4.01
4.12
4.10
4.16
4.21
4.29
4.32

1.41
3.06, 2.96 SH: 2.14

1.48

1.48
1.49
1.49
1.49

1.49
3.11, 2.87 SH: 2.57

1.51
1.49

1.51
1.49
1.49
1.49

1.45

Table D.3: X H chemical shift assignments for 4K(3,12)



D.4. 4K(3,13)____________________________________xxiv

D.4 4K(3,13)

Number Residue H^ Ha E? Other

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Ala
Ala
Cys
Ala
Lys
Ala
Ala
Ala
Ala
Lys
Ala
Ala
Cys
Ala
Lys
Ala
Ala
Ala
Ala
Lys
Ala

___

8.66
8.20
8.47
8.06
7.71
7.91
8.10
8.25
8.18
8.09
8.23
8.22
8.25
8.19
8.10
8.00
7.90
7.75
7.69
7.84

4.07
4.33
4.52
4.18
4.06
4.15
4.06
4.11
4.10
3.96
4.14
4.13
4.15
4.08
4.00
4.02
4.11
4.16
4.22
4.30
4.30

1.41
3.06, 2.96 SH: 2.13

1.48

1.48
1.49
1.50
1.51

1.50
1.56

3.12, 2.88 SH: 2.56
1.56

1.50
1.49
1.49
1.48

1.44

Table D.4: J H chemical shift assignments for 4K(3,13)



D.5. 4K(3,14) ___________________________________xxv

D.5 4K(3,14)

Number Residue H^ HQ H^ Other

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Ala
Ala
Cys
Ala
Lys
Ala
Ala
Ala
Ala
Lys
Ala
Ala
Ala
Cys
Lys
Ala
Ala
Ala
Ala
Lys
Ala

_
8.65
8.19
8.47
8.06
7.71
7.92
8.07
8.11
8.12
8.14
8.13
8.21
8.34
8.21
8.18
8.00
7.92
7.76
7.67
7.84

4.06
4.33
4.52
4.18
4.05
4.14
4.07
4.08
4.11
4.05
4.14
4.13
4.06
4.15
4.05
4.00
4.10
4.15
4.22
4.29
4.30

1.40
3.06, 2.96 SH: 2.14

1.48

1.47
1.48
1.50
1.49

1.50
1.50
1.51

3.12, 2.87 SH: 2.56

1.51
1.50
1.48
1.48

1.44

Table D.5: 1 H chemical shift assignments for 4K(3,14)



D.6. 4K(3,18)______________________________________xxvi

D.6 4K(3,18)

Number Residue H^ Ha H^ Other

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21

Ala
Ala
Cys
Ala
Lys
Ala
Ala
Ala
Ala
Lys
Ala
Ala
Ala
Ala
Lys
Ala
Ala
Cys
Ala
Lys
Ala

___

8.64
8.18
8.45
8.04
7.71
7.90
8.10
8.22
8.12
8.08
8.19
8.19
8.23
8.08
8.02
8.00
7.87
7.85
7.80
7.91

4.06
4.32
4.51
4.17
4.04
4.13
4.05
4.10
4.05
4.00
4.11
4.10
4.12
4.07
4.00
4.10
4.15
4.33
4.25
4.31
4.29

1.41
3.07, 2.96 SH: 2.14

1.47

1.48
1.43
1.51
1.51

1.51
1.50
1.50
1.52

1.53
1.53

3.05, 2.94 SH: 2.54
1.47

1.43

Table D.6: X H chemical shift assignments for 4K(3,18)
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