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Abstract

In work described in this thesis the conformational landscape of a recently identified
Bom variant, D76N, was examined with NMR and state of the art molecular dynamics
simulations. The D76N p,m variant was recently identified as the first naturally occurring
amyloidogenic variant of ,m, a 99 residue, seven stranded Ig domain protein. The D76N
variant of B, m causes a hereditary, late onset and fatal systemic amyloid disease. Affected
individuals are heterozygous for the D76N mutation and thus also express wild-type
(WT) Bom in the serum. Co-aggregation of D76N and WT f,m is not observed in
vivo, and D76N amyloidosis follows a distinctive disease progression from the WT f,m
associated disease, Dialysis-Related Amyloidosis, which occurs in patients undergoing
long-term haemodialysis.

This work aims to understand the mechanism by which the single amino acid substi-
tution, D76N, results in a dramatically more aggregation-prone protein while maintaining
the same overall native structure as WT ,m. In this work, the structure, stability and
dynamics of the D76N variant are studied with NMR spectroscopy and a range of comple-
mentary biophysical techniques. The folding intermediates of D76N and WT ,m are also
probed with real-time NMR and circular dichroism spectroscopy, revealing structural, dy-
namic and kinetic insights into the folding intermediates present within the D76N and WT
,m folding pathways and their roles in aggregation. The study of the folding intermedi-
ates demonstrated that the ly-state, which is a known precursor for ,m aggregation, is
not responsible for the rapid aggregation of the D76N variant. Instead, a low-populated
state, unique to D76N, in equilibrium with the native state must be responsible for D76N
aggregation, consistent with the different disease progression associated with D76N. The
NMR and data-guided molecular dynamics simulations presented in this thesis reveal the
effects of the D76N substitution on the conformational landscape of the D76N variant
and detail the structures of the low-populated states in equilibrium with the native state.
Additionally, saturation mutagenesis of position 76 in D76N, carried out with a split-f-
lactamase assay have demonstrated the exquisite specificity for an aspartate residue at

position 76 in the ,m structural ensemble.
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Chapter |

Introduction

. The energy landscape description of protein struc-

ture and dynamics

Proteins are dynamic, metastable entities which sample a range of conformations in solu-
tion where the ensemble of structures that a protein occupies is often exquisitely evolved
to strike a delicate balance between function and stability [I, 2, 3, 4]. In fact, most glob-
ular proteins are marginally stable [5] and the inherent flexibility of globular proteins as
a result of marginal stability confers a strong evolutionary advantage [5, 6].

The energy landscape model of protein structure and dynamics describes the ensem-
ble of structures that a protein visits at equilibrium as a result of thermal fluctuations. The
energy landscape itself is highly multidimensional and contains a complete description of
the thermodynamics (the relative populations of conformational states) and kinetics (the
rates of interconversion between states, based upon the height of the energy barriers
between them) of the system [7, 8].

The schematic in Figure 1.1 shows a mono-dimensional energy landscape as a function
of a single, ‘conformational coordinate’. There are two states ‘A’ and ‘B’ in the energy
landscape which are separated by a high energy barrier. Within each of the states ‘A’ and
‘B’, there are further sub-states separated by much lower energy barriers, which are also
much closer together in terms of the ‘conformational coordinate’ [8]. All of the states

in the energy landscape are accessible through thermal fluctuations at equilibrium.
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Fig. I.1: The energy landscape and protein dynamics.

The mono-dimensional view of the multidimensional energy landscape (green) of a
protein in terms of a ‘conformational coordinate’. There are two Tier O states (A and
B), which have a free energy difference of AGag, which defines their relative
populations (thermodynamics). The rate of interconversion between the two states
(kinetics) is given by the energy barrier between them AG*. Tier | and 2 states
represent the fast-timescale dynamics within each Tier O state. The dashed blue
landscape is an example of how a landscape can change based upon factors such as
ligand binding or mutations, which can alter the relative populations and rate of
interconversion between states. Adapted from [8]

Motions between states ‘A’ and ‘B’ are often referred to as Tier 0 or ‘slow’ motions
and occur on a ps-ms timescale due to the high energy barriers between the states,
which limits the rate of interconversion [7, 8]. Within each Tier 0 state (‘A’ and ‘B’ in
Figure I.1), there are conformational changes which proceed on a ‘fast’ timescale. These
states are referred to as Tier | and 2 states and are separated by much lower energy
barriers, resulting in faster exchange (ns-ps timescale) [8, 9].

Typically Tier 0 dynamics (i.e conversion between ‘A’ and ‘B’ in Figure |.1) correspond

to collective domain motions, while Tier | and 2 transitions involve local flexibility cat-
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egorised by bond vibration, methyl rotation, side chain rotamerisation and loop motion
(Figure 1.2) [7, 8].

While Tier | and 2 sub-states tend to have similar free energies to other substates
within the same Tier O state. The energy differences between two Tier 0 states tend to
be greater. This makes the study of some higher energy Tier O states difficult because
the relative population difference between two states is proportional to the exponential
of the free energy difference between the two states [10]. This can result in a secondary
Tier O state being populated to only a few %. These low-populated states are often
referred to as ‘invisible’ or ‘excited’ states [10, |1, 9, 12] and are often very important in

protein function [9] and in protein dysfunction, leading to disease [10, 8, 13]

Local Flexibility Collective Motion
methyl loop larger domain
rotation motion motions
bond b i : :
vibration side-chain rotamers
fs ps ns TS ms s mins
HDX
—_
CEST
CPMG-RD
—_—
PRE
T, T, Het-NOE T,
RDC

Fig. 1.2: Timescales of protein dynamics.
Protein motions occur on a range of timescales and can be accessed with many different
NMR techniques. Adapted from [8]

The energy landscape of a protein is also highly sensitive to factors such as temper-
ature and other physical changes in conditions such as pH [8, 14, |I5]. Ligand binding
and mutations can also influence the energy landscape which may change the equilibrium
between states and the rate of interconversion between them [8, 16, 17]. These changes,
which may change the population of a certain sub-state can be useful for function, but can

also be detrimental and cause disease. Therefore, structural information about the con-
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formational landscape of a protein, and the structures, populations and kinetics of certain
sub-states within the energy landscape are essential in understanding protein function and

disease.

.2 Probing ‘excited’ states using NMR

There are many experimental techniques able to probe conformational protein dynam-
ics on different timescales. Some techniques can provide atomic resolution of structures
from different states (X-ray crystallography, Cryo-EM) however kinetic data is often lack-
ing with these techniques [8, 18]. Kinetic data can be obtained at low resolution via a
range of methods including fluorescence techniques, spectroscopic techniques (circu-
lar dichroism, raman, infrared). However experimentally, nuclear magnetic resonance
(NMR) spectroscopy can provide both structural and kinetic information at atomic reso-
lution about ‘fast’ (ps-ns) and ‘slow’ (ps-ms) timescales and very slow timescales (minutes)
at atomic resolution [10, 18, I'l, 9, 19, 20, 21, 12, 22, 23]. Chemical exchange saturation
transfer (CEST) [24, 25, 26, 22] experiments and Carr-Purcell-Meiboom-Gill sequence
relaxation-dispersion (CPMG-RD) NMR experiments [27, 28, 9, 29, 30] are particularly
powerful tools for studying ‘invisible’ states in proteins (populations above approximately
0.5% [12]), and are effective on ms (CEST) and ps-ms (CPMG-RD) timescales. Molecular
Dynamics (MD) simulations can provide information on fast timescales, and recently on
slower timescales with through the use of metadynamics [31] and is particularly powerful

in combination with NMR data [32, 33].

.2.1 Chemical exchange saturation transfer

CEST experiments are saturation transfer experiments which can probe resonances be-
longing to a minor ‘invisible’ state, not visible in the NMR spectrum (Figure |.3a). CEST
experiments are carried out by applying saturating continuous wave radiofrequency fields
at a range of offset frequencies, spanning the entire spectrum in uniform increments [12].
In cases where the saturating field interacts with the resonance of the ‘invisible’ state, the
intensity of the major state will be affected by exchange with the saturated minor state,

resulting in a loss of intensity in the major state resonance. This saturation transfer only

4
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works when the rate of exchange is between approximately 50 s*' and 400 s™! [10]. CEST
data are visualised by plotting the ratio between the peak intensity of the unsaturated res-
onance vs the saturated resonance, for a single resonance against the offset frequency
of the saturating field (Figure 1.3b) [10, 12]. From this CEST data, information on the

population (thermodynamics), exchange rates (kinetics) and chemical shift (structure) of

the minor state can be obtained [10, 12].
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Fig. 1.3: Accessing excited states with CEST NMR.

The energy landscape in (a) contains a major ‘ground state’ (G) and an invisible ‘excited
state’ (E). The resonances for the excited state can not be observed in the HSQC
spectrum (b) (black, dashed peak) yet the position of the peak as well as the relative
population and rate of interconversion of the excited state can be determined with
CEST. In the CEST profile (b) the ratio of the saturated peak intensity to unsaturated
peak intensity (I/ly) of the major peak (green) is plotted as a function of the SN
position of the saturation field applied. There is a major decrease in I/l; at the 1SN
position of the major state and a minor decrease in I/l at the '>N position of the minor
peak. Adapted from [10].

1.2.2 Carr-Purcell-Meiboom-Gill sequence relaxation-dispersion

CPMG experiments, like CEST experiments, can provide detailed information about ‘in-
visible’ species present in the conformational energy landscape of a protein. CPMG-RD
experiments are effective on faster timescales [10] than CEST experiments with exchange
rates approximately between 200 s™ to 6000 s' [23] (providing there is a chemical shift
difference between the states) [9, 34, 12]. In the schematic presented in Figure |.4a, the
dominant state ‘A’ is exchanging with a minor state ‘B’, which is not visible in the NMR

spectrum in Figure |.4a. State ‘B’ is invisible because it is only populated to 1% and the
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relative peak intensity of peaks ‘A’ and ‘B’ is proportional to the relative populations of

the two states [34].
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Fig. 1.4: Probing low-populated states with CPMG-RD NMR.

The protein in (a) is exchanging with a low-populated state which is populated to |%.
This state is not visible in the HSQC spectrum (b) as the relative peak intensities are
proportional to the relative populations of the two states (as long as the rate of
exchange is less than the chemical shift difference between the two states and that
there is a chemical shift difference between them). When the refocussing pulses in (c)
are applied, the spin will be refocussed after the time (t). However, if exchange is active
during this period (t) then refocussing will be incomplete, resulting in lower peak
intensities due to line broadening. The dispersion curve (d) is generated by plotting the
peak intensity against the refocussing frequency. Adapted from [34, 10].

In the CPMG-RD experiment in Figure |.4b the effective linewidth (R, ) for each
resonance is measured as a function of the frequency at which ‘refocussing’ pulses are
applied (VCPMG) [34, 9, 10]. If exchange is active during the refocussing period, incom-
plete refocusing will occur, resulting in lower peak intensities (greater R, .« values). As
the frequency of the refocusing pulses in increased (greater YCPMG), the time between

refocusing pulses is shorter; therefore, less incomplete refocussing will occur.
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The R, . is plotted as a function of the VCPMG (Figure |1.4b) to produce a dispersion
curve which can be fitted to appropriate models [35, 36] to extract values for relative
populations, rates of exchange and chemical shift differences between the two states.
The direction of the chemical shift difference between the two states can be obtained
by either the comparison of spectra from HSQC vs HMQC experiments [37] or from

measurement at different fields [38].

1.2.3 Hydrogen exchange experiments

Hydrogen exchange (HX) NMR experiments probe the rate of exchange of hydrogen
atoms in the main chain of protein structure with the surrounding solvent. HX-NMR
experiments provide information on ms and slower protein dynamics [34, 39, 40, 41].
Experimentally, HX experiments are often carried out by introducing a protonated pro-
tein into a deuterated solution and monitoring the corresponding loss of peaks in an
NMR spectrum, such as an 'H-'>N-SOFAST-HMQC, over time (Hydrogen-Deuterium
exchange, HDX). The measured rates of exchange can then be converted into protec-
tion factors (Equation 2.8) which measure the difference in exchange rate of residues in
the context of the protein fold, compared to an unfolded polypeptide chain [34, 39, 40,
41]. Hydrogen exchange can also be measured by monitoring the transfer of 'H magneti-
sation from the solvent to the protein (Hydrogen Magnetisation Exchange, HMX), which
is sensitive to faster timescales than HDX experiments [42, 43, 44, 45, 46]

Hydrogen exchange typically proceeds through two limiting kinetic mechanisms. One
process, known as EX2 is described in Equation |.l and is caused by small, local and

uncooperative fluctuations in the protein structure [34].

kopkch

kops = ——— 1.1
obs kcl + kch ( )

Where kg is the observed rate of exchange. k is rate of protein opening, or
unfolding. k., is the intrinsic rate of exchange and k., is the rate of protein

refolding [34].
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The other limiting kinetic mechanisms, known as EX| (Equation 1.2), is caused by

global unfolding and other large scale, cooperative motions in the protein [34]

kobs = kop ( I -2)

Where k,ps is the observed rate of exchange. k,, is rate of protein opening, or

unfolding [34].

Hydrogen exchange experiments are particularly sensitive to rare states as brief ex-
cursions to a low-populated state, can have profound effects on the rates of exchange
for a residue which is normally protected from exchange in the native state which be-
comes solvent exposed in the excited state. [12]. While HX-NMR experiments have
been used extensively to study protein folding pathways [40, 47, 48, 49, 50, 51, 52, 53,
54, 55, 56, 57], HX-NMR has also been utilised to provide residue level information on
excited states for HIV-| integrase [12, 43], which show that the enzyme may sample the
DNA-bound state, even in the absence of DNA [43]. Hydrogen exchange experiments,
measured by both NMR and mass spectrometry, were used to reveal the excited state
involved in lysozyme associated amyloidosis and the effect of disease associated point

mutations on the energy landscape of the protein [58, 59].

1.2.4 Paramagnetic relaxation enhancement

The presence of a paramagnet, such as MTSL
((1-oxyl-2,2,5,5-tetramethyl-A3-pyrroline-3-methyl) methanethiosulfonate) enhances the
relaxation rate of nearby nuclei (within 35 A) with an r™® distance dependence [60, 10, 61].
The PRE effect is due to the magnetic dipolar interactions between the unpaired electron
on the paramagnet and the atomic nuclei in question [62, 63]. The addition of a param-
agnetic label like MTSL to a protein, usually via a disulphide bond with a cysteine residue
can be used to measure intermolecular and intramolecular PREs (Figure 1.5) [60]. The
PRE effect is measured with NMR through relaxation experiments, if the signal is good

enough, or by HSQC experiments. In both cases, the measurements are carried out in
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the presence and then the absence of the paramagnetic label. The PRE effect will result
in faster relaxation rates or lower peak intensity [60, 10]. The PRE data are useful in
structural calculations, identification of weak, transient interactions and to measure tran-
sient structure in intrinsically disordered proteins [60, 10, 64, 61]. PRE experiments can
provide information on ms timescales [23, 10] so can be effective on timescales which are
not accessible by CPMG-RD and CEST experiments [23, 10, 9]. PRE experiments, are
complimentary to CPMG-RD and CEST as they are also sensitive to very low populations

(1%) [10].

MTSL-"*N "N

Intramolecular Intermolecular

Fig. 1.5: PREs to measure weak, transient states and interactions.

The MTSL spin label will cause faster relaxation rates or lower peak intensity in nearby
residues. Intramolecular PREs are sensitive to the presence of rare conformations in
the protein. The intermolecular PRE scheme is sensitive to weak, transient interactions
between the spin labelled '*N protein with the '*N protein which is observed in the
NMR experiment. Adapted from [34].

1.2.5 Residual dipolar couplings

Residual dipolar couplings (RDCs) between two atoms are dependent on the angle be-
tween the intermolecular bond and the external magnetic field (Figure 1.6) [65, 66, 67].
Usually, in isotropic conditions, molecular tumbling averages RDCs observed in proteins
to zero. However, the introduction of weak alignment, usually through the addition
of alignment media such as filamentous phage, liquid crystalline media or mechanically

strained gels [68] allows direct measurement of the RDC [69, 66].
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Fig. 1.6: RDCs depend on the the angle between the intermolecular bond and the
external magnetic field.

In this schematic the 0 angle is the angle between the HN intermolecular bond and the
external magnetic field for the peptide illustrated as balls and sticks. The atoms are
colour coded where H is white, N is blue, O is red and C is cyan, bonds are shown as
black lines. Adapted from [67].

RDCs contain rich structural and dynamic information [67, 34] over a wide range of
timescales (ps-ms) [23] and are therefore a powerful tool in structural biology. RDCs
have been used for structural calculations [66, 70, 71, 72, 73, 74] and to interpret dy-
namics [75, 76, 77, 78, 79] in proteins. The calculation of structure and dynamics can be
achieved through a variety of methods, typically requiring the definition of an alignment
tensor. Alignment tensors can be predicted from structural properties of the alignment
medium and the protein [80, 81, 82], or via fitting methods based upon the single value
decomposition (SVD) method [83]. These alignment tensor dependent methods become
increasingly complex in cases where many conformational states are present [67]. How-
ever, new tensor-free methods, in combination with replica-averaged molecular dynamics
approaches have been used to generate accurate structural ensembles, by using the di-

rect relationship between the RDCs and the angle between the intermolecular bond and



|.2 Probing ‘excited’ states using NMR

the external magnetic field [67, 33]. The combination of multiple replica simulations and
RDC data has been used successfully to generate structural ensembles which are in good

agreement with the experimental data [78, 79, 67, 33].

1.2.6 Heteronuclear relaxation experiments and protein dynamics

T, and T, heteronuclear relaxation experiments are both able to probe conformational
dynamics on ps-ns timescales, while T, heteronuclear relaxation experiments are also
sensitive to conformational exchange on ps-ms timescales [84, 85, 86, 23]. A schematic
describing how the experiments are carried out is presented in Figure |.7. T, relaxation
experiments measure the loss of magnetisation from the xy plane back to the z axis as a
function of a certain delay period, while T, relaxation experiments measure the loss of
coherence of the magnetisation in the xy plane. In both cases, the data are plotted as the
loss of signal intensity vs the relaxation delay, which is used to measure the relaxation

rate.
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Fig. 1.7: T, and T, relaxation to measure protein dynamics.

In the T, experiment, a 90° pulse is applied (step I), which brings the net magnetisation
into the xy plane. The magnetisation is allowed to precess for time t (step 2) before a
180° refocussing pulse is applied (step 3) and the magnetisation is allowed to precess for
a further time t (step 4). After step 4 the magnetisation is all in the x axis for detection.
In the T, experiment the steps 2-4 are repeated for a set relaxation period. The peak
intensity as a function of different relaxation period durations is plotted and rates are
extracted. In the T, relaxation experiments, a 180° pulse puts the magnetisation into -z
axis (step 1) after time, t (step 2) a 90° pulse is applied (step 3) to bring the
magnetisation into the -x axis for detection. The peak intensity is plotted as a function
of different relaxation times (t) and decay rates are extracted.
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Per-residue T| and T, relaxation rates are used together with heteronuclear-NOE
measurements to calculate order parameters for a protein. The order parameter de-
scribes the degree of flexibility in the bond vector on ps-ns timescales, where a value of
zero would equate to unrestricted flexibility and a value on one would mean the bond
vector is entirely restricted [85, 86, 23, 87]. These relaxation experiments are sensitive
to many effects such as protein-protein interactions [88] and areas of local flexibility [84,

85, 86, 23].

.3 The role of excited states in protein function and

disease

Through the use of the experimental approaches presented in the previous section (Sec-
tion |.2), it is possible to study conformational changes on a wide range of timescales
and to probe the conformational energy landscape of a protein. These experiments can
thus reveal low-populated ‘invisible’ or ‘excited’ states, which exchange with the major,
native state on ps-ms timescales. ‘Excited’ states are often important in protein function
and also in disease. Various examples of the importance of such states are presented in

this section.

1.3.1 SODI excited states

SODI is an antioxidant enzyme which is involved in the amyotrophic neurodegenerative
disease known as amyotrophic lateral sclerosis (ALS) [89]. ALS is a complex disease.
However, SOD | oligomerisation and aggregation is a factor in familial forms of ALS where
20% of cases involve SOD| mutations [89, 90]. Wild-type SODI is also implicated in
sporadic forms of ALS as SOD| has been shown to aggregate and cause toxicity in vitro
and invivo [91, 92, 93, 94, 95]. SOD inclusions are observed in both familial and sporadic
cases of ALS, which suggests that there may be a common pathway or species involved
in both forms of the disease [90, 95, 96].

SODI has an elaborate scheme of post-translational modifications required to reach

the mature functional enzyme, which exists as a homodimer. The 153 residue, imma-



1.3 The role of excited states in protein function and disease

ture, monomeric protein must bind a Cu and Zn ion and form an disulphide bond with
the other monomer in the homodimeric complex to reach the mature form [90, 97,
98] (Figure 1.8). The mature SODI enzyme is highly stable with a melting temperature
between 85-96°C [97, 99] and remains enzymatically active in either 8 M urea or 4M

GdnHCI [97, 100].

Electrostatic
loop

Fig. 1.8: Crystal structure of the mature SOD| homodimer.

The crystal structure of the mature SOD| homodimer (PDB:IHLS5 [101]). Each strand
in the 8-stranded P-barrel is numbered in both monomers. The Zn-loop is red and the
electrostatic loop is blue. The bound Cu (yellow), Zn (magenta) and intermolecular
disulphide bond (cyan) are required for maturity. The non-conserved Cys residues at
positions 85 (green) and 5 (orange) where mutated out in the NMR study described
here [90]. Figure was adapted from [90].

The immature SODI, lacking the bound Cu and Zn ions, and without the intermolec-
ular disulphide bond, remains predominantly monomeric, is aggregation prone [102, 103,
104] and may be important in causing disease, particularly when there are failures in
protein quality control, which contribute to ALS [89]. Extensive NMR studies of the im-
mature SOD| protein, using CEST and CPMG-RD experiments to study various ‘hidden’
states [90] have shown that immature SOD| has a complex free energy landscape. The
immature SOD| protein explores four low-populated states (Figure 1.9). One of these
states involves local folding in the monomeric form of the protein, and the three other

states are all homodimeric species. Two of the dimeric states are dysfunctional arrange-
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ments, possibly linked to oligomerisation and aggregation, whereas one of the dimeric

arrangements resembles the mature homodimeric SOD/| discussed earlier.

Non-native association Mature conformations

Non-native dimer 1 Native dimer

-,
pP~2%,1~2ms P~2%,1~13 ms
Non-native dimer 2 Native helix

Fig. 1.9: The four transiently populated states in the immature SOD| conformational
landscape.

Immature SODI transiently populates two states resembling ‘Mature’ conformations
(Native dimer and Native helix) and two ‘Non-native’ states which form dimeric
structures inconsistent with the mature homodimer. The populations of each state at
equilibrium (p) and the lifetimes (7) are shown. Figure adapted from [90].

CEST experiments were utilised in this work, to identify processes | and Il (Fig-
ure |.10) in the immature SODI landscape. The CEST data for the immature SODI|
enzyme in Figure 1.10 [90] show that some residues (such as Thrl35) display a concen-
tration dependence, which is indicative of oligomerisation. The data for residue Glyé6l,
however, does not display a concentration dependence so is likely to be due to ex-
change with an invisible monomeric species. Analysis of the chemical shift data for the
CEST data showed that chemical shifts for residues in both processes are consistent with
the mature dimer structure [90, 10]. This chemical shift information showed that the
monomeric protein was able to form a dimer-like conformation and that the dimer itself
could pre-form in the immature enzyme, but presumably requires the bound metal ions

and intermolecular disulphide bond to remain in the mature configuration.
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Fig. 1.10: CEST profiles differentiate between to independent SOD| processes.
The CEST profile for process | (native dimerisation) is concentration dependent,
indicative of dimerisation. The CEST profiles for process Il (transient local folding) are
not concentration dependent. Both CEST profiles show a second minimum
corresponding to the invisible state. Adapted from [90].

The immature SODI protein also samples non-native dimeric structures described
in processes lll and IV (Figure 1.9), which were characterised using CPMG-RD exper-
iments [90]. CPMG-RD was used to detect two different exchange processes which
both reported on different non-native dimer formation. These CPMG-RD results pro-
vide insight into the oligomerisation and aggregation pathway for immature SOD|, since
one of the non-native dimers (process |V) is asymmetrical and able to form higher order

oligomers with other dimers (Figure |.11; based on in silico docking experiments) [90].
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Fig. 1.1'1: SODI oligomerisation may proceed via a non-native dimer.
in silico docking experiments suggest that the non-native dimer from process IV may
recruit other dimers for oligomerisation. Figure taken from [90].

Overall, the use of CEST and CPMG-RD studies show that the immature protein sam-
ples conformations which resemble the metal bound, mature SODI| homodimer, even
without the presence of metal ions. However, a consequence of the conformational flex-
ibility required for metal binding and native dimer formation is the exploration of other
potentially aggregation-prone species. Importantly, all of the ‘invisible’ species revealed
by NMR are accessible through thermal fluctuation. These studies provide valuable in-

sight into the conformational landscape of a folded protein and may provide structural
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information required to prevent SOD| aggregation. These studies also show that all of
the low-populated ‘invisible’ states are important, whether it is for correct function or
disease, and that the major population itself does not provide insight into function or
dysfunction of the protein. It is also clear that in the case of SODI, the binding of ligands
(Cu and Zn ions and intermolecular disulphide bonds), can drastically alter the energy
landscape of the protein, and pull the major state into a new energy minimum, which is

highly stable and functional (such as the mature SOD| enzyme).

1.3.2 Functionally important ‘invisible’ states in enzyme energy land-

scapes

‘Invisible’ states can also be important in protein function and CPMG-RD experiments on
a number of enzymes have shown that enzymes often pre-sample functional structures in
order to guide the chemical reaction cycle [9, 8] and have shown that this conformational
change can be the rate limiting step in enzyme catalysis [9, 105].

CPMG-RD experiments carried out on a range of different enzymes [9, 8, 105] such as
E. coli dihydrofolate reductase (DHFR [106]), adenylate kinase [107], HIV protease [108],
cyclophilin A[109], RNAse A[110, Il I]and others [112, |13], have shown that ‘invisible’
conformational states corresponding to functional structures are present. In all of these
studies, two important features are common. The first feature is that even without the
presence of the substrate, the ground state structure exchanges with functional states
observed in the enzymatic cycle [9]. The second feature is that the rate limiting step
of the enzymatic cycle is consistent with the rate of exchange between conformational
states observed with CPMG-RD experiments, indicating that the conformation change
itself is the rate-limiting step [9]. These observations reinforce the notion that low-
populated functional states are present in the energy landscape and are accessible via
thermal fluctuations, even without the ligand present.

The five-state cycle of DHFR [106], presented in Figure |.12 is a case where CPMG-
RD experiments have been used to detail the complex energy landscape for each step in
the cycle which shed light on the observed rates of catalytic turnover and slower than

expected rate of hydride transfer by the enzyme [106].
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E:NADP*THF
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release 200s

E:NADPH:THF
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Fig. 1.12: The dynamic landscape of DHFR catalysis, revealed by CPMG-RD NMR.
Ground states are shown as large structures and their associated excited states are
shown as smaller structures adjacent and coloured to match the major states they
resemble in other steps of the cycle. Measured rate of interconversion measured from
CPMG-RD experiments are shown as black arrows. Measured rate constants from
pre-steady-state enzyme kinetics are shown on red arrows. NADPH and NADP+ are

shown in gold. Substrate and product analogues are shown in magenta. Figure adapted
from [106].

The cycle in Figure 1.12 shows the five step cycle for the catalytic action of DHFR. For
each state in the cycle, CPMG-RD experiments revealed the presence of excited states.
The excited states were consistent with either the previous or next step in the cycle,
or both. The rate of hydride transfer (State 2 to 3) was not limited by the fast hydride
transfer, but rather by the exchange of State 3 with an excited state resembling State 2.
The rate limiting step of the catalytic cycle was limited by the conversion of State 5 to
State I, which occurred on a a timescale consistent with the exchange of State 5 with an
excited state resembling State |, revealed by CPMG-RD.

The examples presented in this section highlight the importance of understanding

invisible states and show how they can be studied in detail through CEST and CPMG-
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RD NMR experiments. These experiments however are not effective when populations
of the excited sates are less than 0.5% [12]. States populated below 0.5% can still be
important in protein function and disease. Fortunately HDX-NMR is able to probe the

effect of these states on hydrogen exchange behaviour of the native state.

1.3.3 Excited states of human lysozyme variants cause amyloidosis

The familial variants of human lysozyme are examples of point mutations which cause
a population shift in the protein conformational ensemble which results in aggregation
and disease [ 14, 115, [16, 117]. There are seven amyloidogenic lysozyme familial vari-
ants which cause systemic amyloidosis involving neuropathy and deposition of lysozyme
amyloid fibrils in the kidneys and other tissues. The known mutations are D76H [| 14],
56T [114], W64R [I15], F571[116], F57I-T70N[116], T7ON-WI112R[I17]and T70N[116]
(T70N is the only non-amyloidogenic mutation) The positions of the amino acid substi-

tutions are shown on the wild-type lysozyme structure in Figure |.13.
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Fig. 1.13: Familial lysozyme mutation sites. The sites of all lysozyme familial
mutations [1 14, 115, 116, I 17] are shown on the structure of WT lysozyme
(PDB:IREX [118]). Residues 67 (red), 64 (green), 56 (blue), 57 (yellow), 70, (magenta)
and |12 (orange) are shown as sticks. Disulphide bonds are also shown as sticks.
Produced with the PyMol molecular graphics system [| 19], which was used to produce
all further protein structure images. Adapted from [120].

HDX-NMR experiments on the amyloidogenic D67H [58, 59] and I56T [59] vari-
ant proteins showed that some regions of the protein ($-domain and C-terminal region,
residues 36-102) undergo local unfolding which results in HDX rates over 10-fold faster
compared to WT in the region. The remainder of the variant protein (the a-domain)
behave the same as the corresponding region in the WT protein, demonstrating that the
observed effect is indeed local. Moreover, the observed local unfolding in the $-domain
and C-terminal region of the variant proteins showed coherent exchange behaviour in
HDX experiments monitored by mass spectrometry, which showed that the entire re-
gion unfolded cooperatively [58, 59]. As a consequence of the observed cooperativity of
the local unfolding process, the entire region will periodically wholly unfold, meaning that
even at very low populations, the partially unfolded state may well be sufficient to initiate

the aggregation of the variants. The rate constant for ‘opening’ in the local unfolding
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1.3 The role of excited states in protein function and disease

event occurs on a timescale 5-10 fold faster than the rate of global unfolding determined
kinetically by stopped flow folding experiments [58, 59, 121].

The region responsible for the local unfolding event also corresponds to the proteolysis-
resistant part of the fibril, suggesting that this area composes the fibril core [122]. Similar
HDX studies on the WT and non-amyloidogenic T70N variant show that the partially
unfolded state is present in the conformational landscape of the WT and T70N proteins.
However, the partially unfolded state is far less populated in WT and T70N than in the
disease variants and is only observable at higher temperatures which presumably make
the energy barrier between the native fold and the partially unfolded state lower, making
the partially unfolded state more accessible [123]. This proposed mechanism of lysozyme
aggregation is depicted in Figure .14 and highlights the importance of lowly-populated

states in aggregation.

& Structural

fluctuations

Native monomer (N) Locally unfolded Amyloid fibrils
monomer (N*)

Fig. 1.14: The proposed mechanism of lysozyme amyloid formation.
The natively folded lysozyme (left) partially unfolds in f-domain and C-terminal region
(residues 36-102) to form a partially unfolded N" state. The locally unfolded portion of
the N state, which is accessed from thermal fluctuations (especially in disease variants)
then forms the lysozyme fibril core. The fibril structure is for illustrative purposes only.
Figure adapted from [13].

There are a number of other proteins other than SOD| and human lysozyme where
aggregation occurs via an excited states accessible through thermal fluctuations from

folded states, under physiological conditions, such as human transthyretin (TTR).
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1.3.4 TTR aggregation proceeds via and excited state

TTR is a 55 kDa homotetrameric retinol binding protein (Figure I.15) which is respon-
sible for various amyloid diseases [124, 125] involving the wild-type protein and many
familial mutants [126]. The homotetrameric protein must dissociate into a monomeric
species in order to aggregate, and a partially unfolded monomeric species, which is in-
visible at physiological pH, is associated with aggregation [127, 128, 129]. Experiments
at low-pH increase the population of the partially unfolded species and increase the ag-
gregation propensity of the protein, strengthening the link between this species and ag-
gregation [127, 128, 129]. This invisible, aggregation prone species has been investigated
with CPMG-RD experiments [124]. These CPMG-RD experiments were carried out on
a monomer-only variant and showed that there was an excited state present at approxi-
mately 3% at equilibrium, which had chemical shift differences localised in the D, A, G, and
H p-strands [124] (Figure 1.15), which also undergoes chemical shift changes at aggrega-
tion promoting, low pH. This excited state was only present to 1% in a non-aggregation
prone variant (T119M) [130, 131, 124]. These TTR studies once again highlight the im-
portance of excited states in protein aggregation and disease and show how single point
mutants can swing the balance of aggregation prone and non-aggregation prone confor-

mations.
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1.4 Amyloid diseases share a common underlying architecture

Fig. 1.15: The crystal structure of human TTR.
The tetrameric structure of human TTR (PDB:1F41 [132]) is shown in grey, with a
single monomer in the complex coloured red. The monomer alone is also shows in red
with the strands labelled.

The protein 3,-microglobulin and dialysis related amyloidosis [133] is another exam-
ple of amyloid disease caused by a globular protein with a complex energy landscape which
includes aggregation-prone states. The first familial variant of f§,-microglobin, D76N,

which causes a hereditary amyloid disease [| 15] is the focus of this thesis.

.4 Amyloid diseases share a common underlying archi-

tecture

As a consequence of the metastability and conformational flexibility of proteins previously
discussed, proteins can misfold to form insoluble, higher-order aggregates. The most
thermally stable, low energy form of protein aggregates is the highly ordered, cross-§
amyloid fold [134, 135]. Amyloid deposition can occur both intracellularly and extracel-
lularly and cause disease [134]. There are more than 40 proteins associated with amyloid
disease, which can cause neurodegenerative and nonneuropathic systemic amyloid dis-
ease [135, 136]. Despite the sequence and structural diversity of amyloid precursor

proteins, all amyloid fibrils share a common underlying architecture which produces a
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characteristic X-ray diffraction pattern, characterised by 10A and and 4.7A reflections
(Figure 1.16a) [137, 138, 134]. Amyloid fibres also share a common morphology when
observed by electron microscopy (EM) (Figure 1.16b) [137, 134]. Amyloid fibrils can also
be identified by their ability to bind the dye Congo Red, producing green birefringence
under polarised light (Figure |.16c,d) [139, 140, 134].

Fig. 1.16: Common hallmarks of amyloid.

The X-ray fibre diffraction patter in (a) shows the 10A and 4.7A reflections of the
cross-f architecture. The negative stain EM image in (b) shows long straight amyloid
fibrils. The images in (c) and (d) show Congo Red staining visualised with a bright-field
light microscope and birefringence by cross-polarised light, respectively. The fibrils
shows here are from wild-type ,m formed at pH 2.5. Figure taken from [134].

Some amyloid fibrils are also able to bind Thioflavin-T (ThT), which is a benzathiole
dye which is routinely used as a fluorescent probe for the presence of amyloid fibrils.
The excitation maximum for ThT shifts from 385 nm to 450 nm when the ThT binds

to amyloid fibres. This shift in excitation maximum is accompanied by a change in the
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I.4 Amyloid diseases share a common underlying architecture

emission maximum from 445 nm to 482 nm [141, 142, 143, 144]. The chemical structure

of ThT is presented in Figure |.17.

Fig. 1.17: The chemical structure of Thioflavin-T.

Monitoring amyloid formation in vitro with molecules such as ThT has led to the
understanding that amyloid formation proceeds via a nucleation dependent mechanism
(Figure 1.18) [134, 135, 145]. Under the nucleation dependent mechanism, spontaneous
fibril growth (de novo) proceeds via an initial lag phase, corresponding to the formation
of nucleation events, which are thermodynamically disfavoured [134]. Nucleation events
are followed by the rapid elongation phase which is thermodynamically favoured. The

addition of fibrillar seeds eliminates the lag phase as the seeds template the elongation

phase [134].
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Fig. 1.18: Nucleation dependent mechanism of amyloid formation in vitro.
The black line shows de novo, spontaneous growth where the nucleus is formed in the
lag phase, before rapid elongation towards the amyloid fibril. The grey dashed line
depicts seeded growth where the lag phase is eliminated. Adapted from [134].
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1.5 p>-microglobin

1.5.1 pr-microglobin and dialysis related amyloidosis

B, microglobulin (f,m) is a component of the major histocompatibility complex class
I (MHC-I) which plays an important role in antigen presentation [146, 147]. A MHC-
| monomer consists of a heavy chain which is non-covalently assembled with a B,m
monomer which serves as the light chain in the MHC-| complex [148]. The physiological
role of the MHC-| complex is to present a set of peptides which represent the cellular
contents, on the surface of the cell [148]. These peptides are presented to T-lymphocytes,
which can detect the presence of foreign’ peptides, which may be indicative of a viral in-
fection inside the presenting cell. If foreign’ peptides are detected, the T-lymphocytes can
recruit other immune cells, such as cytotoxic T-cells to kill the infected cell [149, 148].
The atomic structure of the MHC-| complex including B,m [150] and the crystal struc-
ture of monomeric ,m [151] are presented in Figure I.19 and show that the structure
of the 99 residue, ~12 kDa f3,m is a typical of an immunoglobulin domain with a seven
stranded B-sandwich structure with strands A, B, D and E on one sheet and strands C,
F and G on the other sheet. The presence of a single disulphide bond between C25 and
C80 stabilises the protein and reduction of this disulphide bond destabilises the native

protein [152, 153].
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1.5 B,-microglobin

Fig. 1.19: The structure of the MHC-| complex and monomeric §,m.
The crystal structure of the MHC-1 complex (a) (PDB:3MY] [150]), the heavy chain
(cyan) and the f,m (rainbow) are in complex with a Wilms Tumour | transcription
factor variant (WTI-RIY) peptide (red). The monomeric 3,m crystal structure (b)
(PDB:ILDS [I151]) shows the disulphide bond between C25 and C80 (magenta) and the
proline at position 32 (black). The f,m strands in (b) are labelled and are coloured in
the same way in (a).

Since B,m is non-covalently associated with the MHC-1 complex, dissociation of the
,m protein into the blood serum occurs [154]. In healthy individuals, f;m is cleared from
the serum via the kidneys [154]. However, individuals undergoing long-term hemodialysis
for kidney failure are unable to effectively clear the ,m from the blood serum, resulting
in an increased serum ,m concentration, from an average of 0.16 pM (5 heathy subjects)
to 3.2 pM (1| patients) [154]. The increased serum f,m levels result in the formation of
,m amyloid fibrils, which deposit in bones and joints. The localisation of these amyloid
deposits has been verified through tracking of intravenously administered iodine-131-
labelled B,m by whole body scintigraphy (Figurel.20) [155, 154, 156, 157, 158]. The
deposition of such amyloid fibrils results in pathological bone and joint destruction in the
disorder known as dialysis related amyloidosis (DRA) [154, 159, 160]. However, while

increased serum f3,m levels are observed in DRA patients, the f,m concentration alone is
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not sufficient to cause DRA as increased 3, m levels are observed in many dialysis patients,
who do not display symptoms of DRA [133]. The presence of additional factors must

therefore be important in the formation of f,m amyloid deposition in DRA.

Fig. 1.20: Localisation of ,m amyloid deposits in dialysis related amyloidosis.
Whole body scintigraphy showing the localisation of ,m amyloid deposits through
tracking of intravenously administered iodine-131-labelled f,m. Amyloid deposits can
be detected in the hands and forearms (A), the shoulders (B) and knees (C). There is

uptake in the liver in (B), which is unspecific and not due to amyloid. Figure taken
from [155].

The insufficiency of full-length f,m alone in the formation of ,m amyloid fibres is
mirrored in vitro. At physiological pH, full-length 3,m does not aggregate, however, other
contributory factors [161, 162, 163, 164, 165], such as the presence of copper ions
[166, 167], collagen [168], heparin [169] and post translational modifications (such as the
cleavage of the N-terminal six residues of ,m) [170, 171] result in the formation of $,m
amyloid fibrils.

These in vitro observations, together with extensive studies of the ,m folding pathway
provide insight into the mechanism of ,m aggregation. [172]

Stopped-flow and double-jump refolding experiments [ | 72] have shown that 3, m folds

via a sequential process (Scheme |). In the dead-time of the stopped flow refolding
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experiment the unfolded species transitions into an intermediate known as the |, -state,
this step in the folding pathway is known as the ‘burst phase’. The ||-state next transitions
into the |,-state, this step is detectable in the stopped-flow experiments and is termed
the ‘fast phase’. The |,-state converts into the Native state on a timescale of minutes,
and this ‘slow phase’ was later found to be limited by the isomerisation of Proline-32
from a trans-to-cis configuration. The role of Pro32 in the ‘slow phase’ of ,m refolding
was identified with further double jump and NMR refolding experiments which showed
that substitution of P32 with V32 eliminates the slow folding phase required to form the
native fold [173, 174]. The |,-state is therefore commonly referred to as the I,.-state

(Iy-state).

U I I N (Scheme 1)

burst -1 fast -2 slow

Where U corresponds to the unfolded state, | corresponds to folding intermediates and

N corresponds to the native state.

The |;-state was later shown to be an amyloid precursor in 3,m aggregation by its
ability to elongate both ex vivo [175] and in vitro [176] derived ,m fibrils. The study of
mutants such as P5G and P32G, which have increased |;-state populations, compared to
the WT proteins (approximately 60%, 30% and 5% respectively) showed that the rate of
formation of f,m amyloid-like fibrils is dependent on the population of the I;-state at
equilibrium [177, 176].

The link between the I-state and §,m aggregation was further developed by studies
on the ANG truncation variant, which is found in amyloid deposits of DRA patients [170,
I171]. Refolding studies have shown that the AN6 variant does not exhibit a ‘slow
phase’ [172] and the 'H-'>N HSQC spectrum of AN6 closely resembles that of the I+
state observed during real-time refolding experiments [174, 176, 88]. Finally, the solution
NMR structure of AN6 revealed that the Pro32 residue is indeed in the trans isomer-
siation state [88] and hence AN6 can serve as a structural mimic of the |} state. ThT

fluorescence assays have shown that AN6 readily forms amyloid-like fibrils under physi-
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ological pH, and without the need for external factors in vitro, confirming the | state as

an amyloidogenic precursor [177].
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Fig. 1.21: ANG as a structural mimic of the |;-state.

The 'H-'>N-SOFAST-HMQC of the I+-state (2 minutes after refolding was initiated) and
ANG6 at equilibrium in (a) show how the |;-state and AN6 are structurally similar
(Figure taken from [88]). The NMR solution structure of AN6 (PDB:2XKU [88]) in (b)
shows Pro32 (black) in the trans configuration, confirming that the structure of ANG6 is
indeed trapped in the |;-state.

The presence of AN6 in DRA amyloid deposits begins to explain the importance of
other contributing factors required for DRA to occur. Interestingly, the ability of copper
ions to induce WT B,m aggregation in vitro [166] may be due to the observation that
the copper ions induce proline 32 isomerisation in WT p,m [178, 179, 180]. The role
of copper ions in f,m aggregation is complemented by the correlation of Cu?* levels in
dialysis membranes and the incidence of DRA [166, 181, 182].

Further studies of the AN6 variant have also demonstrated the ability of AN6 to
enhance the ability of WT Hf,m to form amyloid fibrils. Figure 1.22 shows how AN6
forms amyloid fibrils at pH 7.2 (37 °C, 200 rpm) while wild type Human f,m (Hp,m)

and the murine $;m (mfB,m) do not form fibrils under these conditions. However, AN6
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promotes WT Hf,m aggregation as either a |:| ratio or in sub-stoichiometric amounts
1:99 ratio). In contrast, AN6 does not promote mf,m aggregation, in fact, mf3,m inhibits
P »M aggreg 2

ANG6 aggregation (Figure 1.22).
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Fig. 1.22: AN6 enhances WT f,m aggregation propensity in vitro.

The left panel shows the ThT fluorescence if 80 pM AN6 (red), Hp,m (black) and
mp,m (blue) at pH 7.2, 37 °C, 200 rpm. The middle panel shows ThT fluorescence for
40 pM ANG6 (red), 40 HB,m with 40 uM ANG6 (black) and 40 mfB,m with 40 uM ANG6.

The blue inserts show SDS-PAGE analysis of the soluble fraction remaining after
centrifugation of the samples at 14000 x g, 10 min. Figure obtained from [88].

The inhibition of AN6 aggregation by mf;m has been further investigated, resulting in
the identification of a kinetically trapped inhibitory complex, revealed by NMR paramag-
netic relaxation enhancement experiments [34]. Figure 1.23 shows the structure of this

complex and highlights two key residues in mf,m which are crucial for effective inhibition

of AN6 aggregation.
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Fig. 1.23: The inhibitory AN6-mp,m complex.

(top) The lowest-energy calculated structure of the AN6 (red)-mp,m (green) complex
highlighting F56 and W60 in the interface (space fill) (left panel). Interface residues are
coloured blue on AN6 (right) as a space filling model, the key mf3,m residues are
coloured yellow. (Bottom) Aggregation kinetics of 20 pM ANG6 alone pH 6.2 (red), AN6
mixed with a 2-fold molar excess of mp,m (green) or AN6é mixed with a 2-fold molar
excess of FS6E/W60E mfB,m measured using ThT fluorescence. Taken from [34].

Real-time refolding experiments [60] have shown that mp,m does not form amyloid
fibrils because it has a different energy landscape to WT Hp,m (Figure 1.24). NMR
studies showed that a different, partially unfolded state known as the |, state is occupied
to approximately 7%, thus reducing the population of the I state to a negligible level.
These results reinforce the importance of the |y state in fibril formation, and suggest
that strategies to tip, or alter, the folding energy landscape may be used to stop amyloid

formation.
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Folding (hf3,m) Folding (mf,m)

Energy

Fig. 1.24: Theoretical energy landscapes for ,m folding and aggregation.

The protein folding pathways (grey) for Hf;m and mf, m illustrating the increased
population of the non-aggregation prone || state in mp,m and the lower population if
the aggregation prone |t which, prevents mp,m from entering the aggregation landscape
(red) (energy levels of aggregation landscape are for illustration purposes only). Taken
from [60].

The studies of both mf,m and AN6 show the importance of alternate species and
energy landscapes in ,m aggregation and show how subtle changes in the conformation

landscape of a protein can drastically change its aggregation propensity.

1.5.2 D76N f,-microglobin associated systemic amyloid disease

In 2012 a novel, naturally occurring ,m variant was identified as the causative agent of an
hereditary, late-onset, fatal, systemic amyloid disease in a french family [183]. The patients
suffered from “progressive gastrointestinal symptoms and autonomic neuropathy” [183]
which was caused by deposition of D76N ,m amyloid fibrils “in the spleen, liver, heart,
salivary glands, and nerves” [183]. The amyloid deposits were shown to contain exclu-
sively D76N variant ,m and no other common amyloid proteins could be identified by
immunohistochemical staining with monoclonal antibodies. Proteomic analysis of ex vivo
fibrils by 2D gel electrophoresis, and tryptic peptide analysis by mass spectrometry could
not detect any full length or AN6 WT Hf,m nor was any AN6 D76N p,m present. The

affected patients were heterozygous for the WT Hf,m and the D76N variant, they had
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normal kidney function and thus had normal serum p,m levels of 1.35-1.49 mg/L [183].

A comparison of D76N amyloidosis and DRA is shown in Figure 1.25.

Dialysis-Related
Amyloidosis (DRA)

3.2 uM
1 ﬁ
< %2 CNA

Kidney Serum B,m
function concentration
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) W% : AO®
N — | —

0.16 uM

Disease

Systemic
amyloidosis

Fig. 1.25: WT vs D76N disease progression schematic.

A schematic illustrating the contrasting progression of DRA (top) and D76N
amyloidosis (bottom). A comparison of the kidney function between the two diseases
shows how DRA patients (top) have impaired kidney function, whilst WT-D76N $,m
heterozygotes (bottom) have normal kidney function. The impaired kidney function of
DRA patients results in increased serum §;m concentrations (green circles), from an

average of 0.16 pM to 3.2 pM and a small amount of AN6 (,m which has had the
N-terminal 6 residues proteolytically cleaved) (red squares) is enough to trigger
aggregation, resulting in pathological bone destruction in the disorder DRA. There is no
such increase in serum 3;m concentration in D76N heterozygotes who have both WT
HpP,m and D76N (blue triangles) in the serum however no WT Hf,m or AN6 is
observed in the D76N amyloid deposits present in the viscera of affected individuals
suffering from systemic amyloidosis.

The D76N variant was shown to be less stable to GdnHCI denaturation by | 1.3 kj.mol™' [184].
The calculated AG®,, (H,O) of WT Hp,m was 23.8 k|.mol"' whereas the AG®, (H,O)
of D76N was 12.6 kl.mol"!, at 30°C. This is remarkably more destabilised than AN6
(determined by urea denaturation) [177], which has a AAG® , of 3.8 kj.mol"' compared
to WT. However, it is known that thermostability does not correlate with aggregation
propensity [152] as mP,m has a AAG®, of 12.6 kj.mol"!, compared to human WT B,m,

measured by urea denaturation [60], and hence is less stable than the highly amyloido-
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genic D76N, yet does not form amyloid. The instability of D76N has also been measured
by differential scanning calorimetry which indicates that the D76N variant is less stable
to temperature by a similar amount (AG®,, 1.7 kj.mol! at 37 °C) [184] to the value
obtained by GdnHCI denaturation experiments [|84].

Further studies showed that the D76N variant formed amyloid fibrils in vitro at phys-
iological pH (7.4) with 20% (v/v) Tetrafluoroethylene (TFE), in both the presence and
absence of fibrillar seeds, whilst the WT Hf,m did not form amyloid fibrils under these
conditions [183]. Importantly, the presence of heparin, which is a key modulator of WT
HpB,m fibrillogenesis [176, 169] did not affect the rate of D76N fibrillation (the lag time
remained the same) [183], suggestive of a different aggregation mechanism of the two
proteins.

To determine the effect of the D76N substitution on the structure of $,m the crystal
structure was obtained for the D76N [,m variant (Figure 1.26). Analysis of this structure
suggests the presence of two new hydrogen bonds, N76-Y78 and Y78-T73 and analysis
of the B factors for this region show that the EF-loop is more rigid in the D76N variant
than in WT HB,m. In general the structures of the WT and D76N f,m variant are
similar [183]. Further computational analysis has been undertaken to analyse the effect
of the D76N amino acid change on the hydrogen bonding interactions with residue 76

and further networks dependent on the D76 residue [184, 185].
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Fig. 1.26: Crystallographic B-factors for WT and D76N crystal structures.

(A) Shows an overlay of the crystal structures for WT (yellow, PDB:I1LDS [151]) and
D76N (blue,PDB:4FXL [183]) B,m. (B) D76N and (C) WT Hf,m coloured by B-factor,
where blue corresponds to low B-factors and red corresponds to higher B-factors (less

well ordered). D76N B-factors are in the range (8.3 to 32.0 A%) and WT in the range

(1.0 to 45.5 A?).

Computational analysis of hydrogen bonds (H-bonds) involving position 76 in WT and
D76N B,m revealed that D76 in WT Hp,m forms a strong hydrogen bond to N42 which
also forms a hydrogen bond with E77 and that there is a salt bridge between E77 and K94.
There is a weaker set of interactions in WT Hf,m involving D76 and T73, a very weak,
fluctuating H-bond between T73 and the side chain of R97 and a salt bridge between R97
and E16 [184]. According to Mangione et al. [184], all of these interaction appear to be
present but they are all weaker in the D76N variant (except for 76-97 and 97-Asnl7,
which is the same as in WT). Chandrasekaran et al. [185] performed a similar analysis
and postulated that the above interactions are all lost after a 27 ns simulation period
apart from the interaction between N76 and T73. This analysis also suggests that loss of
hydrogen bonding networks in the AB loop and DE loop lead to greater flexibility in these
regions and that the loss of key interactions in the EF loop result in more frustration in

the EF loop of the D76N variant [185].
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Fig. 1.27: Hydrogen bonding networks involving residue 76 in f,m. The residues
involved in the hydrogen bond networks with residue 76 (red) postulated by Mangione
et al. [184] are shown in green for the network involving D76, N42, E77 and the salt
bridge to K94. The blue residues are shown are T73, R97 and E16 (salt bridge between
R97 and El6). (PDB:2XKS, WT Hf,m NMR structure [88]).

Since the |;-state is known to be critically important for 3,m aggregation, the folding
pathway of D76N was investigated with GdnHCl/refolding experiments [184]. These ex-
periments showed that the D76N variant follows a similar folding pathways to WT Hp,m,
with an initial fast phase followed by a slow phase corresponding to the isomerisation of
Pro32 [184]. From these results, the authors [184] postulate that the D76N variant
populates the partially folded | state to approximately 25% at equilibrium, in contrast to
approximately 5% for WT Hf,m [184], possibly explaining the increased amyloidogenicity
of the D76N variant.

Independent in silico studies of the D76N |-state [186, 187] have both suggested
that the D76N |-state is structurally different to the WT I-state and that these dif-
ferences drive the aggregation of D76N. Molecular dynamics simulations by Chong et

al. [186] proposed that the D76N |-state has a larger solvent exposed surface area, a
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more disordered D-strand and a larger solvation free energy, all of which contribute to
the enhanced aggregation propensity of D76N, the structural model of the I;-state used
in these studies in presented in Figure 1.28b.

Rui et al. [187] suggested that D76N formed two different I-state structures, the first
of which was the same as the WT I;-state, however the second |;-state was unique to
D76N and had unfolded N-terminal and C-terminal regions. According to in silico docking
experiments carried out with the |;-state structures, the second D76N I;-state was more
prone to oligomerisation. The two D76N |;-state models from these simulations are

shown in Figure 1.28c,d.
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Fig. 1.28: Simulated structures of the D76N I;-state.
The simulated D76N I;-state structures from Chong et al. [186] in b and from Rui et

al. [187] in c and d, compared to the D76N N-state structure in a. Adapted from [186,
187].
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1.5 B,-microglobin

The observation that D76N and WT Hf,m did not appear to co-aggregate in patients
[183] has been further investigated [184, 188]. Mangione et al. have shown that D76N
and WT Hf,m co-aggregate in vitro, however, in the conditions used, D76N disappears
from solution into the insoluble fibril fraction first, followed by addition of WT Hf,m to
the D76N fibrils [184]. The observed addition of WT Hf,m to D76N fibrils can be in-
hibited by the presence of the chaperone a-crystallin [184, 188]. Further investigation of
the co-aggregation of WT HB,m and D76N, followed by FTIR spectroscopy showed that
in an equimolar mixture of WT Hf3,m and D76N, D76N becomes entirely fibrillar before
WT Hp,m begins to form fibrils [188]. The chaperone a-crystallin prevents WT HfB,m
elongation of D76N fibrils by directly binding to the D76N fibrils (visualised with AFM
imaging) and thus blocking the binding of WT Hf,m to D76N fibrils [188]. Chaperones
may therefore be responsible for the lack of co-aggregation observed in heterozygotic
D76N amyloidosis patients.

Despite the reduced stability and increased amyloid propensity of the D76N f3,m vari-
ant, the protein evades cellular quality control mechanisms and is successfully expressed
and secreted from cells. This can be explained by the ability of the MHC-I to stabilise
D76N p,m, protect it from cleavage by proteases and therefore facilitate its transport
to the cell surface, where it is free to dissociate from the MHC-| complex and form
extracellular aggregates [188].

In summary, while it is clear that D76N is less stable and indeed more amyloidogenic
than WT Hf,m, there is not a molecular understanding about how a single amino acid
substitution of a solvent exposed residue leads to this increased ability of the protein to
form amyloid fibrils. It has been postulated that D76N occupies the |1 state, however
there has yet to be a direct visualisation of this folded intermediate or any experimental
comparison of how the structure of this intermediate compares with the | state of WT
HpB,m. D76N pathology also progresses in a manner which is different to the pathology
associated with the WT protein. The study of the D76N variant could give vital clues
as to the origin of amyloidogenicity in folded proteins and why this particular mutation,

which is the only ,m variant found in humans, causes amyloid disease.
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.6 Aims and scope

The D76N p,m variant is the first familial variant and at the time of writing, the only
familial variant of B,m identified. This single amino acid substitution, in a 100% solvent-
exposed site results in a radically different disease progression in patients heterozygous
for the mutation. The D76N related disease progression results in a late-onset, systemic
and fatal amyloid disease with visceral amyloid deposits rather than the deposition of
amyloid in the bones and joints, associated with the WT p,m associated disease, DRA.
The ex vivo D76N amyloid deposits also contained no WT ,m or AN6 protein. This
D76N variant was, therefore, an exciting opportunity to study the effect of the amino
acid substitution on the energy landscape of the protein and to understand how it can
cause aggregation and an alternate disease progression.

The D76N variant raises questions about the role of the I-state in D76N aggregation:
Is there a greater population of I-state at equilibrium? Is the D76N |;-state different?

There are further question about the D76N variant regarding the mutation site: How
important is the identity of residue 76 and is there something specific about the N76
residue important for aggregation!?

Further questions arose during the course of the studies presented here regarding
the conformational dynamics of D76N: Is there an I-state independent excited state
involved in aggregation? What is the nature of this state?

Studies of D76N are described in this thesis with the following chapters:

Chapter I: Introduction.
An introduction to concepts surrounding energy landscapes and excited states.
Techniques to study such states and how these states are important in function

and aggregation.

Chapter 2: Materials and methods.

A presentation of all experimental details used in the experiments in Chapters 3-5

Chapter 3: Global properties and native structure of D76N f,m.
The effect of the D76N substitution on the structure and stability of B,m was in-

vestigated with NMR and biophysical methods. The aggregation propensity of the
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D76N variant was compared to the Iy-state mimic (AN6) and the population of
I+-state at equilibrium for D76N was probed. The effect of saturation mutagenesis
at position 76 in Bym was also studied in terms of stability and aggregation. The
results showed that while D76N is destabilised, the native structure remains un-
perturbed. The results also showed that D76N aggregated faster than AN6 and
that an increased I-state population for D76N could not be detected. It was also

found that position 76 is critically important in stability and aggregation of f,m.

Chapter 4: Probing the D76N I;-state with real time refolding experiments.
In this chapter the refolding of D76N and other position 76 variants was compared
to WT and showed that the refolding pathway was largely unaffected by the muta-
tion. The D76N I;-state was visualised by NMR and remains the same as the WT
It-state. The generation of a AN6-D76N variant showed that the D76N |;-state
aggregates at the same rate as the WT I-state and more slowly than full length

D76N.

Chapter 5: Conformational dynamics of D76N.
In this chapter the conformational dynamics of D76N was probed through a vari-
ety of NMR methods and showed subtle differences with WT f,m. Data-guided
metadynamic-metainference molecular dynamics (MM-MD) simulations were per-
formed and showed that D76N occupies a range of conformational substates, which
resemble both the crystal structures of MHC-bound D76N and monomeric D76 N

which have some key differences in the AB loop and D-strand.

Chapter 6: Summary and conclusions.
This chapter summarises the results in Chapters 3-5 and contrasts the findings on

D76N aggregation from this thesis with the current paradigms for §,m aggregation.
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Chapter 2

Materials and methods

2.1 Chemicals

All chemicals were purchased from Sigma-Aldrich (Dorset, UK), unless specified other-
wise. '°N labelled ammonium chloride and uniformly labelled '3C glucose for isotopic
labelling of proteins for NMR experiments was purchased from Cambridge Isotope Lab-
oratories (Massachusetts, USA).

2.1.1 E.coli bacterial strains

The following strains of Escherichia coli were used:

* DH5a (Invitrogen), Genotype: F- $80lacZAMI5 A(lacZYA-argF)U 169 recAl endAl
hsdR17(rk-, mk+) phoA supE44 thi-1 gyrA96 relAl A-

» BL2I| [DE3], Genotype: E.coli B F- dcm ompT hsdS(rB™ mB™) gal A(DE3)

* BL2| [DE3] pLysS, Genotype: E.coli B F- decm ompT hsdS(rB™ mB") gal A(DE3)
[pLysS Camr]

DH5a cells were used for molecular biology applications, BL2| [DE3] cells were used
in the split-p-lactamase assay and BL2| [DE3] pLysS cells were used for protein expres-

sion.
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2.2 Molecular biology

2.2.1 Site-directed mutagenesis

Site directed mutagenesis was carried out using a Q5 Site-Directed Mutagenesis Kit
(New England Biolabs) to introduce point mutations into both the expression plasmid
(Figure 2.1) and the tripartite fusion construct used for the split-p-lactamase assay (Fig-

ure 2.5). The primers used for the Q5 mutagenesis are listed in Table 2.1

Table 2.1: Primers used for site-directed mutagenesis of expression constructs and tripar-
tite fusion constructs required for the split-p-lactamase assay. The same reverse primer
was used for all reactions. Purchased from Eurofins Genomics. The codon for residue
76 is shown in lower case.

Mutant Primer

D76E-Forward | CACTGAAAAAgaaGAGTATGCCTG
D76K-Forward | CACTGAAAAA2aaGAGTATGCCTG
D76R-Forward | CACTGAAAAAcgcGAGTATGCCTGCCGTG
D76H-Forward | CACTGAAAAAcatGAGTATGCCTG
D76S-Forward | CACTGAAAAAagcGAGTATGCCTGCC
D76T-Forward | CACTGAAAAAaccGAGTATGCCTGCC
D76C-Forward | CACTGAAAAAtgcGAGTATGCCTGCCG
D76Y-Forward | CACTGAAAAAtatGAGTATGCCTG
D76N-Forward | CACTGAAAAAaacGAGTATGCCTG
D76Q-Forward | CACTGAAAAAcagGAGTATGCCTGC
D76G-Forward | CACTGAAAAAggcGAGTATGCCTGC
D76A-Forward | CACTGAAAAAgcgGAGTATGCCTGC
D76V-Forward | CACTGAAAAAgtgGAGTATGCCTGC
D76L-Forward | CACTGAAAAAattGAGTATGCCTGCCGTG
D76l-Forward | CACTGAAAAAattGAGTATGCCTGC
D76M-Forward | CACTGAAAAAatgGAGTATGCCTGCCGTG
D76F-Forward | CACTGAAAAAtttGAGTATGCCTGC
D76W-Forward | CACTGAAAAAtggGAGTATGCCTGCG
D76P-Forward | CACTGAAAAAccgGAGTATGCCTGCCGTG
D76X-Reverse | GGGGTGAATTCAGTGTAG

DNA sequencing (GENEWIZ) was performed to verify the site-directed mutagene-

sis reaction was successful and that the correct mutation was introduced. The plasmid
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2.3 Protein preparation and general protein analysis

DNA was then isolated from fresh overnight cultures transformed with the correct plas-
mid using the Wizard Plus SV DNA miniprep kit, used according to the manufacturer’s

instructions. The plasmids were then stored at -80°C.

2.3 Protein preparation and general protein analysis

2.3.1 Expression plasmid

The D76N B, m variant was over-expressed in BL2| [DE3] pLysS cells containing a pET-
23a plasmid encoding the D76N ,m gene, mutated from WT ,m gene (Figure 2.1) with
site directed mutagenesis (Methods 2.2.1). Expression plasmids for D76E and D76A were
also made using site-directed mutagenesis (Methods 2.2.1). AN6 was overexpressed
with a similar plasmid (Provided by Dr Theodoros Karamanos) containing the AN6 gene
rather than the full length 3,m gene, this plasmid was used to generate the AN6-D76N
expression plasmid, using site-directed mutagenesis (Methods 2.2.1). All primers used

are presented in Table 2.1.
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Fig. 2.1: The pINK plasmid, containing the WT f,m gene.
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The pINK plasmid [189] (a), containing the WT p,m gene which has been cloned into

the Ndel/Hindlll restriction sites of a pET23a plasmid. The plasmid for both was used

for site directed mutagenesis to make D76 mutants. The AN6 expression construct is
the same, but contains the AN6 gene rather than the full length ,m gene. The plasmid

contains a Ampicillin resistance selection marker, and expression of f,m is under the

control of the T7 promoter. The sequence of WT §, is shown in (b).
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2.3 Protein preparation and general protein analysis

2.3.2 Bacterial culture media

LB media (Melford) was used for growth of unlabelled (‘*N, '2C) protein. 25 g of gran-
ulated LB was used per litre of culture, each 25 g of LB contained 10 g bacto-tryptone,
5 g yeast extract and 10 g NaCl. HCDMI minimal media was used for the growth of
isotopically labelled protein. HCDMI media was made by dissolving the components in
Table 2.2 up to | L in H,O, followed by the addition of the components in Table 2.3. Af-
ter autoclaving at 120°C at |5 p.s.i. for 20 min, the appropriate filter sterilised antibiotics
were then added after media had cooled to room temperature.

Table 2.2: Components made up to | L to make HCDMI media prior to autoclaving. (*:
isotopically labelled as appropriate).

K,HPO, | 10g
KH,PO, | 10g
Na,HPO, | 7.5 ¢
K,SO, |9g
*NH,Cl | Ig

Table 2.3: Components added to | L HCDMI media after autoclaving. (*: isotopically
labelled as appropriate)

I M MgCl, 2mL
| M CaCl, (autoclaved) | 100 pL
*20% (wlv) glucose 20 mL

2.3.3 Expression and purification

Starter cultures were inoculated from glycerol stocks of BL2| [DE3] plysS E. coli cells car-
rying the D76N, WT or AN6 ,m plasmid into 100 ml LB supplemented with 50 pg/mL
carbenicillin and 50 pg/mL chloramphenicol. The starter cultures were incubated overnight
with aeration (200 rpm, 37°C).

Large scale cultures were set up (I L in 2 L flasks for '*N, 500 ml in 2 L for '°N) with
50 pg/mL carbenicillin and inoculated with 5 mL starter culture. Cultures were incubated

(200 rpm, 37°C) to an ODy, of 0.6, followed by induction of protein expression with
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Materials and methods

| mM isopropyl $-D-|-thiogalactopyranoside (IPTG). Cultures were incubated overnight
(200 rpm, 37°C).

Cells were harvested the following morning (16 hrs post-induction) by centrifugation
at 15000 rpm, 20 min (Heroaus continual action centrifuge). The lysis of the cell pellet
was initiated by the addition of 200 mL lysis buffer (100 pg/ml hen egg white lysozyme,
20 pg/ml DNAse |, 50 pg/ml phenylmethanesulfonyl fluoride (PMSF) and | mM EDTA in
25 mM Tris.HCI pH 8.0). After incubation at room temperature for 30 min, cells were
further lysed with a constant cell disrupter system (Constant systems) at 30 kp.s.i.

The cell lysate was centrifuged at 15000 rpm for 30 min at 4 °C (Beckman JLA 16.250
rotor). The cell pellet containing the inclusion bodies was washed with 25 mM Tris.HCI
pH 8.0, three or more times (by re-suspending, centrifuging, discarding supernatant and
repeating as above), until the supernatant was clear and there was no dark ‘slimy’ material
remaining in the pellet. The pellet was solubilised in 25 mM Tris.HCI pH 8.0 containing
8 M urea and incubated with gentle stirring overnight at room temperature, followed by
centrifugation (as above) for | hr. The protein was then refolded by dialysis in 3500 Da
molecular weight cut off (MWCO) dialysis tubing (Snakeskin Dialysis Tubing, Thermo
Scientific) in 5 L 25 mM Tris.HCI pH 8.0, 4 °C which was changed 5 times after a 3 hour
equilibration period per change.

Refolded protein was purified by ion exchange chromatography. Protein was loaded
onto a 5 ml HP Q-Sepharose column (GE Healthcare), for small volumes, or a GE Health-
care XK 50 column packed with Q-Sepharose Fast Flow (GE Healthcare), for large vol-
umes. The column was pre-equilibrated with 2 column volumes of 25 mM Tris.HCI
pH 8.0, 25 °C, 5 ml/min. The bound protein was eluted with a gradient of 0-125 mM
NaCl in 25 mM Tris.HCI pH 8.0. Eluted fractions were concentrated with a Sartorious
vivaspin 2, 3000 Da MWCO, PES spin concentrator for small volumes, for large volumes
of eluted protein, the sample was dialysed into water to remove buffer salts, followed by
freeze drying, before resuspension into a smaller volume of 10 mM sodium phosphate
buffer, pH 7.4, for gel filtration.

A size exclusion chromatography step was conducted with filtered (0.2 pM filter Fis-

cher Scientific) ion exchange product, using a Superdex-75 26/600 Prep column (Amer-
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2.3 Protein preparation and general protein analysis

sham Biosciences). The peak was collected, concentrated then samples were aliquoted
and stored at -80°C. Alternatively, the monomeric material was dialysed into in 3500 Da
MWCO dialysis tubing (Snakeskin Dialysis Tubing, Thermo Scientific) into H,O, 4°C
which was changed 5 times after a 3 hour equilibration period per change to remove
buffer salts and subsequently freeze dried before storage at -80°C.

Molecular weight calibrants are shown on a gel filtration trace from a Superdex-75

26/600 Prep column (Amersham Biosciences) in Figure 2.2.
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Fig. 2.2: Molecular weight calibrants gel filtration.
Size exclusion chromatography profiles for molecular weight calibrants, molecular
weights are shown in the labels above each peak. Data kindly provided by Atenas
Posada Borbon.

2.3.4 SDS-PAGE

A Tris-tricine buffered SDS-PAGE gel was used for resolution of approximately 12 kDa

Bom. The composition of the resolving gel and stacking gel are described in Table 2.4.
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Table 2.4: 30% Tris-tricine buffered SDS-PAGE gel components

Resolving gel: Stacking gel:

Solution component Volume to add (mL) | Volume to add (mL)
30% Acrylamide:0.8% (w/v) bis-acrylamide | 7.5 0.83

3 M Tris.HCI, 0.3% (w/v) SDS pH 8.45 5.0 .55

H,O 0.44 3.72

Glycerol 2.0 -

10% (w/v) ammonium persulphate 0.05 0.10
Tetramethylethylenediamine 0.005 0.10

Samples for SDS-PAGE analysis were diluted with an equal volume of 2x loading buffer
(50 mM Tris.HCI pH 6.8, 100 mM dithiothreitol (DTT), 2% (w/v) SDS, 0.1% (w/v) bro-
mophenol blue, 10% (v/v) glycerol. Samples were boiled for 2 minutes and loaded into
the wells in the gel. The gel was run with a constant current of 60 mA until samples en-
tered the resolving gel, then the current was increased to 80 mA. Gels were stained with
Instant Blue (Expedeon protein solutions) overnight, prior to digital imaging (Syngene

InGenius gel system).

2.3.5 Mass spectrometry

Electrospray ionisation mass spectrometry (ESI-MS) measurements were performed on
a Synapt G| Q-TOF HDMS (Waters corporation, Wilmslow, Manchester, UK) equipped
with a Nanomate nES| autosampling device (Advion Biosciences, Ithica, New York, USA).
Time of flight (TOF) calibration was performed using 5 mg/ml Csl. Samples were buffer
exchanged using 7000 Da MWCO Zeba spin desalting columns (Thermo scientific, Hemel
Hempstead, UK) before 30 minutes drop dialysis on a 0.05 pM nitrocellulose dialysis
membrane (Millipore). 50 pL of sample was placed on the membrane, in a petri dish
filled with 150 mM ammonium acetate pH 7.4. The final sample was diluted to a protein
concentration of 10 pM. Data were analysed using Masslynx v4.1, Driftscope v3.0, and
PULSAR v1.0.

Instrument conditions are summarised in Table 2.5. To generate the nESI, | kV po-
tential was applied to the nanospray chip in the auto sampling device, assisted by a 0.7 psi

nanoflow pressure.
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2.3 Protein preparation and general protein analysis

Mass spectrometry was carried out by Owen Cornwell.

Table 2.5: Instrument conditions used for mass spectrometry analysis of purified ,m

Instrument Parameter Conditions used
Cone voltage (V) 70

Backing Pressure (mbar) 2.1

IMS T-wave velocity (ms™') 300

IMS T-wave height (V) 4-10V ramp (100% cycle)
Trap release time (ps) 100

Quadrupole profile AUTO

m/z acquisition range 500-8000

Trap CE (V) 5

Transfer T-wave velocity (ms™') | 248

Transfer T-wave height (V) 3

2.3.6 Estimation of protein concentration using UV absorption at
280 nm

Protein solutions were diluted to give absorbance values at 280 nm below |. Beer-
Lambert’s law was used to calculate protein concentration based upon the extinction
coefficient 20065 M-'em™' for all B,m variants. Extinction coefficients were calculated

with the ProtParam tool included on the ExPASy Server [190].
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2.4 Circular dichroism spectroscopy

2.4.1 Background

Circular dichroism (CD) spectroscopy measures the difference in absorbance between
left-handed and right-handed circularly polarised light components of plane polarised light.
The difference in absorbance between the two components is typically reported as el-
lipticity (0) in degrees [I191]. The differential absorbance of the two components of
circularly polarised light occurs in chiral chromophores. The chromophores in proteins
include the peptide bond (for the spectral region below 240 nm) aromatic side chains
(260-320 mm) and disulphide bonds (260 nm but weak and broad) [191].

In the peptide bond region, which is the region used in this work, absorption is due
to two major transitions. The first transition is centred around 220 nm, and due to an
n — m* transition. The second, most intense transition is due to a £ — #* transition.
There can also be contribution to the signal in this range from aromatic side chains [191].
The resulting CD spectra are influenced by the secondary structure in the protein stud-
ied, characteristic CD spectra representing different secondary structures are shown in

Figure 2.3.
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Fig. 2.3: Examples of different CD spectra produced by various secondary structure
elements.
CD spectra of poly-L-lysine in a-helical (I, black) antiparallel 3-sheet (2, red) and an
extended conformation (3, green). Placental collagen is in its triple-helical (4, blue) and
denatured (5, cyan) conformations. Figure taken from [192].

All CD experiments were performed on an Applied PhotoPhysics Chirascan spec-

tropolarimeter.

2.4.2 Thermal denaturation, monitored by CD

For thermal denaturation experiments, an initial spectrum at 25°C was recorded, then
the temperature was reduced to 20°C and increased in 5°C steps with a setting time of
120 s at each temperature up to 90°C. At the end of the temperature ramp experiment
an additional spectrum was recorded 25°C. Each spectrum was acquired in the far-UV
range (190-260 nm) with a with a step size of | nm with | s-per-point sampling. Two
repeats were acquired for each temperature. The path length used was | mm on samples
containing 20 pM protein in 25 mM sodium phosphate buffer at the required pH.

The data was converted into mean residue ellipticity (MRE) from measured ellipticity

(m°®) with Equation 2.1.
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MRE = m".M/10.L.C @.1)

Where MRE is in deg.cm?/dmol. C is concentration (g/L), M is average molecular weight

(g/mol) and L is path length of cell (cm).

The MRE for each timepoint was plotted as a function of temperature and fit to a

2-state model (Equation 2.2) with the software package CDPal [193].

(g ) (e(s)
mm (L L)y e m gy
E=e R \Ty T R T Tm (22)

Where AH,, is the change in enthalpy at the denaturation midpoint T,;, and AC,, is the

difference in heat capacity between the two states.

AC, is fixed at zero during the fit to a two-state model with the software package
CDPal [193] as it is assumed that the difference in heat capacity between the two states
is independent of temperature, while the fit is optimised for AH,_, and T,,. Since the

thermal denaturation process in not reversible, T values are quoted.

m,app

2.4.3 Real-time refolding, monitored by CD

Protein stocks were dialysed against the unfolding solution (0.8 M urea, pH 2.5) for | hr.
The unfolded protein was then subjected to CD to confirm the protein was unfolded.
To initiate the refolding reaction, refolding buffer (300 mM sodium phosphate, at the
desired final pH) was added at a ratio of 2:1 (unfolded:refolding), so that the buffer was
100 mM sodium phosphate at the desired pH. These experiments were carried out at
20°C. The concentration of unfolded protein was 30 pM, which was reduced to 20 pM by
the addition of refolding buffer. Data acquisition was initiated immediately after addition

of unfolding buffer to the cuvette containing the unfolded protein. The CD experiments
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were set up to acquire a spectrum per minute, ranging from 200-260 nm with a step size
of | nm, with a sampling time of 0.5 s per point.

Refolding rate constants were calculated by fitting the far-UV signal (in MRE) at specific
wavelengths as a function of time. The equations used are specified appropriately in the

corresponding results chapter (Equations 4.2, 4.1 and 4.3, in Chapter 4).
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2.5 Equilibrium unfolding experiments

250 mL urea stock solutions of 25 mM sodium phosphate buffer, pH 7.4 containing 0 M
and 10.5 M urea were made in 250 mL volumetric flasks. The exact urea concentration

was calculated using the Celti refractometer and equation 2.3.

117.66 - (AN) + 29.753 - (AN)? + 185.56 - (AN)? (2.3)

Where AN is the difference in refractive index between the 0 M buffer and the 10.5 M

urea buffers.

Stock solutions containing 4 UM protein were made at urea concentrations of 0, 2,
4, 6, 8, and 10 M urea. The stock solutions were combined to make | mL solutions
for every 0.2 M urea increment up to 10 M. The solutions were incubated overnight
at 25°C before measurement of tryptophan fluorescence on a PTl Quantamaster C-61
spectrofluorimeter. The samples were excited at 280 nm and the emission monitored at
325 nm over 60 seconds. The signal over 60 seconds was then averaged and normalised to
the signal of the 10 M sample and then corrected for the urea dependence of tryptophan

fluorescence using Equation 2.4.

G—mx
v = (cx+d)+e RT .(ax+Db)

G-mx

(2.4)

e RT +1

Where G is AG® N, kj.mol", m is the m-value, kJ.moI'I M Ris the gas constant, 8.314
J.K" mol™!, T is temperature in Kelvin (298K). (ax + b) and (cx + d) correspond to the
pre and post transition baselines, respectively. Midpoint urea values are calculated by

solving the equation where AG"\ = 0.

Equation 2.4 was then used to fit the normalised and corrected data to extract values

for AG"y\ and the m-value.
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2.6 Aggregation assays

2.6.1 In vitro fibrillation assays

For fibrillation assays protein was either stored as lyophilised powder or as a concentrated
solution at -80°C. Lyophilised protein was dissolved in sterile water, filtered (0.22 pm,
Millipore) and diluted to the desired concentration in the appropriate buffer. Stock solu-
tions of protein were centrifuged at 14000 xg for 10 min followed by filtration (0.22 pm,
Millipore) before dilution into the appropriate buffer. NaCl was added from a 2 M stock
to make the desired ionic strength for the experiment. |0 pM Thioflavin-T (ThT) was
added to all experiments. Each condition was repeated five times in parallel from the same
stock which was divided into 100 uL aliquots per well in a Corning 96-well polystyrene
microtitre plate. Plates were sealed with clear polyolefin sealing film (STAR-LAB) and in-
cubated at 37 °C for at least 48 hrs with constant shaking at 600 rpm. ThT fluorescence
was monitored (excitation 440 nm, emission 480 nm) with a Fluorostar Optima, BMG
Labtech plate reader.

T} Values were calculated by fitting normalised data (between 0- 1) for each replicate
to a generalised logistic function (Equation 2.5) and calculating the value of time at the
midpoint of the curve. This analysis was carried out using python (Python Software

Foundation, https://www.python.org/) scripts kindly provided by Emma Cawood.

Y(t)=A+ KA (2.5)

(1raeel))

Where A is the pre-transition baseline (lower asymptote), K is the post-transition

baseline (upper asymptote), B is the growth rate and M is the time of maximal growth.
Q and v are parameters which affect the transitions from and to the growth phase. Y is

the normalised signal and t is time [194, 195].
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2.6.2 Electron microscopy

Carbon coated copper EM grids were placed coated-side down onto sample drops con-
taining undiluted material from the in vitro fibrillation assay for 30 seconds. The grids were
then blotted with filter paper to remove excess solvent and the sample. Grids were then
placed onto drops of 4% (w/v) uranyl acetate for 30 sec to stain. Grids were then blotted

again and air-dried before analysis.

2.6.3 Fibril yield assay

Fibril yield assays were carried out by resuspending all material from an in vitro fibrillation
assay condition and setting aside a ‘whole’ sample from the experiment. Next the rest
of the sample was centrifuged on a bench top centrifuge for 30 minutes at 14000 rpm,
the supernatant was then extracted for the ‘soluble’ fraction. Finally, the ‘whole’ and
‘soluble’ samples were analysed with SDS-PAGE (Methods 2.3.4) to assess how much
protein sample remains soluble, compared to the ‘whole’ fraction which contains both

soluble and insoluble material.
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2.7 Nuclear Magnetic Resonance spectroscopy

2.7.1 Data processing

All raw NMR data were processed with the NMRPipe software package before fur-
ther analysis [196]. Further analysis was carried out with CCPNmr Analysis [197],
PINT [198], nmrglue [199] and the Python programming language (Python Software Foun-

dation, https://www.python.org/).

2.7.2 Backbone Assignment

The sample for 3D experiments contained: 325 pM D76N ('H, '°N, '3C), 0.1 mM 4,4-
dimethyl-4-silapentane- | -sulfonic acid (DSS), 5% (v/v) D,O, 0.02% (w/v) NaN3 in 10 mM
sodium phosphate buffer pH 7.4. HSQC, BEST-HNCA, BEST-HNCOCA, BEST-HNCO,
BEST-HNCOCACB [200] and HBHACONH [201] experiments were carried out at 750
MHz with an HCN triple resonance cryoprobe and VARIAN INOVA console.

Data were processed with NMRPipe [196] and sequential assignments were deter-
mined through analysis of the BEST-HNCA, BEST-HNCOCA experiments, using the soft-
ware package CCPNmr Analysis [197].

2.7.3 Chemical shift perturbation (CSP) analysis

To calculate amide chemical shift perturbations, peaks were picked with CCPNmr Anal-
ysis software [197]. The difference in peak position between two different conditions

were calculated with Equation 2.6 [64].

Asw = \/(5 - 6'H)? + (6'5N)? (2.6)

Where 6'H and §'°N are the observed change in the proton and nitrogen dimensions,

respectively.
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2.7.4 Real-time refolding experiments monitored using NMR

Protein stocks were dialysed against the unfolding solution (1.5 M urea, pH 2.5, 10% (v/v)
D,O) for | hr. To initiate the refolding reaction, 150 pL refolding buffer (500 mM sodium
phosphate, pH 7.4) was added to 350 pL of unfolded protein so that the final buffer was
166.6 mM sodium phosphate at pH 7.4. These experiments were carried out at 20°C.
The concentration of unfolded protein was 450 pM, which was reduced to 300 pM by
the addition of refolding buffer.

Data acquisition began after a period of 30 s due to the time required to insert the
NMR tube into the spectrometer after the manual addition of refolding buffer. To follow
the folding reaction by NMR, 'H-'>N SOFAST-HMQC spectra were recorded every 60s,
with 100 points in fl (*>N) and 956 in f2 ('H), and 2 scans per spectrum. With a spectral
width of 15.97 ppm in f2 and 22.00 ppm in fl and recorded with a 600 MHz QCI-P-
cryoprobe; proton-optimised quadruple resonance NMR ‘inverse’ probe and a Bruker
Avance Il HD console.

Spectra were processed in NMRPipe [196] and all spectra were analysed with the soft-
ware package PINT [198]. All spectra were loaded into PINT and for each spectrum, the
peak volumes were calculated by fitting peaks to a lorentzian lineshape. For each residue,
the total peak volume was plotted as a function of time and was fitted to the equations
(Equations 4.2 and 4.1) for exponential decay, detailed in Chapter 4, Section 4.2.2.

To generate the subtracted ly-state only spectrum (Chapter 4, Section 4.2.2), the
N-state spectrum was scaled and subtracted from the refolding spectrum using NMR-

Pipe [196], addNMR’ functionality.

2.7.5 HDX-NMR

Hydrogen exchange experiments were conducted by freeze drying a sample contain-
ing 150 pM protein, 25 mM sodium phosphate, at pH 7.4. This sample was then re-
suspended in 100% D,O with 38.3 mM NaCl and 0. mM DSS. Data acquisition was
initiated immediately after resuspension with a dead time of approximately 3 min. 'H-
I>N-SOFAST-HMQC spectra were taken every 5 minutes for 500 spectra (42 hours total)

then taken approximately every 24 hours until there was no observable signal. The peak
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intensity for each observable peak was plotted as a function of time, then fitted to an
exponential decay function (Equation 2.7) to calculate rates of decay. Peak intensities
were calculated with CCPNmr Analysis [197]

Spectra were acquired with 242 points in the indirect dimension, 956 in the direct
dimension and with 4 scans, depending on sample concentration. With a spectral width
of 15.97 ppm in f2 ('H) and 25.00 ppm in fI ('°*N). Data were acquired with a 600 MHz
QCI-P-cryoprobe; proton-optimised quadruple resonance NMR ‘inverse’ probe and a

Bruker Avance Ill HD console.

y =a- e(*bX) + c (2.7)

Where y is the peak intensity/volume, a is the initial peak intensity/volume, b is the rate

of decay, and c is the final peak intensity/volume.

Protection factors were calculated with Equation 2.8.

Int (2.8)

I kex(obﬂ
Where P; is the protection factor, k;,, is the intrinsic rate of hydrogen exchange

(calculated with SPHERE [202]) and k ) is the observed rate of hydrogen exchange.

ex,(obs

2.7.6 >N transverse relaxation rate determination

T, relaxation experiments were carried out at 600 MHz and at 750 MHz, with relaxation
delays ranging from 16 ms to 160 ms over | | increments (with repeated points for error
estimation). All experiments were carried out with 256 points in the indirect dimension,
1024 in the direct dimension and with 8 or |6 scans, depending on sample concentration.

For each residue, peak volumes were calculated with the PINT [198] software package
and plotted as a function of relaxation delay, which were then fitted to an exponential
decay function to extract rates of decay. Errors bars for the R, relaxation rates are the

uncertainty in the fit for that residue.
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Experiments at pH 7.4 were carried out in 25 mM sodium phospate buffer pH 7.4,
90.8 mM NacCl, 5% (v/v) D,0O, 0.02% (w/v) NaN;. Experiments at pH 6.2 were carried out
at in 25 mM sodium phospate buffer pH 6.2, 120 mM NaCl, 5% (v/v) D,O, 0.02% (w/v)
NaNj;. NaCl was added to make equal ionic strengths of 155 mM.

2.7.7 "N relaxation dispersion experiments

For CPMG-RD experiments, a fixed relaxation delay of 40 ms (at 600 MHz and at 750
MHz) was used with varying refocussing frequencies ranging from 100 to 2000 Hz (with
repeated frequencies for error estimation). All experiments were carried out with 200
points in the indirect dimension ('°N), 2048 points in the direct dimension ('H) and with
32 scans.

Experiments at 600 MHz were carried out using a 600 MHz QCI-P-cryoprobe; proton-
optimised quadruple resonance NMR ‘inverse’ probe and a Bruker Avance |l HD console.
Experiments at 750 MHz were carried out using a 750 MHz TCl-cryoprobe; proton-
optimised quadruple resonance NMR ‘inverse’ probe and Bruker Avance Ill HD console.

Experiments at pH 7.4 were carried out in 25 mM sodium phospate buffer pH 7.4,
90.8 mM NacCl, 5% (v/v) D,0O, 0.02% (w/v) NaN;. Experiments at pH 6.2 were carried out
at in 25 mM sodium phospate buffer pH 6.2, 120 mM NaCl, 5% (v/v) D,O, 0.02% (w/v)
NaN;. NaCl was added to make equal ionic strengths of 155 mM.

R, off Values were calculated with Equation 2.9. The R, .« values were then plotted
against the frequency of the CPMG pulse train for each increment and fitted to the Bloch-
McConnell equations for two-site exchange using the software package PINT [198].
Residues were deemed to be undergoing exchange when the fit to the Bloch-McConnell
equations for two-site exchange was preferred over the fit to a constant model (no ex-
change) after the performance of an F-test [198].

1 Iy

Ryweff = pIn g (2.9)

X
Where | is the peak volume for a given CPMG frequency (vcpmg)s |o is the peak volume
in a reference spectrum where no CPMG pulse train is applied. T is the relaxation delay

of 40 ms, used for all incrememnts apart from the reference spectrum where T = 0 [203].
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2.7.8 Measurement of residual dipolar couplings

RDCs were measured using sensitivity-enhanced in-phase and anti-phase (IPAP) J-coupled
'H-T"N-HSQC spectra [69, 204]. Alignment was achieved by addition of 15mg/ml Pfl
filamentous phage (ASLA Biotech.) to 300 uM D76N, 90.3 mM NaCl, 5 % D20, 0.02%
NaNj; samples. ldentical spectra were also recorded for samples without any alignment
media added.

IPAP spectra were recorded with 1280 points in the indirect dimension ('°N) to
ensure high resolution peak positions could be measured with 1024 points acquired in
the direct dimension ('H) and 32 scans. Experiments at 750 MHz were carried out using
a 750 MHz TCl-cryoprobe; proton-optimised quadruple resonance NMR ‘inverse’ probe
and Bruker Avance Ill HD console.

Peaks were fitted with the software package PINT to obtain the peak positions and
the difference in splitting (dipolar coupling) between the aligned and unaligned spectra

for each residue were measured. This difference is the RDC.
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2.8 Split-p-lactamase assay

The Split-pB-lactamase assay assay was carried out as previously described [205]. The
appropriate plasmid was transformed into E. coli BL2| [DE3] cells which were incubated
overnight at 37°C on a tetracycline (10 pg/mL) selection plate (LB-Agar). 100 mL of sterile
LB (10 pg/mL tetracycline) was inoculated from a single colony and incubated at 37°C,
200 rpm overnight. | mL of the overnight culture was used to inoculate 100 mL sterile
LB (10 pg/ml tetracycline) and incubated at 37°C, 200 rpm to an OD¢, of 0.6. Arabinose
(final concentration 0.02% (w/v)) was then used to induce the expression of the construct,
followed by a further | hr incubation (37°C, 200 rpm). The culture was then serially
diluted in tenfold increments into |70 mM NaCl solution. The diluted cultures were then
applied to 48 well agar plates containing 10 pg/ml tetracycline and 0.02% (w/v) arabinose
and increasing concentrations of ampicillin (0-140 pg/ml). Plates were then incubated
overnight (18 hrs) and scored based on visual identification of colonies (more than 10
individual colonies or lawn required to be scored). Where the maximal cell dilution
at which colonies could be observed MCDgrowtH Was recorded for each ampicillin
concentration . The layout of the plate used for the assay and the scoring procedure are

shown in Figure 2.4.
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MCDgrowrH(107)

0 20 40 60 80 100 120 140

Ampicillin (ug/mL)

MCDgrowrh(107)

0 20 40 60 80 100 120 140
Ampicillin (ug/mL)

Fig. 2.4: Example schematic of the 48 well plate used for MIC assay.

Blue circles correspond to lawns of bacterial growth. Serial dilutions are go from
undiluted culture MCDGROWTH(IO'O) up to MCDGROWTH(IO'S). The serial dilutions are
incubated at ampicillin concentrations ranging from 0 pg/mL to 140 pg/mL. The results
are plotted as an antibiotic survival curve of the MCDgrowTn 2after 18 h incubation at

37°C. Blue dot represents bacterial growth.

The area under curve value (AUC) was calculated with Equation 2.10

7 VitY;
AUC= ) TH X (Xiy1 — %) (2.10)

Where x; and y; are the x and y axis values at each ampicillin concentration
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The constructs used for saturation mutagenesis were generated by site-directed mu-
tagenesis (Methods 2.2.1). The tripartite fusion construct plasmid map is shown in Fig-

ure 2.5

pMB1-bla-link-b2m

6407 bp

Fig. 2.5: Plasmid map of the tripartite fusion construct used in the split-p-lactamase
assay.
The B,m sequence is inserted inbetween the two p-lactamase domains, connected by
28 residue glycine-serine linkers. Under control of the pBAD promoter, inducible with
arabinose and under tetracycline antibiotic selection. The WT plasmid [205] was used
to make all D76 mutants using site-directed mutagenesis.
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2.9 Metadynamic-metainference molecular dynamics sim-

ulations

2.9.1 Experimental setup

All simulations were carried out using GROMACS [206] version 2016.4 patched with
plumed [207, 208] version 2.5-dev. The gromacs ‘pdb2gmx’ tool was used to convert the
D76N crystal structure (PDB:4FXL, [183]) into a coordinate file, add hydrogens and im-
pose both the AMBER99SB*-ILDN forcefield [209] and TIP3P water model [210]. Next,
energy minimisation in vacuo was carried out. The system was then placed into a do-
decahedral box with the gromacs ‘editconf’ tool and solvated using the gromacs ‘solvate’
tool with 7713 water molecules, After energy minimisation in water an NPT equilibra-
tion was carried out, followed by an NVT equilibration. The NVT ensemble was used
hereafter with a time-step of 2 fs. LINCS constraints [21 |] were used with lincs-iter=2
and lincs-order=6 settings (these settings are important due to the increased strain in-
duced by restraints such as backbone chemical shifts). The Verlet cutoff-scheme was used
for neighbour searching, electrostatics were treated with a Particle-Mesh Ewald method,
with a 0.9 nm cut-off and Van der Waals interactions were also given a 0.9 nm cut-off.
Temperature coupling was carried out with the v-rescale method at 300 K.

The equilibrated system was then split into 24 replicas for the metadynamic-metainference
run.

Before any metadynamics was applied, the system was pre-equilibrated with the RDC
data in order to calculate the scaling factor required to simplify the restraining potential
for the RDC restraint. The scaling factor is the slope of the linear fit between the ex-
perimental data and the predicted RDCs [67] over the ensemble when the correlation
between the experimental and predicted RDC is close to |. This was achieved by first
calculating the average RDC across the replicas for each residue. Next the correlation
between the experimental RDCs and the calculated RDCs from the simulation are cal-
culated. Then, a restraint was applied to to the correlation to bring it close to |. Finally,
once the correlation was close to |, the slope of the linear fit between the experimental

and calculated RDCs was calculated, this is the scaling factor. In this case, the correlation
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plateaued at approximately 0.9, and the scaling factor at this point was approximately
0.007. The 24 replicas, now pre-equilibrated with the RDC data were used for the full
metainference, metadynamic simulations.

Metainference [32, 33] was applied using backbone chemical shifts (CS)(Ca, CB, CO,
Ha, HN, NH) and N-H RDCs using Camshift [212] to model backbone chemicals shifts
and the 6 method [67] to model RDCs. Metainference was carried out using an ‘outliers’
noise type, averaged over 500 steps. The averaged calculated CS and RDC values were
then compared to the experimental values (taking errors from the metainference into
account) to generate the energy penalties based on agreement with the experimental
data, which are added to the parallel-bias metadynamics potential [213].

Parallel-bias metadynamics [213] was applied to the 24 replica simulation based on the
Collective Variables (CVs) presented in Table 5.2. Gaussians of height 1.2 were deposited
at a pace of 500 with a biasfactor of 30, using multiple walkers [214]. The sigma values
(widths) of the metadynamics gaussians, and the grid max and min values are quoted in

Table 2.6. The simulation ran for 175 ns per replica.

Table 2.6: Metadynamics settings used for each CV

Collective variable | sigma (width) | Grid min | Grid max
N-term 1.0 0 10

Pro32 0.15 T -
AB-loop 1.5 0 19
Distance76-42 0.03 0 5
Distance76-73 0.03 0 5
D-strand-APBR 0.25 0 20
Pro32:N-term 0.5 0 30
Pro32:DE-loop 0.5 0 30

Each of the 24 replicas in the simulation ran for 175 ns

2.9.2 Generation of free energy surfaces

Predicted free energy surfaces were generated using the plumed [207, 208] sum_hills

tool and python scripts provided by Dr Massimiliano Bonomi (Cambridge, UK). The free
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energy surfaces are generated by converting the parallel bias metadynamics energy po-
tential for each timestep into a population weight using Equation 2.11. Next a grid is
made which splits up the CV space into 100 equal parts. Then for each value of a par-
ticular CV, the population weight is added to the corresponding grid space (for example
proline 32 isomerisation can be split into 100 z/100 section between -z and z.). This
can be done on one CV only, or can be scaled up to 2 CVs, making a 100 by 100 grid.
Finally the weights for each histogram (space in the grid) can be converted back into free
energy with the relationship in Equation 2.12. In all cases the minimum value of energy

is set to zero and all other energies are quoted in reference to the minimum value.

w = (BB )/kBT) @.11)

Where w is the population weight for a particular CV value, B is the parallel bias
metadynamics potential, kBt is a product of the Boltzmann constant and temperature

(300K) given in kj.mol"' (2.494339)

E =-kBT - In(w) 2.12)

Where w is the population weight for a particular CV value, B is the parallel bias
metadynamics potential, kBt is a product of the Boltzmann constant and temperature

(300K) given in kj.mol"' (2.494339)

The trajectories used for making the monodimensional landscapes were first slit up
into || parts, to make || different free energy surfaces which could be compared as a
qualitative check of convergence. For instance, if the energy landscape stops changing
in later segments, then the metadynamics for that particular CV is converged since the
energy potentials are no longer having an effect on the landscape. The full trajectories

were used for making multidimensional landscapes.
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2.9.3 Clustering analysis

T carry out the clustering analysis, the simulation trajectory was concatenated into 50000
frames. Next the MDAnalysis python library [215, 216] was used to calculate the back-
bone RMSD between all pairs of frames in the trajectory. Next the frames were sepa-
rated into clusters based on a 2A backbone RMSD cut-off through an iterative process
where the frame with the most neighbours (within cut-off distance) was identified, then
all neighbours were added to this cluster and removed from the pool. The next cluster
was made by again finding the structure with the most neighbours and removing that clus-
ter from the pool and so on. The populations of the individual clusters were generated
by adding up the weights calculated in the analysis above, for each frame in the cluster.
This clustering analysis was carried out using scripts kindly provided by Dr Massimiliano

Bonomi (Cambridge, UK).
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Chapter 3

Global properties and native
structure of D76N [rm

3.1 Introduction

The D76N variant of $,m, which causes a hereditary, late-onset and fatal system amyloid
disease in individuals heterozygous for the mutation [183], has an almost identical crystal
structure (PDB:4FXL [183]) to the WT f,m crystal structure (PDB:ILDS [151]), with
a root-mean-square deviation (RMSD) of 0.339 A (Figure 3.1). The D76N ,m variant
is less stable to GdnHCI denaturation than WT f,m by 1.3 kJ.moI'I [184]. However,
for B,m thermostability does not correlate with aggregation propensity [217]. Murine
Bom (mB,m) has a AG®, of 12.6 kJ.moI", compared to WT Human p,m, calculated by
urea denaturation [60], which is as unstable as the highly amyloidogenic D76N [184], yet
mp,m does not form amyloid [60]. There are other destabilised Human ,m variants
such as V37A which has a AAG’j of 8.5 kj.mol"! and does not form amyloid at pH 7.5
and 37°C [177, 217]. In fact, a comprehensive analysis of destabilising f,m mutations
showed that the thermal stability of a §;m mutant does not correlate with its aggregation
propensity [217]. Instead, the equilibrium population of the folding intermediate (known
as the |y-state) correlates with ,m aggregation in various proline variants of ,m (such

as P5G and P32G) which modulate the equilibrium population of the I;-state [177].
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Fig. 3.1: WT and D76N crystal structures.
The WT (blue, PDB:ILDS [151]) and D76N (red, PDB:4FXL [183]) crystal structures
share an RMSD of 0.339 A. The structural alignment was carried out with the PyMol
molecular graphics system [ 19].

Since the decreased thermal stability of D76N is not sufficient to explain its increased
aggregation propensity, the folding pathway was investigated with GdnHCI denatura-
tion/refolding experiments by Mangione et al. [184]. These experiments showed that
the D76N variant follows a similar folding pathway to WT ,m, and the authors postu-
late that the D76N variant populates the partially folded |+-state at approximately 25% at
equilibrium [184]. In contrast, WT [3,m populates the |;-state to just approximately 5%
possibly explaining the increased aggregation propensity of D76N, compared with WT
B,m [184, 177].

In this chapter, D76N p,m was purified under a range of isotopic labelling regimes
to facilitate the study of D76N ,m by NMR. The stability of the D76N variant was also
studied by equilibrium urea denaturation experiments, and through thermal denaturation.
The effect of the mutation on the structure, overall fold and the equilibrium I;-state

population of the D76N variant was also studied by CD and at single residue resolution
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by NMR. The aggregation of D76N was also examined, in comparison to the |;-state
mimic AN6 to further investigate the role of I;-state in D76N aggregation.

Finally, the specific importance of the residue at position 76 in B,m was investigated
by saturation mutagenesis of position 76, in a split-pf-lactamase assay [205, 218], and two
new mutants with substitutions at position 76 were purified, and their structure, stability

and aggregation were characterised.
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3.2 Results

3.2.1 Stability and aggregation of D76N p,m

Recombinant WT and D76N B, m were purified under a range of isotopic labelling regimes
('"H-"*N-'2C, 'H-"*N-"2C and 'H-'*N-'3C) by the protocol detailed in Methods 2.3. The
size exclusion chromatography elution profiles for WT and D76N (Figure 3.2a,b) show
a single peak at approximately 200-220 ml. The blue regions in the elution profiles (Fig-
ure 3.2a,b) were further analysed by SDS-PAGE (Figure 3.2c, Methods 2.3.4) which shows
that the proteins are each a single, pure species of approximately 12 kDa. The exact
masses of the purified proteins were measured by denaturing ESI-MS (Methods 2.3.5).
The electrospray ionisation mass spectra (ESI-MS) in Figure 3.3 show that the pure pro-
teins are single species with an observed molecular weight of 11860.30 (+ 0.19) Da and
11859.38 (+ 0.65) Da for WT and D76N, respectively, which is in agreement with the
expected masses of 11860.38 Da and 11859.39 Da. The observed molecular masses

confirm that for each protein the intramolecular disulphide bond is formed.
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Fig. 3.2: Purification of recombinant D76N and WT protein.
Size exclusion chromatography profiles for WT (a) and D76N f,m (b) The blue areas
correspond to the material taken forward for further experiments and the gel in c,
shows the pure samples from a and b as single bands compared to the molecular weight

marker (kDa).
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Fig. 3.3: WT and D76N Mass spectra.
Denatured ESI-MS mass spectra of purified WT (a) and D76N (b) for exact mass
calculation. The observed masses are 11860.30 (+ 0.19) Da and 11859.38 (+ 0.65) Da
for WT and D76N, respectively.

Far-UV CD spectroscopy was carried out to assess the secondary structure of the
purified D76N protein and to verify that the D76N protein was correctly folded (Meth-
ods 2.4.2). In Figure 3.4a the far-UV CD spectra (200-260 nm) of WT and D76N show
that the proteins share a similar global fold, which is distinct from the AN6 spectrum,
also shown in Figure 3.4a.

WT B,m and AN6 have similar -sheet content (36.4 and 36.2%, respectively) and
contain no a-helical content, as calculated from the NMR structures (PDB: 2XKS and
2XKU [88], respectively) with DSSP [88, 219, 220]. In fact, WT f,m has a remarkably
small far-UV signal for a protein with 36.4% P-sheet content; this is due to a positive
contribution to the far-UV signal from aromatic residues, which does not occur in the
ANG6 structure, due to an alternative packing arrangement of aromatic side chains in AN6
[177, 179].

The differences between the WT 3,m and AN6é CD spectra can be used as a probe for
equilibrium |;-state population [177]. In Figure 3.4a a simulated 25% |;-state spectrum

(calculated by addition of 75% WT spectrum + 25% ANG6 spectrum) is compared to
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the spectra of WT, D76N and AN6. Comparison of the spectra in Figure 3.4a shows
that there is no detectable increase in the I;-state population in D76N compared to
WT and that an equilibrium |y-state population of 25% would be clearly distinguishable
from the WT spectrum by the magnitude of the CD minimum at 216 nm. The lack of a
distinguishable difference in I-state population in the WT and D76N CD spectra point
to a disagreement with the results of Mangione et al. [184] who suggested that D76N had
an increased |-state population of 25% compared to the much lower |1-state population
of 5% observed for WT ,m.

Far-UV CD was also utilised to probe the thermal stability of D76N, compared to
WT, through the execution of a temperature ramp (Figure 3.4b-d, Methods 2.4.2). The
CD-signal at 216 nm as a function of temperature was used to calculate T, ., values
for WT and D76N, by fitting the data to a 2-state model with the software package
CDPal [193]. WT (T

(T

mapp — 62.4°C + 0.4) is approximately 9°C more stable than D76N

mapp — 23.5°C £ 0.6), consistent with other studies [221, 222, 223]. The thermal
denaturation process is non-reversible, presumably due to aggregation, which is visible in

the cuvette after the assay has finished.
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Fig. 3.4: D76N and WT structure and thermal stability, monitored by far-UV CD
spectroscopy at pH 7.4.

The far-UV CD spectra for D76N (red), WT (blue), AN6 (green), and a simulated
25% |ly-state/75%|1-state spectrum (dashed, black) at 25 °C are shown in a. In b, the
temperature ramp data (c,d) are shown as a single wavelength (216 nm), fitted to the
equation for two-state exchange model using the CDPal software package [193] for

calculation of T, ., values (Methods 2.4.2). The temperature ramp experiments were
carried out at pH 7.4 in 25 mM sodium phosphate buffer in the range 20-90 °Cin 5 °C
steps, spectra at these temperatures are shown in (c) for WT and (d) for D76N.

Since the thermal denaturation experiments were not reversible, the effect of the
D76N amino acid substitution on the global stability of the f,m fold was measured

by equilibrium urea denaturation experiments, monitored by tryptophan fluorescence
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(Methods 2.5), which are reversible for f;m. The unfolding curves (Figure 3.5) show that
the D76N variant is less stable than WT p,m. Fitting the data to two-state equilibrium
model (Methods 2.5, Equation 2.4) allows AG’ y values of |8.1 kj.mol"' and 27.6 k].mol!
to be extracted for D76N and WT, respectively (AAG® 5 of 9.5 kJ.mol™!'). The m value,
which is an indicator of the surface area of the protein which is buried in the folded
state is, 4.78 kj.mol"' .M"! for WT and 4.70 kj.mol"' M"! for D76N, further supporting the
conclusion that WT and D76N f,m share the same native fold and unfold cooperatively

under the conditions employed.
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Fig. 3.5: Equilibrium urea denaturation of D76N and WT ,m, followed by tryptophan
fluorescence.

Equilibrium urea denaturation curves for 4 pM WT (blue) and D76N (red) in 25 mM
sodium phosphate buffer; pH 7.4, 25 °C. The raw tryptophan fluorescence data (280 nm
excitation, 325 nm emission) is shown on the left (a, c) and the normalised data
(fraction folded) is shown on the right (b, d). The individual data points taken for every
0.2 M urea increment are shown as dots and the line of best fit to a two-state
equilibrium model is shown as a black line (Methods 2.5, Equation 2.4).

The aggregation kinetics of D76N was next monitored by ThT fluorescence (Meth-
ods 2.6.1) and show that D76N readily forms amyloid fibrils at pH 7.4. This result is in

stark contrast to WT f3,m which requires a range of extrinsic factors or harsh conditions
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to form amyloid in vitro, such as low pH [224, 217, 225], the presence of Cu?* ions [166,
178, 167] or TFE [226, 227].

To assess the role of the I;-state in D76N aggregation the aggregation kinetics of
D76N were also compared to AN6 (an |;-state structural mimic). However, most AN6
studies to date were conducted at pH 6.2, where the protein aggregates more quickly than
at higher pH (pH 7.2 and 8.0) [88, 64]. Experiments detailed so far in this chapter were
conducted at pH 7.4; therefore, it was essential to test the effect of pH on the aggregation,
stability and structure of D76N. The aggregation kinetics in Figure 3.6 show that D76N
aggregates faster at pH 6.2 than at pH 7.4, yet resulted in fibrils with similar overall

morphology, consistent with long, straight and unbranched amyloid fibres (Figure 3.6c).

8l



Global properties and native structure of D76N ,m

100000 ‘ ‘
D76N pH 6.2
D76N pH 7.4

__ 80000 g
2

<

)

g 60000 | g
(0]

=

(0]

g

o 40000 E
b

g

(o]

3

“ 20000} E

OE ! ‘ ‘ ‘ N
0 20 40 60 80 100
Time (hours)

b [

Fig. 3.6: D76N aggregation kinetics at pH 7.4 and pH 6.2.
(a) Kinetics of D76N aggregation monitored by ThT fluorescence, 60 pM D76N, 25 mM
sodium phosphate buffer; pH 7.4 (orange) and pH 6.2 (green) with a final ionic strength
of 200 mM (made by addition of NaCl), 10 pM ThT, 0.02% (w/v) NaN3, 37°C, 600 rpm.
(b,c) Negative stain EM micrographs of amyloid fibrils (Methods 2.6.2) from reaction
endpoint material at pH 7.4 (b) and pH 6.2 (c), scale bar (red) = 100 nm). Five
replicates for each condition are shown.

In Figure 3.7 the aggregation kinetics of D76N and AN6 are compared at pH 6.2
(Methods 2.6.1), a pH known to enhance ANG6 aggregation [88, 64]. Remarkably, given
the very different equilibrium population of |1-state between D76N (similar to WT ,m)
and ANG6 (an |4-state mimic [88]), the aggregation of D76N (T, ;s 6.567 £0.679) proceeds
more quickly than that of AN6 (T, 18.017 +1.883 hours). The faster aggregation rate

observed for D76N, compared to AN6 , demonstrates that the aggregation of D76N
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3.2 Results

cannot be purely ly-state driven. Even an equilibrium population of 25% |;-state, as
proposed by Mangione et al. [184] would not be sufficient to explain the faster aggregation
of D76N compared with AN6. These results suggest that D76N must aggregate via a
mechanism distinct from WT and AN, consistent with the different disease phenotype
associated with D76N [183].

However, there must, in some part, be a common basis to the aggregation of D76N
and AN, since murine-f,m (mp,m), which inhibits AN6 aggregation via a specific bi-
molecular interaction [64], also retards the aggregation of D76N (Figure 3.8). The in-
hibitory effect of mp,m on D76N aggregation was tested through the aggregation assay
in Figure 3.8, where the addition of mf,m to D76N at an equimolar ratio (40 pM D76N
+ 40 pM mp,m) vastly increased the lag time for aggregation. This inhibitory effect is
specific to mp,m and not solely due to molecular crowding since the mixture of 40 pM
D76N + 40 uM mf,m aggregated slower than both 40 pM D76N and 80 pM D76N alone
(Figure 3.8).
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Fig. 3.7: Comparison of the aggregation rates of D76N and AN6.

(a) Kinetics of aggregation of D76N (red) and AN6 (green) monitored by ThT
fluorescence, 30 pM protein, 25 mM sodium phosphate buffer; pH 6.2 with a final ionic
strength of 180 mM (made by addition of NaCl), 10 pM ThT, 0.02% (w/v) NaNs, 37 °C,

600 rpm. (b) Negative stain EM micrographs of amyloid fibrils (Methods 2.6.2) from
reaction endpoint material for AN6, scale bar (red) = 100 nm. 10 replicates for each

condition are shown.
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Fig. 3.8: Inhibition of D76N aggregation by murine-f,m.

(a) Aggregation kinetics of 40 pM D76N (red) (10 replicates), 80 pM D76N (green) and
an equimolar mixture of 40 pM D76N and 40 pM mf,m (blue) (both 5 replicates) in
25 mM sodium phosphate buffer, pH 6.2 with a final ionic strength of 180 mM (made by
addition of NaCl), 10 pM ThT, 0.02% (w/v) NaN3, 37 °C, 600 rpm.

In order to verify the accelerated aggregation of D76N at pH 6.2 was not due to either
unfolding of native D76N or an increased equilibrium I;-state population, the far-UV CD
spectra of WT and D76N at pH 6.2 were compared (Figure 3.9a, Methods 2.4.2). The
far-UV CD spectra show that there is no global change in the protein fold or increase
in |t-state population for D76N caused by the change in pH. The D76N and WT far-
UV spectra in Figure 3.9a do have some small differences; however, this is likely due to
differences in concentration, given that both the minima and maxima are affected equally.

The effect of the pH change from pH 7.4 to pH 6.2 on the thermal stability of the
WT and D76N proteins was also examined through a temperature ramp monitored by

far-UV CD (Figure 3.9b-d, Methods 2.4.2). The T values at pH 6.2 were calculated

m,app
as a function of the far-UV CD signal at 216 nm in the same manner as the T values

m,app
at pH 7.4 (Figure 3.4). AtpH 6.2 the T for WT B,m is 65.5°C £ 0.5, and the D76N

m,app
Trnapp is 94.6°C £ 0.1, which results in a difference of approximately | 1°C between WT
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and D76N at pH 6.2, compared to the 9°C difference observed at pH 7.4. Interestingly,

the D76N T, ..

from 62.4°C £ 0.4 to 65.5°C £ 0.47. All T

is unchanged by the change in pH, whereas the WT T

val
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Fig. 3.9: Thermal stability of D76N and WT f,m, monitored by far-UV CD

spectroscopy at pH 6.2.

The far-UV CD spectra for D76N (red) and WT (blue) at 25 °C are shown in a. In b,
the temperature ramp data (c,d) are shown as a function of temperature at a single

wavelength (216 nm) fitted to the equation for a two-state exchange model using the

CDPal software package [193] for calculation of T

mapp Values (Methods 2.4.2). The

temperature ramp experiment were carried out at pH 6.2 in 25 mM sodium phosphate
buffer in the range 20-90 °C in 5 °C increments.
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3.2 Results

Table 3.1: Apparent Tm values, for WT and D76N p,m in 25 mM sodium phosphate

buffer at pH 7.4 and pH 6.2

Variant

Tm,app (0 C)

WT pH 7.4

624 +04

D76N pH 7.4

535+ 0.6

WT pH 6.2

65.5+0.5

D76N pH 6.2

54.6 £ 0.1
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3.2.2 Assessing the residue level effect of the D76N substitution us-
ing NMR

In order to study the residue level differences between D76 N and WT by NMR, backbone
residue assignments were required for D76N. D76N backbone assignments were ob-
tained through the use of the BEST-HNCA, BEST-HNCOCA assignment experiments [200]
(Figure 3.10) in combination with a comparison of the D76N 'H-'>N HSQC spectrum
with the assigned 'H-'>N HSQC spectrum of WT p,m (BMRB:17165, [88]). The remain-
ing backbone chemical shifts were obtained from BEST-HNCO [200], BEST-HNCOCACB
[200], and HBHACONH [201] experiments (Methods 2.7.2). In total, 86 HN, 86 N,
75 CO, 85 CA, 65 CB and 54 HA assignments were obtained, and are presented in Ta-
ble 3.2. The data used for pH 7.4 assignments of D76N were not sufficient to assign
residues 74 and 75 which have low intensity (perhaps indicative of exchange broaden-
ing). Residues 74 and 75 were assigned through another dataset collected at pH 6.2,
otherwise under the same conditions, which provided a better dataset which was used
to assign residues 74 and 75. Residues 74 and 75 in D76N can be observed in later
experiments carried out at high resolution but the peaks are still broad.

Although all of the peaks in the D76N 'H-'>N HSQC spectrum (Figure 3.11) are
assigned (apart from side chain peaks), there are a further |4 residues, which do not give
rise to visible resonances in the 'H-'>N HSQC spectrum. Five of the missing residues
are proline (5, 14, 32, 72, 90), which do not produce peaks in 'H-">"N HSQC spectra.
However, nine further residues are not present presumably because of exchange broad-
ening or degeneracy with other peaks. The missing non-proline residues are |1, G29,
E36, S57, K58, W60, Sé1, F62, Y63, and S88; the majority of these residues are found in,
or adjacent to, the DE-loop (residues 57-61), which is known to be dynamic in WT f,m
[88]. The backbone assignments acquired for D76N were used to calculate chemical shift

perturbations (CSPs) in Figures 3.12 and 3.13.
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Fig. 3.10: Backbone resonance assignment of D76N.

Example slices from 750 MHz BEST-HNCA (black) and BEST-HNCOCA (red) [200]
showing sequential assignment for residues 7 to |13. The sample for 3D experiments
contained: 325 uM D76N ('H, '°N, '3C), 0.1 mM DSS, 5% (v/v) D,O, 0.02% (wiv) NaN,
in 10 mM sodium phosphate buffer pH 7.4.
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Fig. 3.11: 'H-">"N HSQC spectrum of D76N, showing resonance assignments.
'H-">N HSQC spectrum of 80 pM D76N, in 25 mM sodium phosphate buffer pH 7.4,
0.02% (w/v) NaNs, 10% (v/v) D,O, acquired with a 600 MHz Varian INOVA
spectrometer (Varian Inc., California, USA) with a room temperature probe, at 25°C,
labelled with assignments.
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Table 3.2: Backbone chemical shift assignments for D76N p,m (ppm), (‘-’, denotes, no
assignment). The sample for 3D experiments contained: 325 uM D76N ('H, '°N, '3C),
0.1 mM DSS, 5% (v/v) D,O, 0.02% (w/v) NaN3 in 10 mM sodium phosphate buffer pH 7.4

Residue

O 00 N o0 U A W BN

N NN N N M NN — — = = = = = = = =
Ui A W N — O VW 0O N 00 N »h W M — O

HN
8.424
9.466
8.459

9.276
8.469
9.054
9.134
8.482
9.405
8.867
8.352

9.116
8.924
8.844
8.931

7.898
8.44|

8.982
10.421
8.989
8.194
9.656

N
123.469
122.995
119.917
124.533
124.586
127.107
125.428
122.679
116.743
123.107
114.923
127.165
124.209
123.118
109.202
121.29
119918
127.089
119.809
127.091
121.562
120.774

Cco
176.201
176.414
175.891
176.489
176.708
175.475
174.348
175.774
173.961
175.205
175.829
177416
177.442
175.743
177.987
173.884
173.985
174.364
173.762
173.997
172.082

CA
55.931
55.643
59.456

55.997
61.499
54.996
60.676
56.268
56.413
59.272
52.575
64.167
53.234
55.285
54.376
45.519
54.336
59.769
51.367
57.715
53.287
51.648
53.954

CB

29.906

32.061
32.819
41.879
33.254
34.109
39.362
65.066
33.371

31.55
19.987
32.745
37.272

33.772
63.006
42.112

41.618
41.668
41.799

HA

4.399
4.408
4738
4.955
5.35
5.338

4.535
4.105
4417

3.524
4.723
4.268
4921
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Residue
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

HN
9.729
8.877
9.017

7.24|
8.693

8.359
7.261
8.004

8.042
8.861
9.119
9.006
8.855
9.743
8919
7.851
8.759
8.867
8.559
8.109
7.937
8.472

N
129.661
128.903
117.457
111.103
119.793
112.244
120.173
123.675
125.426
122.567
121.117
120.001
120.766
128.644
102.53
120.868
12451
128.664
126.358
119.289
122.186
125.261

Cco
176.917
174.898
174.002
174.941
177.293
174.263

174.61

173.987
174.901
175.172
176.109
176.827
176.108
173.552
176.307
176.53
177.611
175.154
175.303
174.586

CA
56.246
59.857
57.214

53.972
57.964
62.698
60.867
55.095
60.966

60.833
52.692
53.678
52.933
54.35
54.353
45.523
54.36
57816
62.014
58.65
55.904
61.062
54.424

CB
34.104
33.552

42.031
35.166
62.315
40.473

34.15
46.108
43.732
45.831
34.123

31.818
30.626
38.859
30.587
30.841

32.464

HA

4.386

4.59
5.306
4.987
5.015
5.028
4.521
4.357
4.164
4.573
4.266
3.968
4.173
4.502
4.398
4.474
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Residue
51
52
53
54
55
56
57
58
59
60
6l
62
63
64
65
66
67
68
69
70
71
72
73
74
75

HN
8.147
9.176
8.673
8.851
8.121
8.174

9.198
8.2
9.153
8.968
8317
8.575
8.766
8222

7.904
9.147
8.073

N
111.779
116.857
119.948
126.109
122.316
119.239

116.553

119.903
122.086
127.162
116.626
111.778
130.152
125.763
117.131
111.342
120.433
114.878

Cco
175.723
177.446
176911
171.367

174.694
175.697
175.596
174.173
172.007
176.33
172.318

176.806

CA
53.732
57.592
54.779
56.651
57.545
56.116

56.731
55.782
54.042
57.013
55.982
60.203
56.779
55.307
58.498

56.582

CB
30.582
65.609

41.599
46.73
41.986
41.101
70.175

41.042

32.961

HA

3.652

5.401
5.989
4918
4.257
4.802

4.343
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Residue
76
77
78
79
80
8l
82
83
84
85
86
87
88
89
90
9l
92
93
94
95
96
97
98
99

HN
7.322
8.526

9.57
8.803
9.133
9.451
9.077

9.07
7.723
8.087
7.524

8.12

7.54

8.799
8.59
9.14

8.866

8.731

8.496

7.531

8.253

7.633

N
116.724
122.193
123.763
121.461
119.813
128.463
127.893
123.578
122.86
124.985
110.694
123.36

117.183
125.481
125.458
129.977
127.8
122.395
131.459
120.89
120.124
125.201

Cco
174.645
175.506
175.732
174.156
171.779
174.544
173.894
173.424
175.761
175.873

175.17

176.416
175.193
176.37
175.715
176.76
175.039
175.525
176.194
175.765

CA
52.995
54.898
56.817
51.115
52.982
53.852
60.423
51.253
57.087
64.535
63.268
53.462

63.598
55.104
60.484
61.514
56.672
56.818
53.104
56.66
54.703
57.356

CB
40.875
32.812
42.682
24.358
43.472
33.881
35.793

41.61
36.182
31.261
69.891

31.892

35.356

38.861
34.05

28.291
41.755
29.948
41.249

HA
5.192
4.788

5.08
5.132

4.961
5.206
4.524
3.982
4.533

4.508
4.53
4.805
4.305
4434
4.658
4.477
3.429
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Figure 3.12a shows a comparison of the 'H-'>N HSQC spectra for both D76N and
WT B,m. The D76N spectrum in Figure 3.12a is well dispersed, indicating the protein is
folded at pH 7.4, 25°C, consistent with the results shown in Figure 3.4 . The spectrum
also resembles the 'H-'">N HSQC spectrum of WT B,m, also shown in Figure 3.12a.
While the 'H-""N HSQC spectra for both D76N and WT B,m are similar, there are
some differences local to the amino acid substitution (Figure 3.12b,c). These differences
could be because there is a different amino acid present, which confers a different chem-
ical environment to the surrounding residues. The D76N amino acid substitution does
not cause any long-range chemical shift perturbations. The chemical shift perturbations
caused by the D76N substitution are shown in Figure 3.12b (Methods 2.7.3) and are
mapped onto the crystal structure of D76N (PDB:4FXL, [183]) in Figure 3.12c.
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WT vs D76N, 80 uM, pH 7.4
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Fig. 3.12: Comparison of the 'H-">N HSQC spectra of WT and D76N at pH 7.4.
(a) 'H-""N HSQC spectrum of 80 pM D76N (red) and of 80 uM WT B,m (blue), in
|OmM sodium phosphate buffer pH 7.4, 0.02% (w/v) NaN3, 10% (v/v) D,O, acquired
with a 600 MHz Varian INOVA spectrometer (Varian Inc., California, USA) at 25°C with
a room temperature probe. The CSPs between the two spectra in (a) are shown in (b)
and mapped onto the structure of D76N (PDB:4FXL, [183]) in (c). CSPs between the
WT and D76N spectra were calculated with the equation

Adw = \/(5 -61H)? + (6'5N)?. Residues with CSPs less than one standard deviation
from the mean average of all CSPs are coloured yellow, orange corresponds to residues
with CSPs between |-2 standard deviations and red corresponds to residues with CSPs

greater than 2 standard deviations from the mean (standard deviation = 0.26). The
secondary structure is shown as ribbons in (b).
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3.2 Results

Due to the faster aggregation observed for D76N at pH 6.2 compared to pH 7.4
(Figure 3.6), CSP analysis between D76N and WT p,m was also carried out at pH 6.2
(Figure 3.13, Methods 2.7.3). The 'H-'°N HSQC spectra for WT and D76N are com-
pared in Figure 3.13a, and the CSP analysis at pH 6.2 shows a similar pattern to the CSPs
observed at pH 7.4 (Figure 3.12), again localised to the residues surrounding position 76
in the structure. While the 'H-">N HSQC spectra change between pH 7.4 and pH 6.2,
the changes are the same for WT and D76N, suggesting that the effect of the change in
pH from pH 7.4 to pH 6.2 on D76N aggregation is not due to a large conformational

change in the native structure.
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Fig. 3.13: Comparison of WT and D76N 'H-'">N HSQC spectra at pH 6.2.

(a) 'H-""N HSQC spectrum of 250 uM D76N (red) and of 250 uM WT B,m (blue), in
25mM sodium phosphate buffer pH 6.2, 0.02% (w/v) NaNs, 10% (v/v) D,O, recorded on
a 600 MHz Oxford NMR magnet with QCI-P-cryoprobe; proton-optimised quadruple
resonance NMR inverse’ probe. at 25°C. The CSPs between the two spectra in (a) are
shown in (b) and mapped onto the structure of D76N (PDB:4FXL) [183] (c). CSPs
between the WT and D76N spectra were calculated with the equation

Abw = \/ (5-6'H)* + (5'5N)?. The standard deviation from the pH 7.4 analysis (0.26)
was used as a cut-off. Residues with CSPs less than one standard deviation from the
cut-off are coloured yellow, orange corresponds to residues with CSPs between -2

times the cut-off and red corresponds to residues with CSPs two times greater than the

cut-off. The secondary structure is shown as ribbons in (b).
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3.2.3 The role of residue type at position 76 in structure stability

and aggregation of fom

In this section, a split-f-lactamase assay was utilised to determine whether other amino
acid substitutions could be tolerated at position 76 in f;m, and to understand if this
would cause aggregation in the new variant.

The split-p-lactamase assay (Figure 3.14) is an in vivo system which has been used to
detect aggregation of intrinsically disordered proteins and to assay inhibition of their ag-
gregation with small molecules [205]. The split-B-lactamase assay has also been utilised
to measure the effect of stabilising and destabilising mutations on the in vivo stability of
Im7 protein variants [218]. The split-p-lactamase system consists of a tripartite fusion
construct, where the test protein is inserted in between two domains of the p-lactamase
enzyme (TEM-1) via two glycine/serine linkers, 28 residues in length (Methods 2.8). Upon
expression of the fB-lactamase construct in the bacterial periplasm, the two p-lactamase
domains interact to form an active enzyme, conferring resistance to ampicillin. If the
test protein aggregates, the two f-lactamase domains are unable to form an active com-
plex, resulting in sensitivity to ampicillin and a lower MCDgrowTh Score in the assay
(Methods 2.8). Importantly, the split B-lactamase assay requires no prior knowledge of
the structure of the protein, and no protein purification is required, which facilitates the

rapid assessment of many protein sequences.
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a c Reduced reporter
B-lactamase G/S  Test G/S B-lactamase enzyme activity
domain 1 linker protein linker domain 2

NH, s e —- C O OH Extracellular

Active B-lactam
antibiotic

197A196

. translocon
Inactive B-lactam

antibiotic Ribosome

Fig. 3.14: Split f-lactamase assay schematic.

(2) The tripartite fusion construct composed of the two f-lactamase domains (purple
and red) with the test protein (green, f,m (PDB:4FXL, [183])) separated by
glycine/serine linkers (blue). (b) The complete B-lactamase enzyme including the
location of the test protein and linkers (PDB:1BTL, [228]), coloured as same (a). (c) If
the test protein aggregates (green) the f-lactamase enzyme becomes less effective,
leading to lower MCDgrowTH scores. Figure adapted from [205].

Tripartite fusion constructs for WT and D76N (fla-B,m-WT and fla-f,m-D76N,
respectively) were generated and the split-B-lactamase assay was carried out in the ampi-
cillin range 0-140 pg/mL (Methods 2.8). The MCDgrowTH curves are presented in Fig-
ure 3.15 and show increased antibiotic sensitivity for the D76N construct, consistent with
its lower stability and higher aggregation propensity. The data in Figure 3.15 establishes
that the split-p-lactamase assay can distinguish between WT and D76N (consistent with
previous results [205]); however, it is not clear if the difference in stability or aggregation

between the two proteins, or both, is responsible for the observed effect.
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Fig. 3.15: Split-p-lactamase assay for D76N and WT (,m.

Antibiotic survival curve of the maximal cell dilution allowing growth (MCDgrowTh)
after 18 h incubation at 37°C in E. coli BL2| [DE3] cells, over 0-140 pg/mL ampicillin
concentrations for pla-B,m-WT (blue) and Bla-f,m-D76N (red) constructs. The three
replicates are represented as different line styles.

Saturation mutagenesis at position 76 was carried out to understand the significance
of the residue identity at position 76. All variants (D76X variants) were assayed with
the split-f-lactamase assay in triplicate, (Methods 2.8) and the corresponding traces are

shown in Figures 3.16 and 3.17.
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Fig. 3.16: Split-pB-lactamase assay for D76X constructs.

Antibiotic survival curve of the maximal cell dilution allowing growth MCD growTH
after 18 h incubation at 37°C in E. coli BL2| [DE3] cells, over 0-140 pg/mL ampicillin
concentrations for D76X constructs. The three replicates are represented as different
line styles and colours.
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Fig. 3.17: Split-B-lactamase assay for D76X constructs.
Antibiotic survival curve of the maximal cell dilution allowing growth MCDgrowTH
after 18 h incubation at 37°C in E. coli BL2| [DE3] cells, over 0-140 pg/mL ampicillin

concentrations for D76X constructs. The three replicates are represented as different

line styles and colours.
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A quantitative comparison of all mutants (D76X mutants) was carried by calculating
the area under the curve (AUC) for each replicate and the mean average AUC for each
replicate is presented in Figure 3.18. The AUC values in Figure 3.18 show that any amino
acid substitution at position 76, other than the WT Asp, results in lower MCDgrowTH
scores in the split-B-lactamase assay. The data in Figure 3.18 can be arbitrarily split into
four different groups based on the AUC values. The first group contains only the WT
sequence with an AUC score over 400. The second group contains E and A constructs,
with scores 300-400. The third group contains D76N with S, G, T and Q. The final group
(group 4) contains residues H, Y, VM, B K, R, F |, C, L, and W.

The low scores for many of the residues in group 4 can be rationalised by the in-
troduction of hydrophobic residues into a solvent-exposed site (W, L, |, F V, Y, M), the
introduction of an opposite charge to the natural D residue found at position 76 (R,
K) and the formation of intermolecular disulphide bonds (C). The remaining residues in
group 4 (H, P) may also be explained by charge (H) and conformational restriction (P).
The group 3 residues (excluding G), which share similar scores to D76N (S, T, Q) are po-
lar residues, which may be better tolerated within the surrounding environment. Perhaps
the most intriguing group is group 2 (A, E) with scores between WT and D76N. E shares
the same charge as D (-1) so may be better tolerated than N at position 76; however, it
is not entirely clear why A would have a better score than N, based on criteria such as

charge, size or hydrophobicity.
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Fig. 3.18: Comparison of all the MCDgrowTH Value for D76X variants measured using
the split-B-lactamase scores.
MCDgrowTH for all D76X constructs represented as the mean average area under the
curve (AUC) for each MCDgrowTh curve (3 replicates) with S.E.M error bars. AUC
values were calculated with Equation 2.10 as detailed in Methods 2.8.

The Pearson’s Correlation between the hydrophobicity and residue size (van der
Waals volume), with the observed AUC scores, were analysed and show that the cor-
relation between hydrophobicity index at pH 7 [229] is -0.55, and the correlation with
residue size [230] is -0.48 (Figure 3.19a,b). The correlations presented show that there
is not significant relationship over all 20 amino acids between residue size or hydropho-
bicity and the split-B-lactamase assay scores. However, when the hydrophobic residues
alone are studied (A, Y, V, M, F |, L, W) the correlation is -0.97 (Figure 3.19c), indicat-
ing that increased hydrophobicity does correlate with a reduced split-B-lactamase assay
score. This result does not account for the readout of the split-p-lactamase assay entirely

because non-hydrophobic residues can have very low scores, resulting in the correlation

of -0.55 observed in Figure 3.19a.
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Fig. 3.19: Correlation between split-f-lactamase assay score with hydrophobicity and
residue size.

Pearson’s Correlation between the hydrophobicity (a) and residue size (b) with the
observed AUC scores, for all variants. The correlation with only the hydrophobic
residues (and WT) is shown in (c). Hydrophobicity index scores at pH 7 are taken from
[229] and residue van der Waals volumes (A) from [230].

D76E and D76A were selected for purification to study the effect of these mutations

on stability, aggregation and structure. D76E and D76A were chosen due their position
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between WT and D76N in the AUC values in Figure 3.18. Protein purification was carried
out with the same protocol used for WT and D76N purification (Methods 2.3).

In Figure 3.20a,b, the size exclusion chromatography elution profiles for D76E and
D76A show a single peak at approximately 200-220 ml. The blue regions in the elu-
tion profiles (Figure 3.20a,b) were carried forward for further experiments, including an
SDS-PAGE experiment (Figure 3.20c), which shows the protein is a single, pure species
of approximately 12 kDa. The exact masses of the purified proteins were measured
by denaturing ESI-MS. The ESI-MS spectra in Figure 3.21 show that the pure protein
is a single species with an observed molecular weight of 11874.26 (+ 0.12) Da and
11816.16 (x 0.16) Da for D76E and D76A respectively. Both of these values agree with
the expected masses of 11874.42 Da and 11816.38 Da, respectively, for the oxidised

(disulphide-bond-containing) protein.
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Fig. 3.20: Purification of D76E and D76A variants.
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the pure samples from a and b as single bands.
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Fig. 3.21: D76E and D76A Mass spectra.
Denatured ESI mass spectra of purified D76E (a) and D76A (b) for exact mass
calculation. The observed molecular weights are |1874.26 (+ 0.12) Da and
11816.16 (+ 0.16) Da for D76E and D76A, respectively.

The global fold of the D76E and D76A variants was compared to WT and D76N using
far-UV CD spectroscopy. The resulting spectra (Figure 3.22a) show that all variants are
folded, and have a spectrum typical of ,m, however, there are some small differences in
the spectra in the magnitudes of the 205 nm maximum and the 220 nm minimum.

The thermal stability of the variants was also probed using a temperature ramp, mon-

itored by far-UV CD (Figure 3.22b-d, Methods 2.4.2). The T values for D76E and

m,app
D76A observed through following the 216 nm signal as a function of the temperature,
are compared to the WT and D76N data from Figure 3.9. WT f,m is the most stable
witha T of 65.5°C + 0.5, D76E and D76A have the same T value of 57.6°C + 0.3

m,app m,app
and 57.6°C * 0.2 respectively, and D76N is the least stable witha T of 54.6°C + 0.1

m,app
(summary in Table 3.3). This order matches the order observed in the split-f-lactamase

data in Figure 3.18.
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3.2 Results

Table 3.3: Apparent Tm values, for WT, D76N, D76E and D76A f,m in 25 mM sodium
phosphate buffer at pH 7.4 and pH 6.2

Variant Trmapp (C)
WT pH 7.4 624 + 0.4
D76N pH 7.4 | 53.5 + 0.6
WT pH 6.2 65.5+0.5
D76N pH 6.2 | 54.6 + 0.1

D76EpH 6.2 | 57.6 + 0.3

D76A pH 6.2 | 57.6 £ 0.2

In addition to the stability of the proteins, the ability of the D76E and D76A variants
to aggregate to form amyloid fibrils was carried out at pH 6.2 and compared with D76N
(Figure 3.23), interestingly, D76E and D76A both aggregate readily, yet more slowly than
D76N. D76N aggregated the fastest, followed by D76A and D76E in conditions in which

WT f,m is not able to aggregate. T, values are presented in Table 3.4.
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Fig. 3.23: Comparison of the aggregation rates for D76E and D76A with D76N.
(a,b) Aggregation kinetics of D76N (red), D76E (pink) and D76A (green) monitored by
ThT fluorescence. 40 pM protein, 25 mM sodium phosphate buffer, pH 6.2 with a final
ionic strength of 180 mM (made by addition of NaCl), 10 uM ThT, 0.02%, NaN3;, 37 °C,

600 rpm (b, zoomed in view of lag phase). (c,d) Negative stain EM micrographs of
amyloid fibrils from reaction endpoint material for D76E (c) and D76A (d), scale bar
(red) = 100 nm.

Table 3.4: Aggregation T, values, for D76N, D76E and D76A f,m in 25 mM sodium
phosphate buffer pH 6.2

Variant | T, (hours)
D76N | 6.5+0.3
D76E | 13.6 £2.5
D76A | 11.6+28

The results from the CD temperature melt (Figure 3.22) and the aggregation assay
(Figure 3.23) both match the observed order from the split-p-lactamase assay. The effect
of the D76E and D76A mutations on the structure of the B,m fold was investigated

through the measurement of 'H-'>N HSQC spectra for D76E and D76A, in comparison
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to WT and D76N (Figure 3.13). The spectra in Figure 3.24 show that all variants share a
similar overall fold, at least as indicated by the small differences in chemical shift. However,
there is a subset of peaks with different chemical shifts, which are presented in the CSP

analysis in Figure 3.25.
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Fig. 3.24: Comparison of D76E and D76A variants ' H-'>N HSQC, with WT and D76N
Bzm.

'H->N HSQC spectra of WT (blue), D76N (red), D76E (pink) and D76A (green). 250
pM protein in 25mM sodium phosphate buffer pH 6.2, 0.02% (w/v) NaN3, 10% (v/v)
D,0, recorded on a 600 MHz Oxford NMR magnet with QCI-P-cryoprobe;
proton-optimised quadruple resonance NMR inverse’ probe. at 25°C.

The CSP analysis of the WT protein compared to D76E and D76A (Figure 3.25) shows
a similar pattern of CSPs to the differences observed between WT and D76N under
the same conditions in Figure 3.13. These chemical shift differences are again clustered
around the area surrounding the mutation site in the protein structure; although the
observed magnitude of the CSP between D76E and D76A with WT values are greater

than the CSPs between D76N and WT, in the areas surrounding position 76.
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WT vs D76E CSP, pH 6.2
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Fig. 3.25: CSP analysis of D76E and D76A, in comparison to WT f,m at pH 6.2.
CSPs between the WT and D76E (a) or D76A (d) were calculated with the equation

Abw = \/ (5-6'H)* + (5'5N)* (Methods 2.7.3). The standard deviation from the pH
7.4 analysis (0.26) was used as a cut-off. Residues with CSPs less than the cut-off are
coloured yellow, |-2 times the cut-off are orange and over 2 times the cut-off are red.
The CSPs are mapped onto the structures in b and c for D76E and D76A, respectively
(mapped onto WT structure PDB: ILDS [I51]). The secondary structure elements are
shown as ribbons on (a) and (c).
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3.3 Discussion

In this chapter the structure, stability and the aggregation of D76N 3,m were examined.
The native ,m fold was shown to be unaffected by the D76N amino acid substitution, this
is demonstrated firstly by comparison of the existing crystal structures (Figure 3.1) and
in this chapter by comparison of the far-UV CD spectra (Figure 3.4), and 'H-'">N HSQC
spectra of D76N compared to WT ,m (Figure 3.12). The D76N amino acid substitution
destabilises the f,m fold, which translates to a AAG® of 9.5 kl.mol”!, measured by
equilibrium urea denaturation at pH 7.4 and 25 °C (Figure 3.5) and a difference in T, .,
of approximately 9°C (Figure 3.4. Table 3.3), consistent with other studies [221, 222, 223].
The lower global stability of D76N is not sufficient however to explain the aggregation

propensity of the variant, as it is well established that the stability of f,m variants does

not correlate with their aggregation propensity [217, 177] (Table 3.5).

Table 3.5: Summary of AAG’j\ and aggregation propensity of 3,m variants

AAG’ ) values (Data taken from [177], apart from D76N data)

Bom variant | AAG’ g (k).mol™") | Fibrils?

WT - X

D76N 9.5 4

AN6 3.8 4

V37A 8.5 X

P5G 1.5 4

P32G 1.8 Elongation only

Instead, the mechanism of ,m aggregation is understood to proceed via a folding
intermediate with a trans proline at position 32, (the |y-state), and the equilibrium pop-
ulation of this state correlates with ,m aggregation propensity [176, 177]. One such
variant (P32G) which populates the I;-state at 25% at equilibrium, is not able to ag-
gregate in vitro without the presence of fibrillar seeds [176, 177]. This is an important
observation when considering the proposal that D76N occupies the |;-state at 25% at
equilibrium [184], because 25% I;-state is not sufficient to initiate aggregation in P32G.
The published conclusion by Mangione et al. [184] that D76N populates the |;-state at

25% at equilibrium is also not reflected in the CD spectra in Figure 3.4, as a 25% popu-
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Global properties and native structure of D76N ,m

lation would be distinguishable from the WT spectrum, which is indeed the case for the
P32G variant [176, 177], but not for D76N. Furthermore, a 25% population of |;-state
would be detectable in the D76N 'H-'>N HSQC spectrum, as shown for P32G [176], as
the exchange between the two states occurs on a very slow timescale, limited by pro-
line isomerisation with a half-time in the order of minutes [172, 175, 176] which would
present a separate set of peaks belonging to the I;-state.

The role of the |;-state in D76N aggregation is further probed in Figure 3.7, where
the in vitro aggregation of D76N is compared to ANS, an |;-state structural mimic [177,
88]. D76N aggregated more rapidly than ANS, in conditions favourable for AN6 aggre-
gation [177, 88], which shows that either the D76N |-state is exceptionally amyloido-
genic, so much so that even at populations akin to WT ,m, can aggregate faster than
the I-state structural mimic or, D76N aggregation proceeds in an |;-state independent
manner. The observation that mfB,m inhibits D76N aggregation, however, suggests that
there must be some common basis to D76N and AN6 aggregation as mp,m inhibits AN6
via a specific bimolecular interaction [64]. Also, acceleration of D76N aggregation at pH
6.2, compared to pH 7.4, mirrors the effect observed for AN6 [88], again suggesting that
there is a common basis for aggregation. The D76N |-state is the subject in Chapter 4,

where a detailed analysis of the D76N |-state is carried out.
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D53~ /W D38

. D%

Fig. 3.26: Positions of the seven aspartate resides in ,m.

The positions of all seven aspartate residues are shown on the WT f,m structure
(PDB:2YXF [231]).

There are seven aspartate (D) residues in ,m (34, 38, 53, 59, 76, 96, 98) (Figure 3.26,
all of which are highly conserved in mammalian §,m sequences [222]. Systematic substi-
tution of the six aspartate residues to asparagine (N) (with the exception of D76N) did
not produce aggregation-prone variants or perturb the f,m structure or stability of any of
the variants [222]. This study showed therefore, that the change in charge resulting from
a D-N substitution does not in itself drive the aggregation of f,m. Instead, the saturation
mutagenesis of position 76, carried out in Section 3.2.3, shows the importance of the as-
partate residue at position 76, and any change in amino acid either decreases the stability,
or increases the aggregation propensity, as measured by the split-f-lactamase assay (Sec-
tion 3.2.3). The interactions between the D76 side chain must, therefore, be significant in
the context of the ,m structure and its ability to form amyloid. The exquisite specificity
for an aspartate at residue 76 in the ,m structure is perhaps best exemplified by the
D76E variant which can form amyloid and is less stable than WT p,m by 7.9°C, when
a D-E substitution retains the same charge and the sidechain only differs by single CH,.

Both the D76E and the D76A variants studied in this chapter were able to form amyloid
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Global properties and native structure of D76N ,m

and were destabilised compared to WT, however, they were not as unstable as D76N
and did not aggregate as fast as D76N either, this suggests that there is a specific inter-
action formed by N76, which may preclude stabilising interactions still possible in D76E
and D76A. The interactions of the N76 residue in D76N are investigated in Chapter 5.
The split-p-lactamase assay used in Section 3.2.3 successfully predicted the aggrega-
tion propensity of the D76E and D76A variants. However, the exact physical properties
the split-f-lactamase assay is sensitive to remain unclear, as there appears to be some link
between hydrophobicity and residue size; however, outliers such as the D76K and D76R
substitutions show that the assay is not merely probing a property such as hydrophobic-
ity. The split-B-lactamase assay is powerful, therefore, in the case of position 76 when
fundamental properties such as hydrophobicity are not sufficient to explain the effect of
mutations. The structural context of a mutation must also be considered, and this as-
say can glean insight into the role of residues in the structure of a protein by examining
outliers such as D76K and D76R. Further work, to understand the split-B-lactamase as-
say further may include saturation mutagenesis of other positions such as D53 and D98,
which are areas unaffected by the D-N substitution [222], and the examination of both
destabilised, non aggregating mutations such as V37A [177, 217] or murine ,m [60] and

stable, aggregation-prone variants such as P5G [177].
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Chapter 4

Characterisation of the D76N
|-state using real-time NMR

4.1 Introduction

The folding pathway of B,m proceeds via a long-lived, structured, folding intermedi-
ate [172, 175, 176]. The slow rate of conversion from the structured intermediate to
the native folded state of B,m is hindered by the necessary conversion of the prolyl-
peptidyl bond between His3| and Pro32 from a trans conformation to an energetically
unfavourable cis configuration [176, 174, 173]. The folding intermediate with a trans-
Pro32 is known as the |y-state [176, 174, 173]. Mutagenesis of proline residues in $,m
has shown that the equilibrium population of the I-state to the N-state is directly pro-
portional to the aggregation rate of the ,m variant [176, 177]. In fact, a truncated form
of f,m found in DRA patients [232, 171] (known as ANS), in which the N-terminal six
residues have been cleaved proteolytically becomes trapped in the |;-state and there-
fore aggregates more quickly than any 3,m variant studied prior the discovery of D76N,
presumably because the AN6 ,m variant cannot escape the |1-state configuration [88].
This ANG6 variant is a good structural mimic of the WT f,m I-state and matches the 'H-
'>N' HSQC and far-UV CD spectrum attributed to the I;-state generated during real-time
refolding experiments which directly visualise the I;-state for WT ,m [88, 174].

In Chapter 3, no increase in D76N |-state population could be observed, additionally

in vitro aggregation experiments demonstrated that D76N aggregated more quickly than
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Characterisation of the D76N I;-state using real-time NMR

the ANG6 variant of B,m which is trapped in the |;-state. This prompted the further
study, carried out in this chapter to understand how D76N is more aggregation prone
than ANG6.

Through real-time refolding experiments the D76N |;-state was studied to under-
stand if it was structurally different to the WT I;-state, leading to a more aggregation
prone |t-state. The rate of refolding for some D76X mutants (Chapter 3) was also
probed to investigate the presence of some alternative folding species, which could have
an effect on the folding rate. Finally, a AN6-D76N mutant was produced to test if this
mutant was also an |-state mimic, which would allow the aggregation rate of the D76N

I+-state to be investigated.
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4.2 Results

4.2.1 Real-time refolding of f,m variants, monitored using far-Uv
CD

It is possible to distinguish between AN6 and WT p,m using far-UV CD spectroscopy
(200-260 nm) with the former showing a deeper minimum at 216 nm, presumably due to
the rearrangement of aromatic side chains in the I+-N transition [177, 179] (Figure 4.1).
These sidechain rearrangements lead to a positive aromatic contribution to the far-UV
CD spectrum of natively folded WT f,m and the resulting spectrum appears to have
lower intensity in the far-UV than expected based on its -strand content. The difference
between natively folded 3,m and the spectrum of the I;-state mimic, ANS, is illustrated
in Figure 3.4 in Chapter 3. Additionally, various proline variants of WT [,m studied [177]
show that as the population of the I;-state at equilibrium, measured through size exclu-

sion chromatography and NMR; is reflected in the equilibrium far-UV CD spectrum.

Fig. 4.1: Structural rearrangements involved in the |;-state to native transition.
The ANG6 (left, PDB:2XKU) and WT f,m (right, PDB:2XKS) NMR structures [88]
reveal the structural transition in the I;-state to Native state transition. The
rearrangement of aromatic sidechains for residues F30 (orange), P32 (red), I35 (light
grey), W60 (Dark grey), F62 (light green), L64 (blue), F70 (pink), H84 (dark green) and
W95 (black) are shown as sticks.

The difference between the ,m N-state, which has a cis-proline at position 32, and

the |;-state, where the proline at position 32 is trans, was utilised to probe the transi-
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tion from the |;-state to the native state in real-time refolding experiments, monitored
by far-UV CD. In these refolding experiments described in Methods 2.4.3 (schematic in
Figure 4.2), the refolding of acid-unfolded 3,m variants was initiated by the addition of
a refolding buffer (pH 7.4 and pH 6.2). Upon the initiation of refolding, the l;-state is
rapidly formed and proceeds to slowly convert into the N-state, over the course of min-
utes. The isomerisation of proline 32 thus limits the rate of refolding to a time-scale

amenable to real-time studies.

Unfolded protein: Refolding buffer:
0.8 M urea, 300 mM NaP,
pH 2.5. 0.8 M urea. Record spectrum
400 pL 200 pL every 60 seconds

= || =

Fig. 4.2: Schematic describing the protocol used for real time refolding reaction studies,
monitored by far-UV CD.

In the real-time refolding reaction depicted above, refolding buffer (300 mM sodium
phosphate) at the desired pH for refolding is added to the acid unfolded p,m (buffer:
0.8 M urea, pH 2.5). Once refolding has been initiated, far-UV CD spectra (200-260 nm)
are recorded every 60 s for the duration of the time-course (Methods 2.4.3).

In Figure 4.3 the refolding of WT, D76N and the two additional f,m D76X variants
(D76E and D76A) were followed in real time using far-UV CD spectroscopy. In these real-
time refolding experiments, far-UV CD spectra in the range 200-260 nm were acquired
every 60 seconds, following the initiation of the refolding reaction upon the addition of
refolding buffer to the acid unfolded protein. In Figure 4.3 a selection of full spectra are
shown, at five-minute intervals and show that the transition from I+-N can be observed
in all variants, characterised by changes in the spectra at 216 nm and 235 nm, confirming

that each variant folds via an I-like intermediate to form a folded N-state.
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Fig. 4.3: Real-time refolding of B, m variants at pH 7.4, followed by CD spectroscopy.
Far-UV CD spectra recorded for WT f3,m (a) in blue, D76N ,m (b) in red, D76E B,m
(c) in purple and D76A B,m (d) in green. Spectra were recorded every 60 s over the
refolding time-course in the spectral range 200-260 nm, however spectra corresponding
to 5 minute intervals are shown, for clarity. In all plots, spectra get darker as the
time-course progresses, showing the change in the spectrum over time. These
experiments were carried out at 20 °C at a final protein concentration of 20 pM in

100 mM sodium phosphate pH 7.4 (Methods 2.4.3).

The changes in the spectra observed during the refolding time course in Figure 4.3

are studied in more detail in Figures 4.4 and 4.5, where the CD intensity at 216 nm

and 235 nm during the refolding reaction is plotted versus time. The change in signal at
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216 nm can be fitted to a monoexponential equation (Equation 4.2), the rate constants

(b) for each variant are presented in Table 4.1.

y=ae X +c 4.1
Where y is the CD intensity at the chosen wavelength, x is time, c is the value of y at

infinite time and a is the starting value and b is the rate constant.

Fitting the data at 235 nm (Figure 4.5) to a monoexponential equation (Equation 4.1)
results in rate constants 2-3 times slower than those obtained at 216 nm (Table 4.1).
This discrepancy in refolding rate constants at 216 nm and 235 nm may reflect the faster
formation of secondary structure (216 nm), followed by the reordering of side chain
packing (235 nm) required to form a fully native fold. Regardless, the difference in rate
constants at different wavelengths is the same for all variants and is therefore a general

effect not related to the aggregation of D76N.

y=-ac X +c (4.2)

Where y is the CD intensity at the chosen wavelength, x is time, c is the value of y at

infinite time and a is the starting value and b is the rate constant.

124



4.2 Results

WT pH 7.4, 216 nm D76N pH 7.4, 216 nm

=25

e e data e e data
—30l — fit |l — fit

MRE deg.cm?.dmol~! (x107%)
MRE deg.cm?.dmol~! (x107%)

_6'50 560 10‘00 15‘00 ZObO 25‘00 30‘00 35‘00 _90 560 10‘00 15‘00 20‘00 25‘00 30‘00 35‘00
Time (s) Time (s)
c d
—4.0 D76E pH 7.4, 216 nm _3.0 D76A pH 7.4, 216 nm
e e data e e data

— fit

MRE deg.cm?.dmol~! (x10~%)
MRE deg.cm?.dmol~! (x10~%)

-8.0 6.0
0

500 1000 1500 2000 2500 3000 3500 % 500 1000 1500 2000 2500 3000 3500
Time (s) Time (s)

Fig. 4.4: Real-time refolding of 3, m variants at pH 7.4, followed by CD spectroscopy as
a function of time at 216 nm.

MRE at 216 nm as a function of time for WT f3,m (a) in blue, D76N ,m (b) in red,
D76E B,m (c) in purple and D76A ,m (d) in green are plotted as circles and fitted to
the equation y = ~ae "X + ¢ (Equation 4.2), shown as a black line. These experiments
were carried out at 20 °C at a final protein concentration of 20 pM in 100 mM sodium

phosphate buffer at pH 7.4, with spectra acquired at 60 s intervals.

125



Characterisation of the D76N I;-state using real-time NMR
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Fig. 4.5: Real-time refolding of B, m variants at pH 7.4, followed by CD spectroscopy as
a function of time at 235 nm.

MRE at 235 nm as a function of time for WT ,m (a) in blue, D76N p,m (b) in red,
D76E B,m (c) in purple and D76A ,m (d) in green are plotted as circles and fitted to
the equation y = ae P ¢ (Equation 4.1), shown as a black line. These experiments

were carried out at 20 °C at a final protein concentration of 20 pM in 100 mM sodium
phosphate buffer at pH 7.4, with spectra acquired at 60 s intervals.
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Table  4.1: Refolding  rate  constants, measured by far-UV  CD
at 216 nm and at 235 nm for all PBym variants at pH 74.
Observed rate constants for },m variants were followed at 216 nm and 235 nm
and the data fitted using equations y = —ae " + ¢ (Equation 4.2) and y = ae ™ + ¢
(Equation 4.1), respectively. The rate constants are the values for the coefficient, b,
in the fitting equations 4.2 and 4.1. Errors are one standard deviation on the fitting

parameters. All values are quoted in s

Variant WT D76N D76E D76A

216 nm 1.03x1072 | 1.27x107 | 1.10x1073 | 1.06x1073
216 nm error | 2.63x107 | 3.23x107 | 3.34x107 | 3.90x107°
235 nm 2.95x10% | 3.1x10% | 3.42x10* | 1.97x10°*
235 nm error | 6.11x107° | 3.30x10° | 3.71x107° | 4.34x10°°

Based on the enhanced aggregation rate of D76N at pH 6.2 compared to pH 7.4
(observed in Chapter 3, Figure 3.6) the refolding reactions were carried out at pH 6.2. In
Figure 4.6 the full far-UV CD spectra in the range 200-260 nm are shown; over the same
time course as the pH 7.4 studies in Figure 4.3. The spectra under these conditions do not
undergo the same dramatic change observed at pH 7.4 despite the fact that the proteins
are natively folded at this pH at equilibrium (Chapter 3, Figures 3.9 and 3.13). Instead
it appears that the minimum at 216 nm first becomes smaller, then after approximately
20 minutes the spectrum begins to revert back to the original state present at the start of
the refolding reaction, this process can be seen in Figure 4.7. In Figure 4.7 the refolding
kinetics followed at 216 nm are fit to Equation 4.3 and show the presence of another
process, for which there are some small hallmarks of in the pH 7.4 data at 216 nm in

Figure 4.3.

y=-ae X +mx+c (4.3)

Where y is the CD intensity at the chosen wavelength, x is time, the constant c
represents both the value of y at infinite time and the y-intercept of the straight-line
component of the equation. a is the starting value and b is the rate constant. m is the

gradient of the straight line component of the curve.
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Fig. 4.6: Real-time refolding of B, m variants at pH 6.2, followed by CD spectroscopy.
Far-UV spectra recorded for WT f,m (a) in blue, D76N $,m (b) in red, D76E ,m (c)
in purple and D76A B,m (d) in green. Spectra were recorded every 60 s over the
refolding time-course in the spectral range 200-260 nm, however spectra corresponding
to 5 minute intervals are shown, for clarity. In all plots, spectra get darker as the
time-course progresses, showing the change in the spectrum over time. These
experiments were carried out at 20 °C at a final protein concentration of 20 pM in
100 mM sodium phosphate buffer at pH 6.2.
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Fig. 4.7: Real-time refolding of B, m variants at pH 6.2, followed by CD spectroscopy as
a function of time at 216 nm.
MRE at 216 nm as a function of time for WT f3,m (a) in blue, D76N ,m (b) in red,
D76E B,m (c) in purple and D76A B,m (d) in green are plotted as circles and fit to the
equation y = —ae "* + mx + ¢ (Equation 4.3), shown as a black line. These experiments
were carried out at 20 °C at a final protein concentration of 20 pM in 100 mM sodium
phosphate buffer at pH 6.2, with spectra acquired at 60 s intervals.
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The refolding kinetics as a function time at 235 nm at pH 6.2 (Figure 4.8) do not follow
the same kinetics observed at 216 nm (Figure 4.7) at pH 6.2, where the signal begins to
decay after approximately 20 minutes. Instead the data at 235 nm appear to follow a
single process and can be fitted to the monoexponential equation (Equation 4.1). The

rate constants of refolding at pH 6.2 are summarised in Table 4.2.
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Fig. 4.8: Real-time refolding of 3, m variants at pH 6.2, followed by CD spectroscopy as
a function of time at 235 nm.

MRE at 235 nm as a function of time for WT f3,m (a) in blue, D76N ,m (b) in red,
D76E B,m (c) in purple and D76A B,m (d) in green are plotted as circles and fit to the
equation y = ae DX ¢ (Equation 4.1) , shown as a black line. These experiments were

carried out at 20 °C at a final protein concentration of 20 pM in 100 mM sodium
phosphate buffer at pH 6.2, with spectra acquired at 60 s intervals.
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Table 4.2: Refolding  rate  constants, measured by farr-UV  CD
at 216 nm and at 235 nmm for all fB,m variants at pH 6.2
Observed rate constants for 3,m variants monitored at 216 nm and 235 nm us-
ing equations y = —ae " + mx + ¢ (Equation 4.3) and y = ae " + ¢ (Equation 4.1),
respectively. The rate constants are the values for the coefficient, b, in the fitting
equations 4.3 and 4.1. Errors are one standard deviation on the fitting parameters. All

values are in s

Variant WT D76N D76E D76A

216 nm 1.67x1073 | 1.87x107 | 1.84x107 | 1.52x10°*
216 nm error | 1.06x10°% | 1.02x10* | 8.66x10* | 3.55x107
235 nm 8.76x10* | 1.23x1073 | 8.66x10°* | 7.19x10°*
235 nm error | 6.01x107° | 1.2x10% | 3.58x10° | 3.28x10°

The real-time refolding experiments carried out at pH 7.4 show that WT and D76N
both fold via an I;-state and that the refolding proceeds at a similar rate. The addition of
the D76A and D76E variants to this analysis indicates that residue 76 does not appear to
have a critical role in the refolding process, as both of these variants also fold at a similar
rate. Interestingly, for all variants studied here, the rate constants observed by following
the change at 216 nm is different from the refolding rate constants observed at 235 nm
(Tables 4.1 and 4.2). These different rate constants at 216 nm and 235 nm indicate that
the transition from the Il;-state to a native fold is a complex process with more than
one process involved, perhaps due to packing of aromatic side chains as a result of the
transition from trans-to-cis in proline 32 (Figure 4.1).

Under conditions in which D76N aggregates more rapidly in vitro, the refolding pro-
cess appears to become more complex, still. It should be noted that visible precipitation
was observed when the refolding reaction was carried out at pH 6.2, and the aggregation
processes may be complicating the analysis further. Since the processes attributed to
refolding and aggregation cannot be differentiated, no further refolding experiments at
pH 6.2 were carried out. However, pH 6.2 remains a useful condition for studying other

processes such as in vitro aggregation kinetics.
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4.2 Results

4.2.2 Real-time refolding of WT and D76N ,m, followed by NMR

Previous work has shown that the I;-state, can be visualised by NMR during the refolding
process and that this intermediate has a distinct 'H-">"N HSQC spectrum from that of
the natively folded protein [88, 233, 234, 235].

In the following work, the |y-states of both WT and D76N were visualised using
'H-">N NMR, to identify differences in chemical shift and to monitor refolding at the
single residue level of resolution. These studies aimed to unravel the role of the I;-
state in D76N aggregation, given the fact that there does not appear to be any detectable
increase in l-state population for D76N at equilibrium. Together with the fact that D76N
aggregates more rapidly than the WT |;-state-mimic AN6, thus poses the question of
whether the D76N I;-state adopts some highly aggregation-prone state, distinct form
the I;-state of the WT protein.

To begin to answer these questions, real-time refolding reactions as described in
Methods 2.7.4 and Figure 4.9 were carried out, and ' H-'>N HMQC spectra were recorded
every 60 seconds for 180 minutes.

Refolding buffer
(pH 7. 4) )

- SOFAST-HMQC * °
i spectra oo O
pH 2.5 ° ol ©
> || | ‘ de °p
° °
o)

Fig. 4.9: Schematic of the real-time refolding reaction, followed by NMR.
The sample protein is acid unfolded in unfolding buffer (1.5M urea, pH 2.5). Refolding is
initiated upon the addition of refolding buffer (0.5M sodium phosphate, pH 7.4) raising
the pH of the sample to pH 7.4. The sample is loaded into the NMR spectrometer and
a SOFAST-HMQC experiments are recorded every 60 seconds for 180 minutes. The
dead time from initiation of refolding to the start of data acquisition is 30 s. The change
in NMR spectrum is monitored with time as peaks corresponding to the |;-state
disappear and peaks belonging to the natively folded state appear with time, as the
trans-cis proline 32 isomerisation occurs and the protein transitions from the |;-state to
the native state.

The first spectrum acquired in the refolding reaction, after a dead time of 30 s and

an acquisition time of 60 s is compared to the final spectrum acquired after 180 minutes
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Characterisation of the D76N I;-state using real-time NMR

for WT in Figure 4.10 and D76N in Figure 4.11. For both WT (Figure 4.10) and D76N
(Figure 4.11), the first spectrum (90 s, a) is well dispersed, indicating that the species
present in the spectrum are at least partially folded. The spectrum of the species present
at 90 s has clear differences to the spectrum of the natively folded species present after
180 min (b). In the spectrum recorded after 90 s, a distinct subset of peaks are observed,
which disappear with time; these peaks correspond to the loss of It-state and gradually
lose intensity as the refolding reaction proceeds and the population of I;-state declines
as it converts to the native folded state. On the other hand, the first spectrum also
has another subset peaks which share a common chemical shift with peaks observed in
the final, native spectrum, which can be observed in the overlay of the spectra 90 s and
180 min (Figure 4.10c and Figure 4.1 1c). The set of peaks that are common to both the
I+-state and the N-state represent the structural similarity between the two states, which
can be observed in the structures of AN6 and WT p,m shown in Figure 4.1. In addition
to the Iy-state specific peaks, and the common peaks, there is also third a subset of peaks
which are not present in the early phases of the time course, which grow in intensity
over time, belonging to the N-state.

Peaks present in the early (90 s) spectra for both WT (Figure 4.10) and D76N (Fig-
ure 4.11), which belong to the |;-state, are not detectable at equilibrium, further sup-
porting the observation that an increased I;-state population is not apparent in D76N at

equilibrium.
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Fig. 4.10: Real time refolding of WT p,m, monitored by NMR.

(a) 'H-">N-SOFAST-HMQC spectrum recorded over a duration of 60 s after a dead
time of 30 s from the initiation of the real-time refolding timecourse. (b)
'H-">N-SOFAST-HMQC spectrum 180 min after refolding was initiated, where no
further changes in preceding 'H-'">N-SOFAST-HMQC spectra are observed. (c) An
overlay of the spectra from (a) and (b). These experiments were carried out at 20 °C at
a final protein concentration of 300 pM at pH 7.4 in 1.0 M urea, 166.6 mM sodium
phosphate buffer. Spectra were acquired at 60 s intervals, throughout the refolding
process.
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Fig. 4.11: Real time refolding of D76N $,m, monitored by NMR.

(a) 'H-'>N-SOFAST-HMQC spectrum recorded over a duration of 60 s after a dead
time of 30 s from the initiation of the real-time refolding timecourse. (b)
'H-">N-SOFAST-HMQC spectrum 180 min after refolding was initiated, where no
further changes in preceding 'H-'>N-SOFAST-HMQC spectra are observed. (c) An
overlay of the spectra from (a) and (b). These experiments were carried out at 20 °C at
a final protein concentration of 300 uM at pH 7.4 in 1.0 M urea, 166.6 mM sodium
phosphate buffer. Spectra were acquired at 60 s intervals, throughout the refolding
process.

Before in-depth chemical shift perturbation (CSP) analysis (Methods 2.7.3), and single
residue refolding kinetic studies (Methods 2.7.4) could be carried out, assignments for the

l+-state peaks in the early spectra for WT and D76N were required. While it is possible
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4.2 Results

to carry out triple resonance experiments required for backbone assignment within the
time course of these experiments [235, 236, 237], the structural similarity between AN6
and the WT |;-state was utilised to transfer assignments for AN6 to the WT |;-state. WT
I+-state assignments were transferred to the D76N |-state where possible. While direct
backbone assignment of the D76N |-state would be ideal, to confirm these assignments,
this method was sufficient to carry out CSP and kinetic analysis of the D76N |-state.

The assignments used in the following analyses are shown in Figures 4.12 and 4.13.
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Fig. 4.12: 'H-'>N assignments for the WT B,m 90 s refolding spectrum, used for CSP
and refolding kinetic analysis.
The assignments used here were transferred from the assignment of the AN6 spectrum
(BMRB:17166 [88]). Some residues are not assigned due to spectral crowding.
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Fig. 4.13: "H-'>N assignments for the D76N B,m 90 s refolding spectrum, used for CSP
and refolding kinetic analysis.

The assignments used here were transferred from the a combination of the assignments
of the WT ANG6 spectrum (BMRB: 17166 [88]) and the assignments for the D76N
N-state spectrum assigned in Chapter 3. Some residues are not assigned due to
spectral crowding.
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Characterisation of the D76N I;-state using real-time NMR

To further investigate the differences between the |;-state and N-state spectra ob-
served in Figure 4.10 and 4.1 1 (WT and D76N, respectively), chemical shift perturbation
analysis was carried out (Methods 2.7.3). The chemical shift perturbation (CSP) analysis
in Figure 4.14 compares the first and last spectra of the refolding time-course for WT
and D76N, using the assignments shown in Figures 4.12 and 4.13. In this analysis, the
change in chemical shift is calculated with Equation 2.6.

Plots in Figure 4.14, show the magnitude of CSP between the N and I-states for WT
(a) and D76N (b), coloured based upon the standard deviation from the mean average
CSP. The CSP analysis in Figure 4.14 shows that the overall pattern of CSPs between
the N and |;-states are remarkably similar between WT and D76N, the most substantial
differences for both proteins are found in the BC loop, in which the proline 32 residue
responsible for the I+-N transition is found. However, there are other areas of significant
CSP, found in the D strand, which is known to be conformationally dynamic in 3,m [88]
and in the FG loop, adjacent to the protein 32-containing BC loop. There is also a lack
of resonances corresponding to the DE loop, this could be due to lack of assignment,
as there are a number of unassigned peaks in the spectra in Figures 4.12 and 4.13, or
could be due to exchange broadening due to the dynamics of the DE-loop. The CSPs are
mapped onto the structures of WT and D76N in Figure 4.14c and d, respectively. This
information indicates that D76N undergoes a very similar structural rearrangement in

the I+-N transition to WT f,m.
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Fig. 4.14: Chemical shift differences between spectra recorded at 90 s and 180 min,
during the real-time refolding reaction at pH 7.4.
CSPs between the 90 s spectrum and the |80 min spectrum, calculated with the

equation Adw = \/(5 . 5'H)2 + (5'5N)2 (Equation 2.6). CSPs less than one standard
deviation from the mean average of all CSPs are coloured yellow, orange corresponds
to |-2 standard deviations and red corresponds to over 2 standard deviations from the
mean. The CSPs from WT (a) and D76N (b) are mapped onto the structures in (c) and
(d), respectively (PDB: ILDS (WT) [151] and 4FXL (D76N) [183]), using the same
colour code.

The analysis in Figure 4.14 shows that the differences between the N-state and |-
state for WT are similar in location and magnitude to the differences observed between
the D76N N-state and I;-state. In Figure 4.15, the differences in 'H-'>N HMQC spectra
between the |;-states for D76N and WT are compared. In Figure 4.15a the first spectrum
in the time course for WT and D76N are compared and show a remarkably similar
dispersion pattern, indicating that the two intermediate species share the same overall

fold. The differences in chemical shift are quantified in Figure 4.15b and are mapped
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Characterisation of the D76N I;-state using real-time NMR

onto the structure of AN6 in Figure 4.15c. The CSPs observed here are consistent
with those observed between the native folds for WT and D76N studied in Chapter 3
(Figures 3.12 and 3.13), where the most significant chemical shift differences are observed
in the residues spatially adjacent to the mutation site at position 76, in the EF-loop. The
CSP analysis in Figure 4.15 provides further indication that the WT and D76N |-states

are structurally very similar.
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Fig. 4.15: Comparison of WT and D76N 'H-'>N HMQC spectra recorded at 90 s,
during the real-time refolding reaction.

The WT and D76N 'H-'>N HMQC spectra recorded at 90 s in the real time refolding
reaction at pH 7.4, 20° are shown in (a), the CSPs between the two spectra in (a) are
shown in (b) and mapped onto the structure of AN6 (PDB:2XKU) in (c). CSPs between
the WT and D76N spectra at 90 s were calculated with the equation

Adw = \/(5 -8'H)? + (5'5N). CSP less than one standard deviation from the mean
average of all CSPs are coloured yellow, orange corresponds to |-2 standard deviations
and red corresponds to over 2 standard deviations from the mean.

As mentioned previously, the real-time refolding NMR experiments discussed here
were carried out as a time-course with a spectrum recorded every 60 s for the full
180 min duration of the refolding time-course. Therefore it is possible to carry out
kinetic analysis at the single residue level for the entire folding transition between |+-N,

particularly for resonances which are unique to either the |;-state or the N-state. Such
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Characterisation of the D76N I;-state using real-time NMR

an analysis was carried out for peaks corresponding to the N-state in Figure 4.16 and
peaks corresponding to the I;-state in Figure 4.17 for WT and D76N.

The kinetic analysis in Figure 4.16 was carried out by following the change in volume
for peaks corresponding to the native state as a function of time and fitting the vol-
umes to the monoexponential equation (Equation 4.2) used previously (Methods 2.7.4).
Within this data set, there were peaks which shared a chemical shift with peaks in the
I+-state, which could not be fitted to the monoexponential process sufficiently. To filter
out the peaks which did not fit to a single process, due to overlapping peaks, fits which
had a standard deviation of more than 10% of the value for the rate constant (b in Equa-
tion 4.2) were removed from this analysis, (plots without this cut-off applied are shown
in Appendix A) In Figure 4.16a-d, representative fits for the increase in volume of native
resonances with time are shown. In Figure 4.16e,f the per-residue observed rate con-
stants for WT (e) and D76N (f) are shown. The results show that the majority of peaks
share the same rate constant of approximately 6.0x10* 57!, consistent with previously
observed rate constants for WT refolding by NMR [233]. The mean average rate con-
stant of folding for the residues within the 10% cut off is 6.1x10"* + 6.2x10” s for WT
and 6.3x10™* + 4.7x10” s”! for D76N. The results also show that WT and D76N fold at a
similar rate, consistent with the observations made by monitoring the refolding process
by far-UV CD (approx. 3x10 at 235 nm, Table 4.1). In Figure 4.16f there are rates for
residues around the mutation site in the EF loop which appear to refold more slowly, this
is due the peaks in question overlapping with |;-state peaks, which makes the apparent
rate appear slower, the same peaks are not shown in the WT data (Figure 4.16e) as the
fits are not within the cut-off applied, however a similar pattern is observed (Appendix A).

A similar analysis of |;-state decay was carried out in Figure 4.17 which shows the
rate constant for the decay of I-state, where volumes as a function of time are fit to
Equation 4.1. While this data set is sparse in comparison with the data in Figure 4.16, the
results show that the rate constants for the reduction in population of I-state between
WT and D76N are similar, but slightly faster in D76N (5.6x10™ + 3x107 s™! for WT and
4.6x10* £ 9.75x107 s*!' for D76N). Again, fits which had a standard deviation of more
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than 10% of the value for the rate constant were removed from this analysis and the plots

without this cut-off applied are shown in Appendix A).
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Fig. 4.16: Single residue refolding rates for N-state peaks.
(a-d) show representative data (WT in blue, D76N in red) and fits (black) for single
residue refolding rates fitted to the equation y = —ae Xt (Equation 4.2). The rate
constants for residues where the standard deviation on the fit is no more than 10% of
the rate constant value are shown in (e) and (f) for WT and D76N, respectively.
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Fig. 4.17: Single residue refolding rates for I-state peaks.

(a-d) show representative data (WT in blue, D76N in red) and fits (black) for single
residue refolding rates fitted to the equation y = ae ™ + ¢ (Equation 4.1). The rate
constants for residues where the standard deviation on the fit is no more than 10% of
the rate constant value are shown in (e) and (f) for WT and D76N, respectively.

The first spectrum acquired in the refolding reaction time-course, shown in Figures
4.12 and 4.13, can only be obtained after a dead-time of 30 s. Within this dead-time some
molecules will already have folded to the N-state. Therefore, in order to determine if the
first spectrum acquired in the refolding reaction is a good representation of the |-state,

the population of N-state at a given time point was calculated and the signal intensity of
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the N-state resonances subtracted from the refolding spectra to yield a spectrum solely
containing lt-state resonances (Figure 4.18). To calculate the population of N-state at any
time point; Equation 4.2 was rearranged to yield the % N-state for a given time point using
Equation 4.4. Using the fitting coefficients for all residues where the standard deviation on
the fit was less than 5%, and the median average rate constant of folding was used to scale
an N-state spectrum (180 m spectrum) and then subtract it from the refolding spectrum
to yield an Iy-state only spectrum. The resulting |;-state only spectra are compared for
WT and D76N using the refolding spectrum after 90 s and also the refolding spectrum
after 300 s in Figure 4.18.

%N = @ (~ae P +¢) (4.4)
Where y is the CD intensity at the chosen wavelength, x is time, c is the value of y at

infinite time and a is the starting value and b is the rate constant.

The results (Figure 4.18) show that the species observed at 90 s in the refolding
reaction is a good representation of the |;-state, even when the N-state contribution
is 13.8% for WT and 12.8% for D76N. Interestingly, even the refolding spectrum after
300 s which contains visible N-state resonances (the N-state population for WT is 25.8%
and D76N is 25.4%) can be used to reproduce the l-state spectrum once the native
contribution is subtracted. This approach represents a simple and straightforward way
to visualise folding intermediates, using prior kinetic information, either from NMR or
other techniques. This approach could be utilised for situations where a longer dead
time is used, if spectra need to be acquired over longer time period, or if the process in
question proceeds more quickly than f,m refolding and a spectrum containing resonances

from another species is unavoidable.
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Fig. 4.18: Comparison of pure-ly-state spectra and refolding spectra.

compared to the refolding spectrum acquired after 90 s.
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4.2.3 Generation of a trapped D76N I|t-state mimic (AN6-D76N)

The results presented so far indicate that the I-states of WT and D76N are remarkably
similar regarding both the refolding kinetics and structure of the N and |;-states. The
critical question, however, is whether the D76N |;-state is more aggregation prone than
the WT |;-state state. This is an important question since D76N aggregates faster than
ANG, suggesting either the D76N I;-state is more aggregation prone than the WT |-
state, or that D76N aggregation proceeds via a route independent of the I;-state. Given
the similarities between the WT and D76N |;-state discovered above, a AN6-D76N
variant was made, as a potentially kinetically-trapped D76N |;-state mimic, akin to the
ANG6-WT variant [88]. It should be noted, however, that while AN6 makes up approxi-
mately 30% of the fibrils responsible for DRA [232, 171] (with the other 70% full-length
WT f,m), there is no AN6-D76N in patients with D76N amyloidosis [|83].

The AN6-D76N mutant was cloned and the variant protein purified as described in
Methods 2.2.1 and 2.3. Figure 4.19a shows that the AN6-D76N eluted as a single peak
in gel filtration at 200-230 ml elution volume consistent with the AN6-WT monomer
species. The purified AN6-D76N produced a single band on an SDS-PAGE gel (Fig-
ure 4.19b). The purified protein had a molecular weight of 11.249 kDa, by mass spec-
trometry, consistent with 1SN isotopic labelling and was predominantly a single species
with a small population at | |.13 kDa (Figure 4.19c). The yield of AN6-D76N was remark-
ably low (0.5 mg/ml) with much of the protein precipitating during the refolding step of

the purification protocol. Typical yields for full-length D76N are approximately 15 mg/ml.
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Fig. 4.19: Purification of AN6-D76N.

(a) size exclusion chromatography profile for AN6-D76N, the blue area corresponds to
the material taken forward for further experiments. The gel in b, shows the pure
sample from (a) as a single band. (c) Denatured ESI mass spectra of purified AN6-D76N
for exact mass calculation. With an observed molecular weight of 11.249 + 0.1 kDa.
The expected mass is |1.269 kDa, if 100% |I5N labelled.

The fold of AN6-D76N was first interrogated using far-UV CD spectroscopy and
compared to the spectrum of AN6 (Figure 4.20a). The far-UV CD spectrum of AN6-
D76N shows the same characteristics observed for AN6 and the folding intermediates
of WT and D76N observed in Figure 4.3, although the signal for the AN6-D76N is lower
intensity to that of AN6 due to problems with AN6-D76N sample preparation resulting
in lower protein concentration, the final concentration however is unknown, so MRE
calculation was done assuming a concentration of 20 pM. The thermal stability of AN6-
D76N was also assessed and compared to AN6 (Figure 4.20b). AN6-D76N hasa T

m,app

of 42.8°C compared to the AN6 T, .., which is 55.2°C. The difference in T, ., between
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AN6 and AN6-D76N is 12.4°C, while the T, difference between WT and D76N N-

m,app
states is 10.9°C (Chapter 3). The T values for WT and D76N (full length and AN6

m,app
variants for both) are summarised in Table 4.3, and show that the combined effects of the
D76N substitution and the AN6 truncation appear to be additive, resulting in a 22.7°C

decrease in stability between WT and AN6-D76N.
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Fig. 4.20: AN6-D76N and AN6-WT temperature ramp, monitored by far-UV CD
Spectroscopy.
The far-UV CD spectra for AN6-D76N (red) and AN6-WT (blue) at 25 °C are shown
in a. In b, the temperature ramp data (c,d) are shown as a function of temperature fitted
to the equation two-state exchange model using the CDPal software package [193] for
calculation of T, .o, values. The temperature ramp experiment were carried out at
pH 6.2 in 25 mM sodium phosphate buffer in the range 20-90 °C in 5 °C steps.
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Characterisation of the D76N I;-state using real-time NMR

Table 4.3: T, ., values for WT and D76N (full length and AN6) at pH 6.2 in 25 mM
sodium phosphate buffer, fitted to the equation two-state exchange model using the
CDPal software package [193].

Variant WT D76N AN6-WT | AN6-D76N
Trapp (C) | 655205 | 546 £0.1 | 552+ 0.5 | 428+ 0.9

The similarity of the AN6-D76N and D76N variants was further studied by NMR.
The 'H-""N HMQC spectrum of AN6-D76N (Figure 4.21) shows a remarkable similarity
to to that of the kinetically populated D76N I;-state spectrum obtained using real time
NMR. Small differences can be observed, yet may be a consequence of the different buffer
and protein concentrations used in the refolding experiment in Figure 4.1 | and the buffer
used to study AN6-D76N. These results show that the AN6-D76N variant is a suitable
mimic for the D76N I;-state, akin to AN6-WT and the WT I;-state.

110

BN D76N 90 s ° w oa?
B ANG-D76N | 9 @ ol

115} 0@
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125}

130} .9
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Fig. 4.21: Comparison of the 'H-">"N HMQC spectrum of AN6-D76N and the D76N
|+-state at 293K.
'H-'>N SOFAST HMQC spectra of AN6-D76N (red, 80uM protein, 25 mM sodium
phosphate, pH 7.4) and the D76N 90 s refolding spectrum (black, 300 uM protein at
pH 7.4 in 1.0 M urea, 166.6 mM sodium phosphate buffer).

Finally, the aggregation kinetics of the AN6-D76N variant was measured with ThT

fluorescence (Figure 4.22, Methods 2.6.1) and show that AN6-D76N aggregates with a
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rate comparable to the rate observed for AN6é (Chapter 3), which is slower than the
rate observed for full-length D76N. The AN6-D76N half-time is 26.855 (+6.125) hours,
while the AN6-WT half-time is 18.017 (£1.883) hours, both of which aggregate more
slowly than the D76N variant which aggregates with a half-time of 6.567 (£0.679) hours
(Chapter 3). This is a significant result, which shows how the I;-states between D76N and
WT are structurally similar and indeed aggregate with similar kinetics. Hence, differences
between the |1-states for WT and D76N cannot explain the enhanced aggregation rate
of D76N. Since WT also appears to populate the same |y-state as D76N, and WT does
not aggregate under these conditions; the aggregation observed for D76N must proceed

via an alternate species, independent of the |1-state.
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Fig. 4.22: AN6-D76N aggregation assay.

(@) ThT kinetics of D76N aggregation, 30 pM AN6-D76N, 25 mM sodium phosphate
buffer; pH 6.2 with a final ionic strength of 180 mM (made by addition of NaCl), 10 pM
ThT, 0.02%, NaN; (w/v), 37 °C, 600 rpm. (b) Fibril yield (Methods 2.6.3), assessed
through SDS-PAGE comparison of endpoint soluble material after centrifugation and the
whole sample of soluble and insoluble material. (c) Negative stain EM micrographs of
amyloid fibrils (Methods 2.6.2) from reaction endpoint material, scale bar (red) =
100 nm). Five replicates are shown.
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4.3 Discussion

The real-time refolding experiments described in Section 4.2.1, show that WT f,m,
D76N, D76E and D76A all fold via an |;-state, with the typical CD spectrum associated
with this species [177] and with refolding rate constants on a timescale consistent with
the trans-cis isomerisation of proline 32 [176, 174, 173]. The refolding rates observed
by far-UV CD in Section 4.2.1 are similar for all variants and do not correlate with the
observed aggregation rates for the four proteins studied in Chapter 3; in which D76N
aggregates the fastest, followed by D76A and D76E, while WT f3,m does not aggregate
at all under the same conditions. These observations show that while the residue at
position 76 in f,m is critical in enhancing aggregation, it does not appear to have such a
role in the refolding pathway.

The real-time refolding of WT and D76N, followed by NMR was described in Sec-
tion 4.2.2. In these studies, the | -states of WT and D76N were directly visualised by
'H-">N NMR show that the I+-states are structurally similar with areas of significant
chemical shift perturbation are focussed around the mutation site at position 76. This
result is consistent with the differences observed between the native-state spectra of
WT and D76N which also show differences predominantly around the mutation site.
Further similarities between the D76N and WT I;-state are observed in the analysis of
refolding rate constants for both the increase in intensity of N-state peaks and the decay
of |;-state peaks during the time course. In both cases, the rates for WT and D76N are
comparable, providing further evidence suggesting the role of residue 76 in refolding is
minimal.

The production of a AN6-D76N variant in Section 4.2.3 successfully produced a
D76N I;-state state mimic with a similar NMR spectrum to the |;-state spectrum ob-
served during the D76N refolding timecourse. This AN6-D76N variant is destabilised by
22.7°C compared with WT B,m, consistent with the additive effects of the D76N substi-
tution and the AN6 truncation, suggesting a lack of cooperativity between the sequence
changes. The AN6-D76N aggregates on a similar timescale to AN6, and more slowly
than D76N.
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Characterisation of the D76N I;-state using real-time NMR

The results described in this chapter provide strong evidence that the I-states be-
tween D76N and WT are similar. The aggregation rate also shows that the D76N |-state
is not responsible for the aggregation propensity of D76N. Overall, therefore, the results
presented suggest strongly that D76N aggregation must proceed via an |;-state indepen-
dent species, derived from the native state. The presence of such a species is investigated

in the next chapter.

156



Chapter 5

Conformational dynamics of
D76N

5.1 Introduction

The experiments carried out in Chapters 3 and 4 revealed that the native fold of D76N
is structurally unperturbed by the amino acid substitution at position 76 and that the
generic mechanism of 3,m aggregation, where the population of the folding intermediate
known as the ly-state correlates with aggregation propensity does not explain D76N
aggregation. Instead, the native D76N protein was shown to be more aggregation prone
than the I-state itself, suggesting that the aggregation of D76N proceeds via an |-state
independent route.

The low intensity, broad peaks corresponding to residues 74 and 75 in D76N ob-
served in the D76N 'H-">"N HSQC spectrum in Chapter 3 (Figure 3.11), suggest that
there may be exchange with other conformational states occurring in D76N. In this
chapter, NMR experiments, including hydrogen-deuterium exchange, T, relaxation and
relaxation dispersion experiments were carried out to investigate the dynamics of D76N
over a range of timescales. In addition to the NMR experiments carried out to probe the
dynamics of D76N, metadynamic-metainference molecular dynamics simulations were
carried out to explore the predicted conformational free energy landscape of D76N.
These simulations combined backbone chemical shifts and residual dipolar couplings as

restraints with the prior knowledge gleaned from the NMR experiments to inform the
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design of collective variables, required for metadynamics. The aim is to use this approach

to identify rare conformational states in equilibrium with the native protein which may

rationalise its amyloid potential.
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5.2 Results

5.2.1 Exploring the role of protein dynamics in D76N aggregation
with NMR

Hydrogen-deuterium exchange NMR spectroscopy as a probe for D76N dynamics

Hydrogen-deuterium exchange (HDX) NMR experiments are particularly sensitive to
the presence of rarely populated species on a wide range of timescales [238, 39, 40].
HDX experiments were carried out on both D76N and WT f,m to investigate whether
there are any differences in D76N which may be responsible for its enhanced aggregation
potential compared to WT ,m.

HDX-NMR experiments were carried out (Methods 2.7.5) and SOFAST-'H-'>"N HMQC
experiments [239] were utilised to follow the loss of amide signals due to exchange
with the deuterium solvent with time. The SOFAST-'H-">"N HMQC experiments were
recorded every 5 minutes after a 3 minute dead time. The spectra in Figure 5.1 show the
first spectrum acquired in each experiment (D76N and WT at pH 7.4); in these spectra,
peaks corresponding to solvent-exposed loop residues exchange too quickly to be ob-
served. Many residues in the core of the protein can be observed and the decay in their
intensity was followed over time. The residues still visible after exchange for 8 minutes

are shown in Figure 5.1 and mapped onto the structure of D76N in Figure 5.2.
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Fig. 5.1: WT and D76N spectra after initiation of hydrogen-deuterium exchange.
SOFAST-'H-">"N HMQC experiments for the first time points in hydrogen-deuterium
exchange experiments for WT (a) and D76N (b) B,m at pH 7.4, after 8 minutes of
exchange (3 min dead-time, 5 min acquisition time).
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5.2 Results

Fig. 5.2: Protected core residues for D76N and WT 3,m mapped onto the protein
structure.
Core residues, still present in the initial SOFAST-'H-">"N HMQC spectra acquired after
8 minutes of exchange (red) on the D76N crystal structure (PDB:4FXL, [183]).

The loss of intensity over time for each residue was measured and fitted to a mo-
noexponential decay function (Equation 2.7). The rates of decay were extracted for
each residue, then converted into protection factors by the method described in Meth-

ods 2.7.5. Examples of the intensity plots and fits are shown in Figure 5.3.

161



Conformational dynamics of D76N

D76N residue 10 D76N residue 24

16000

12000

e o data
10000 — fit

14000

12000
8000
10000 -
6000
8000

Intensity
Intensity

4000
6000 |-

2000
4000

2000

0 500 1000 1500 2000 0 500 1000 1500 2000
Time (min) Time (min)

D76N residue 40 D76N residue 70

18000

14000

e o data
12000 — fit | 16000

10000 14000

12000+
8000
10000 -
6000 |-

Intensity
Intensity

8000

4000 |
6000 |

2000, 4000 -

2000

Qe

0 500 1000 1500 2000 0 500 1000 1500 2000
Time (min) Time (min)

Fig. 5.3: Representative HD-exchange plots.
Representative plots for intensity decay over time in HX-NMR experiments for D76 N
at pH 7.4, the black line corresponds to the fit of the red data points to a
monoexponential decay function (Equation 4.2).

The protection factors for residues in D76N compared to WT are shown in Fig-
ure 5.4, which shows the fold difference between the WT protection factor compared
to the much lower protection factors for D76N (Figure 5.4c). Given that WT f,m is 1.5
times more stable than D76N (based on AG’|; values of 18.1 k).mol"! and 27.6 k].mol"!
for D76N and WT, respectively, from Chapter 3), under exclusively EX| exchange, the
expected protection factor differences should be |.5 times also. The results in Figure 5.4
show that D76N is far less protected than it should be if exchange were only possible

from a global unfolding event, suggesting that D76N populates a less protected, yet at
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least partially structured species at equilibrium which is responsible for the reduced pro-
tection factors observed in D76N compared to WT 3,m. Alternatively, HX may occur by
an EX2 mechanism or a mixed EXI/EX2 mechanism, which is observed in WT ,m [240]

which is presumably due to the presence of the |;-state.
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Fig. 5.4: Comparison of WT and D76N protection factors at pH 7.4.

The protection factors calculated for WT ,m (a) and D76N (b) at pH 7.4. (c) The fold
difference in protection factors between for residues in WT ,m compared to D76N,
calculated from HX-NMR experiments conducted at pH 7.4. The fold change in
protection factor is calculated by dividing the WT/D76N. The pale bars indicate that
there is data for a residue, while the lack of a transparent bar means that no data is
available.

Based on the results of the HDX NMR experiments in this chapter, it is not clear

whether the less protected species is a rarely populated state in equilibrium with the na-
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5.2 Results

tive state or if the protection factor differences between D76N and WT f,m are instead
a reflection of the lower stability of the D76N I;-state compared to the WT |;-state
(Chapter 4, Figure 4.20), since, AN6 (the WT I;-state structural mimic) is poorly pro-
tected from hydrogen exchange [60]. Therefore further experiments were carried out

to probe the dynamics of D76N.
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Conformational dynamics of D76N

Measuring conformational dynamics with T, relaxation NMR experiments

>N transverse relaxation (T,) NMR experiments were carried out to further investi-
gate the dynamics of D76N p,m. T, relaxation experiments provide information about
ps-ns dynamics as well as being sensitive to ps-ms timescale dynamics of each resonance
observed in an 'H-">N HSQC spectrum [84]. T, relaxation is affected by the protein
dynamics and also by interactions between proteins, so can provide information about
interfaces formed between proteins [84]. Therefore, T, relaxation experiments were
carried out to assess whether D76N had a different dynamic profile to WT p,m and to in-
vestigate whether any additional interfaces could be identified between D76 N monomers
at increasing concentrations. Figure 5.5 shows the R, (1/T,) relaxation rates for D76 N

and WT B,m at 300 pM, pH 7.4. Some example fits are shown in Figure 5.6.

166



5.2 Results

WT, 300 M, pH 7.4

30 A > B > C > D > E > F > N
L7 L -~ L~ L= L= L 1>
25 o
b 20-
s
S 15 =
2
S 10+
< 5
0+
0 10 20 30 40 50 60 70 80 90
Residue
b
D76N, 300 uM, pH 7.4
30 AD> B > Cc > D > E > F > HE\
L7 L -~ L~ L - L= L~ 1>
25 A
W 20-
C
£ 15
<
©
] 10
< 5
0+
0 10 20 30 40 50 60 70 80 90
Residue
C
D76N (red) & WT (blue) 300 uM, pH 7.4
30 AD> B > C > D > E > F > s>
L7 L - L -7 L -7 L= 7 L~ 1>
25 A
Ig 20
c
S 154
©
s
‘o 104
o 5
0+
0 10 20 30 40 50 60 70 80 90

Residue

Fig. 5.5: Transverse relaxation rates for D76N and WT f,m at pH 7.4.

'SN transverse relaxation measurements (R,=1/T,) of 300 pM D76N (red) 300 pM WT
(blue) at pH 7.4, 25 °C. Experiments were carried out in |0 mM sodium phosphate
buffer at pH 7.4 containing 0.02 % NaNj3 (w/v) and 10% (v/v) D,O. Acquired at 25 °C
with a 600 MHz room temperature probe. Secondary structure is denoted by the
arrows above each plot. Transparent bars in the respective colours indicate that data
are available for the particular residue (D76N is red, WT is blue). When data for a
residue is present in both data sets, the bar becomes purple, if no data is available for a
residue, the background is coloured white.
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Fig. 5.6: Representative transverse relaxation decay curves for D76N and WT f,m.
Transverse relaxation traces for single residues, corresponding to the data shown in
Figure 5.5 for D76N (a-c, red) and WT (d-f, blue) showing peak intensity against
relaxation delay, fit to a monoexponential decay function (Equation 4.2).

For both WT and D76N there are areas with faster R, relaxation rates in the D-
Strand, DE-loop and E-strand in comparison to the rest of the protein. There are also a
number of residues in the DE-loop which are not detected, presumably due to exchange
broadening (residues 57, 60, 61 and 62), which show that this area of the protein is highly
dynamic. There are differences in this dynamic area in D76N, compared to WT, for
residues 51, 52, 54, 58 and 59 in the D-strand and DE-loop. There are other smaller
differences in R, relaxation rates in D76N compared with WT throughout the protein;

these areas are shown on the 3D structure of D76N in Figure 5.7.
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Fig. 5.7: Areas of perturbed dynamic behaviour in D76N compared to WT at pH 7.4.
D76N residues with different transverse relaxation rates (where the difference between
the fitted rates is greater than the sum of the errors for the fitted rates) at pH 7.4,
compared to WT B,m (red) on the D76N crystal structure (PDB: 4FXL, [183]).

In order to identify any additional interaction interfaces in D76N, R, relaxation rates
were also measured at two different D76N concentrations (80 pM and 300 pM, Fig-
ure 5.8). At higher concentrations changes in the T, relaxation profile are likely to be due
to protein-protein interactions rather than dynamic changes in monomers. Increasing the
D76N concentration globally increased R, rates although the overall pattern per-residue
remains the same. This global increase in R, relaxation was also observed in previous
experiments on WT f,m [88] and is consistent with the increased frequency of inter-
actions at a higher concentration. The T, experiments show that WT and D76N f,m
share a similar dynamic profile on a ps-ms and/or ps-ns timescale observed in T, relax-
ation experiments at pH 7.4 which is suggestive of similar local dynamics, with a similar

concentration dependence reflective of non-specific inter-molecular interactions.
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Fig. 5.8: Concentration dependence of D76N transverse relaxation rates.

I>N transverse relaxation measurements (Ry=1/T,) of 300 pM D76N (red) 80 pM
D76N (black) at pH 7.4, 25 °C. Experiments were carried out in 10 mM sodium
phosphate buffer at pH 7.4 containing 0.02 % NaNj; (w/v) and 10% (v/v) D,O. Acquired
at 25 °C with a 600 MHz room temperature probe. Secondary structure is denoted by
the arrows above each plot. Transparent bars in the respective colours indicate that
data are available for the particular residue. When data for a residue is present in both
data sets, the bar becomes dark red, if no data is available for a residue, the background
is coloured white.

The aggregation assays in Chapter 3 show that D76N aggregates faster at pH 6.2
than at pH 7.4. Therefore, the R, relaxation rates for WT and D76N at pH 6.2 were
compared (Figure 5.9). At pH 6.2, there is a marked difference in R, relaxation rates in
the AB-loop, where D76N has faster R, relaxation rates than WT f,m in this region.
Interestingly there are observable differences in residues 75 and 76, which are too weak
to measure at pH 7.4. Again there are additional small differences throughout the protein,

which are shown on the structure of D76N in Figure 5.10.
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Fig. 5.9: Measuring D76N dynamics, compared to WT f,m at pH 6.2.
>N transverse relaxation measurements (Ry=1/T,) of 250 uM WT (blue, a) and 250
pM D76N (red, b) and compared in (c). Data were acquired on samples in 25 mM
sodium phosphate, at pH 6.2, 25 °C with a 750 MHz TCl cryoprobe, 'H optimised
triple resonance NMR inverse probe and Bruker Avance Ill HD console. Secondary
structure is denoted by the arrows above each plot. Transparent bars in the respective
colours indicate that data are available for the particular residue (D76N is red, WT is
blue). When data for a residue is present in both data sets, the bar becomes purple, if
no data is available for a residue, the background is coloured white.
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Fig. 5.10: Areas of perturbed dynamic behaviour in D76N compared to WT at pH 6.2.
D76N residues with different transverse relaxation rates (where the difference between
the fitted rates is greater than the sum of the errors for the fitted rates) compared to
WT B,m at pH 6.2 (red) on the D76N crystal structure (PDB: 4FXL, [183]).

The dynamics of the D76E and D76A mutants investigated in Chapter 3 and Chap-
ter 4, which are also able to aggregate at pH 6.2, although not as quickly as D76N, were
examined in Figure 5.11. Both variants show similar differences in relaxation rates at
pH 6.2 to WT f,m, with significant differences in the AB-loop and around the mutation
site in the EF loop, with further differences in the D-strand and DE-loop. Interestingly,
the D76A variant shows universally faster R, relaxation rates throughout the entire pro-
tein which suggests that interactions formed between the residue 76 side chain and other

residues are important in the global dynamics of the protein.
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Fig. 5.11: Transverse relaxation rates of the D76E and D76A variants, compared to WT
Bom at pH 6.2.

Comparison of '°N transverse relaxation measurements (Ry=1/T,) of 250 uM D76E (a)
and 250 uM D76A (b) with WT B,m. Data was acquired on samples in 25 mM sodium
phosphate, at pH 6.2, 25 °C with a 750 MHz TCl cryoprobe, 'H optimised triple
resonance NMR inverse probe and Bruker Avance Ill HD console. Secondary structure
is denoted by the arrows above each plot. Transparent bars in the respective colours
indicate that data are available for the particular residue (D76E is purple, D76A in green
and WT is blue). When data for a residue is present in both data sets, the bar becomes
a mixture of the corresponding colours and if no data is available for a residue, the
background is coloured white.
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Probing invisible states with CPMG-RD NMR experiments

The results in Chapter 3 showed that the native ,m fold is unperturbed by the amino acid
substitutions at position 76, although the global stability and the aggregation propensity
of B,m was affected in D76N, D76E and D76A. In Chapter 4 the refolding of the D76
variants was studied, and the |;-state of D76N was characterised and showed similar
structural, aggregation and refolding properties to the WT I-state. The observations
from Chapters 3 and 4, together with the results in this chapter so far, suggest that
there could be an alternative conformational state, derived from the native §,m fold, and
independent from the I;-state, which is involved in D76N aggregation. Therefore, Carr-
Purcell-Meiboom-Gill sequence relaxation-dispersion (CPMG-RD) experiments [34, 9,
10] were carried out to investigate the presence of an alternative conformational state
in D76N.

CPMG-RD experiments were carried out (Methods 2.7.7) on WT and D76N, at
pH 7.4 (500 uM protein, 600 MHz field strength), for both WT and D76N. Per-residue re-
laxation dispersion curves were fitted to the Bloch-McConnell equations for two-site ex-
change using the software package PINT [198] (Methods 2.7.7). The results suggest there
is indeed exchange with alternative conformational species. Representative dispersion
curves are shown in Figure 5.12 for both WT and D76N. All residues which appear to be
undergoing exchange with another species are mapped onto the WT (PDB:2YXF [231])
and D76N (PDB:4FXL [183]) crystal structures in Figure 5.14. The estimated R, values
are shown in Figure 5.13. Examination of the exchanging residues in D76N and WT, on
the protein structures shows that the D-strand, DE-loop and E-strand appear to be the
most active parts of the structures in terms of exchange, and the number of residues
experiencing exchange is greater in D76N than in WT f,m. Residues are deemed to
be undergoing exchange when the fit to the Bloch-McConnell equations for two-site ex-
change is preferred over the fit to a constant model (no exchange) after the performance
of an F-test. All dispersion curves and lists of residues undergoing exchange are presented

in Appendix B.
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Fig. 5.12: Representative relaxation dispersion profiles for exchanging residues in D76N

and WT B,m at pH 7.4.

Selected representative CPMG relaxation dispersion curves for residues where the fit
to the Bloch-McConnell equations for two-site exchange is preferred over the fit to a
constant model (no exchange) after the performance of an F-test. The R, ¢ values are

plotted as dots (D76N red (a-c), WT blue (d-f)) and the fit is plotted as a black line.
Error bars correspond to the uncertainty in lineshape fitting of the peak. Data were

acquired with 500 pM samples at pH 7.4, recorded with a 600 MHz QCI-P-cryoprobe;

HD console.
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WT (blue) and D76N (red) R., values at pH 7.4, 600 MHz
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Fig. 5.13: Estimated R, values for WT and D76N, at pH 7.4 and 600 MHz
Comparison of R, values for 500 pM WT with 500 pM D76N. Estimated R, values
were calculated by subtracting the R, ¢ values from the highest frequency VCPMG from
the lowest frequency vVCPMG R, ¢ values (R, = R, .4(vCPMG=100) -

R, f(VCPMG=2000) ). Data were acquired on samples in 25 mM sodium phosphate, at
pH 7.4, 25 °C with a 600 MHz QCI-P cryoprobe, 'H optimised triple resonance NMR
inverse probe and Bruker Avance Ill HD console. Secondary structure is denoted by the
arrows above each plot. Transparent bars in the respective colours indicate that data
are available for the particular residue (WT is blue and D76N in red a). When data for
a residue is present in both data sets, the bar becomes a mixture of the corresponding
colours and if no data is available for a residue, the background is coloured white.
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Fig. 5.14: Exchanging residues at pH 7.4, mapped on to WT and D76N crystal
structures.

WT (PDB:2YXF [231]) (a) and D76N (PDB:4FXL [183]) (b) crystal structures with
exchanging residues from CPMG experiment at pH 7.4, (500uM protein concentration,
600 MHz) and residues not visible due to exchange broadening coloured in black.
Residues are deemed to be undergoing exchange when the fit to the Bloch-McConnell
equations for two-site exchange is preferred over the fit to a constant model (no
exchange) after the performance of an F-test.

Next, the behaviour of D76N at pH 6.2 compared to pH 7.4 was examined (500 pM
protein, 750 MHZz field strength) and the dispersion curves (Figure 5.15) indicate that the
exchange regimes at pH 6.2 are similar to those at pH 7.4. The structures in Figure 5.17

show that more residues undergoing exchange can be detected at 750 MHz. At both
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pH 7.4 and pH 6.2, residues in the AB-loop exhibit exchange while at pH 6.2 residues in
the EF-loop which are too broad to measure at pH 7.4 are also exchanging with another
state. The similarity of the exchange patterns at pH 7.4 and pH 6.2 suggest that the
species present at pH 6.2 are the same as the species present at pH 7.4 aggregation,
which is possibly populated to a higher degree at pH 6.2. The estimated R, values are
shown in Figure 5.16 and all dispersion curves and lists of residues undergoing exchange

are presented in Appendix B.
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Fig. 5.15: Representative relaxation dispersion profiles for exchanging residues in D76 N
at pH 7.4 and pH 6.2.

Selected representative CPMG relaxation dispersion curves for residues where the fit

to the Bloch-McConnell equations for two-site exchange is preferred over the fit to a

constant model (no exchange) after the performance of an F-test. The R, 4 values are
plotted as dots (D76N, pH7.4 (a-c) and D76N, pH6.2(d-f)) and the fit is plotted as a
black line. Error bars correspond to the uncertainty in lineshape fitting of the peak.

Data was acquired with 500 pM samples using a 750 MHz TCl-cryoprobe;
proton-optimised quadruple resonance NMR ‘inverse’ probe and Bruker Avance Ill HD
console.
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D76N R., values at pH 7.4 (red

fa)

and pH 6.2 (black), 750 MHz
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Fig. 5.16: Estimated R, values for D76N at pH 7.4 and pH 6.2 at 750 MHz
Comparison of R, values for 500 uM D76N at pH 7.4 with pH 6.2. Estimated R,
values were calculated by subtracting the R, .« values from the highest frequency
VCPMG from the lowest frequency vCPMG R,  values (R, = R; .+(vCPMG=100) -
R ef(VCPMG=2000) ). Data were acquired on samples in 25 mM sodium phosphate, at
pH 7.4, 25 °C with a 600 MHz QCI-P cryoprobe, 'H optimised triple resonance NMR
inverse probe and Bruker Avance Il HD console. Secondary structure is denoted by the
arrows above each plot. Transparent bars in the respective colours indicate that data
are available for the particular residue (WT is blue and D76N is red). When data for a
residue is present in both data sets, the bar becomes a mixture of the corresponding
colours and if no data is available for a residue, the background is coloured white.
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Fig. 5.17: The effect of pH on the D76N conformational exchange.
Exchanging residues identified at pH 7.4 (a) and pH 6.2 (b) for D76N, mapped onto the
D76N crystal structure (PDB:4FXL [183]) and residues too broad to measure due to
exchange broadening coloured in black. Data was acquired with 500 pM samples using a
750 MHz QCI-P-cryoprobe; proton-optimised quadruple resonance NMR ‘inverse’
probe. and Bruker Avance lll HD console. Residues are deemed to be undergoing
exchange when the fit to the Bloch-McConnell equations for two-site exchange is
preferred over the fit to a constant model (no exchange) after the performance of an
F-test. Produced with PyMol molecular graphics system [ [9].

The CPMG-RD experiments show that both WT and D76N exchange with a hidden
species. There may be some contribution to the exchange observed in WT and D76N

from the equilibrium between the N-state and |;-state or could be due to dimerisation,
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5.2 Results

since the protein concentration in the CPMG-RD experiments is 500 pM. The NMR
data here provide an independent cross-validation of the simulations described in the
next section. The simulations in the next section aimed to investigate the structures and
populations of species present at equilibrium in D76N, including the |;-state and other
N-state derived species using replica-averaged, metadynamic-metainference molecular

dynamics simulations.
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5.2.2 Metadynamic-metainference molecular dynamics simulations
as a tool to explore the conformational energy landscape of
D76N

This section describes the use of metadynamic-metainference molecular dynamics sim-
ulations (MM-MD) [33, 32] to explore the conformational landscape of D76N and to
provide physical insights into the observed experimental results described in this chapter.
The MM-MD simulations are replica averaged simulations which incorporate experimen-
tal data using a Bayesian inference method to generate accurate structural ensembles,
by estimating random, systematic errors, as well as errors in forward model prediction
and error introduced by heterogeneous sample mixing [33, 32]. The ensemble averaged
experimental data used in these simulations were both backbone chemical shifts (Chap-
ter 3, Table 3.2) and 'H-'">N residual dipolar couplings (Section 5.2.2), all collected for
D76N at pH 7.4. The conformational ensemble generated through metainference was en-
couraged to explore conformational space through the use of parallel-bias metadynamics
where a history-dependent energy potential was applied to a set of collective variables
(CVs) (Section 5.2.2) in parallel [33, 241, 31]. The CVs are measurable properties to
which the parallel bias metadynamics potential will be applied. CVs should discriminate
between the various states of the system, so that modulating the values for each CV
with the bias potential facilitates exploration of the energy landscape of the protein [31].
It is important therefore to include CVs which help explore ‘slow’ conformational mo-

tions [31].

Obtaining 'H-'>N RDCs for D76N at pH 7.4

'"H-'>N residual dipolar couplings (RDCs) were measured for D76N at pH 7.4 as de-
scribed in Methods 2.7.8 through the use of sensitivity-enhanced in-phase and antiphase
(IPAP) J-coupled 'H-'">N-HSQC spectra [69, 204]. In Figure 5.18 the upfield and the
downfield components for both the unaligned (isotropic) and aligned (anisotropic) sam-
ples are shown, in these spectra the residual dipolar coupling is simply the difference in

splitting (dipolar coupling) between the aligned and unaligned spectra for each residue [69].
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The per-residue RDC values are shown in Figure 5.18c. The sample was aligned with Pfl

filamentous phage.
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Fig. 5.18: Measurement of D76N RDCs at pH 7.4.

Sensitivity-enhanced in-phase and antiphase (IPAP) J-coupled 'H-""N-HSQC spectra of
300 pM D76N, 90.3 mM NaCl, 5 % D20, 0.02% (w/v)NaNs. The unaligned (isotropic)
sample (2) contained no alignment media and the aligned (anisotropic) sample (b) was
aligned with 15mg/ml Pfl phage. Acquired with a 750 MHz TCl-cryoprobe;

proton-optimised quadruple resonance NMR ‘inverse’ probe and Bruker Avance Il HD

C

onsole. Per-residue RDC values for D76N, pH 7.4 are shown in (c).
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Table 5.1: Per-residue RDC values for D76N. Acquired using sensitivity-enhanced in-
phase and antiphase (IPAP) J-coupled 'H-">N-HSQC spectra on a 300 pM D76N, 90.3
mM NaCl, 5 % D20, 0.02% (w/v)NaN; sample in 25 mM sodium phosphate buffer at
pH 7.4. Aligned with 15mg/ml Pfl phage. Acquired with a 750 MHz TCl-cryoprobe;
proton-optimised quadruple resonance NMR ‘inverse’ probe and Bruker Avance |l HD
console.

Residue | RDC (Hz) | Residue | RDC (Hz) | Residue | RDC (Hz)
2 35.9671 38 13.6213 71 -18.5331
3 13.2423 39 7.53452 73 541212
6 -7.0115 40 5.7229 75 18.6468
7 4.99522 41 -30.4337 76 -13.0679
9 1.05362 42 -16.0848 79 13.6288
10 -15.395 43 -8.44412 80 6.23076
Il -11.9764 | 44 -18.2526 8l 17.3506
13 -4.21448 | 45 -21.7622 82 0.3259%4
16 -14.1064 | 47 14.8795 83 6.7462
18 -7.8453 48 -7.8453 84 -4.57074
19 22.0123 49 -22.2246 85 -3.6763
24 -35.3076 50 -19.2305 86 12.6889
25 -2.44834 51 -1.28102 87 6.28382
26 -13.9851 52 0.28046 89 -14.3868
27 342919 54 -10.6954 91 -14.1443
28 -6.57186 55 -5.39696 92 5.84418
30 21.2846 58 -10.3391 93 2.94862
31 -8.82312 59 9.75546 94 19.1243
33 4.10078 65 3.13812 95 11.3548
34 16.2439 67 -12.3251 96 7.14036
35 14.4247 68 -21.6257 97 -5.7608
36 -2.93346 69 -12.2038 98 -7.3526
37 -2.30432 70 -15.8043 99 -2.0087
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Design of CVs for use in MM-MD simulations

In addition to the data used in the MM-MD simulations a range of collective variables
were selected to aid exploration of the D76N conformational landscape. The collective

variables are detailed in Table 5.2 and shown on the D76N crystal structure in Figure 5.19.

Table 5.2: Collective variables used in D76 N MM-MD simulations

Collective Variable | Description

Dihedral correlation of phi-psi and psi-phi angles in the
N-term N-terminal 6 residues. This collective variable refers to

movement in the N-term.

Calculates torsion angle of the omega angle in Pro32
Pro32 (amide bond between His31 and Pro32) which reports

on cis-trans isomerisation.

Dihedral correlation of phi-psi and psi-phi angles in

AB-loop

the AB loop.
Distance76-42 Distance between N76:1HD2 and N42:OD .
Distance76-73 Distance between N76:1HD2 and T73:0Gl.

D-strand-APBR Anti parallel beta sheet content in the D and E
strands, residues 50 to 70.

Calculates the number of contacts between two
Pro32:N-term groups of atoms. In this case the contacts between.
Pro32 and the N-term

Calculates the number of contacts between two
Pro32:DE-loop groups of atoms. In this case the contacts between.
Pro32 and the DE-loop
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Fig. 5.19: Collective variables used in MM-MD simulations.
CVs on D76N (PDB:4FXL [183]) crystal structure. N-term (red), Pro32 (cyan),
AB-loop (orange), Distance76-42 and Distance76-73 (green), D-strand-APBR (blue).

Metadynamics was performed with the collective variables (Table 5.2) in parallel over
all 24 replicas in the simulation, where a history-dependent bias was applied in the form
of gaussian functions. The gaussian bias potentials were converted into free energy land-
scapes as a function of each CV. The free energy landscapes for each CV are presented

in Section 5.2.2
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Monodimensional free energy landscapes from MM-MD simulations

The D76N AB-loop is dynamic both on the timescales observable in the R, relaxation
data in Section 5.2.1 and in the CPMG-RD experiments in Section 5.2.1. The AB-loop in
D76N B,m takes up different arrangements in various structures. In the crystal structure
of monomeric D76N, the AB-loop occupies an arrangement where the loop points out
into solution [183], however in the MHC-bound structure of D76N, the AB-loop takes an
alternative arrangement [221], where the loop points towards the EF-loop (Figure 5.20).
These AB-loop arrangements are also observed for WT f,m [221]. The ‘AB-loop’ collec-
tive variable was therefore designed to ensure the entire ensemble of possible structures

in the AB-loop were explored.

Fig. 5.20: Conformational differences in D76N crystal structures.
Monomeric D76N (PDB:4FXL [183]) crystal structure (grey) and D76N structure from
crystal structure of a D76 N-MHC complex (PDB:4L3C [221]) (cyan).

In Figure 5.21 the reconstructed free energy landscape for the D76N AB-loop collec-

tive variable shows that the AB-loop occupies a wide, single energy minimum. This result

187



Conformational dynamics of D76N

indicates that the AB-loop is capable of taking up many structural arrangements, equally

energetically favourable, without large energy barriers between them.
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Fig. 5.21: Monodimensional free energy landscape as a function of the AB-loop CV.
The full reconstructed energy landscape for the collective variable ‘AB-loop’ is shown in
(2) and a focused view of the energy minimum is shown in (b). The darkening red lines
correspond to sequential groups of 40000 deposited gaussian bias functions over the full
trajectory, which serves as a qualitative measure of convergence.

Like the AB-loop, the D-strand, DE-loop and E-strand are region which are dynamic
in T, relaxation (Section 5.2.1) and in CPMG-RD experiments (Section 5.2.1). The re-
gion encompassing residues 50-70 (D-strand, DE-loop, and E-strand) is included in the
‘D-strand-APBR’ collective variable. This collective variable is designed to explore the
possible arrangements of this area, by modulating the anti-parallel f-content of the region.
This area also differs between the monomeric and MHC-bound D76N crystal structures
presented in Figure 5.20, where the D-strand is a straight pB-strand in the monomeric
form and occupies a pB-bulge in the MHC-bound structure.

The ‘D-strand-APBR’ energy landscape in Figure 5.22 shows that residues 50-70 oc-
cupy an ordered state (RMSD values close to 0 nm) and a disordered state (RMSD values
close to 3 nm), and a state in between (RMSD value approx |.5 nm). This result suggests
that this area of the protein exchanges between multiple states, with different levels of
anti-parallel 3-content, consistent with the observations made about the region in the

CPMG-RD experiments in Section 5.2.1. This region however does not appear to have
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fully converged yet as the energy minima are still changing relative to one another. In later
segments (strides), as the simulation progresses, the state with an RMSD value approx

I.5 nm becomes less populated, in favour of the two other states.
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Fig. 5.22: Monodimensional free energy landscape as a function of the D-strand-APBR
CV.

The full reconstructed energy landscape for the collective variable ‘D-strand-APBR’ is
shown in (a) and a focused view of the energy minimum is shown in (b). The darkening
red lines correspond to sequential groups of 40000 deposited gaussian bias functions
over the full trajectory, which serves as a qualitative measure of convergence.

The collective variables ‘Pro32’, ‘N-term’, ‘Pro32:N-term’, and ‘Pro32:DE-loop’ are all
designed to encourage exploration of the D76N I;-state. The ‘Pro32’ collective variable
encourages isomerisation of the Pro32, while the other CVs (‘N-term’, ‘Pro32:N-term’,
and ‘Pro32:DE-loop’) provide conformational change in the area to facilitate the Pro32
isomerisation. The N-terminal 6 residues are known to have a role in determining Pro32
isomerisation since deletion of the first six residues prevents the AN6 variant form form-
ing a cis Pro32 required to fold into the native state and the P5G variant occupies the
|t-state to approximately 60% presumably due to conformational flexibility introduced
into the N-terminus [177].

The energy landscape in Figure 5.23 shows that Pro32 can exchange between cis
(0 radians) and trans (x radians) conformations, through the direct modulation of the

omega bond angle between His3 1 and Pro32. The native cis-conformation is lower energy
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than the trans conformation, consistent with observations made in Chapter 4, regarding

the equilibrium population and stability of the D76N |-state.
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Fig. 5.23: Monodimensional free energy landscape as a function of the Pro32 CV.
The full reconstructed energy landscape for the collective variable ‘Pro32’ is shown in
(2) and a focused view of the energy minimum is shown in (b). The darkening red lines

correspond to sequential groups of 40000 deposited gaussian bias functions over the full
trajectory, which serves as a qualitative measure of convergence. The minimum at
0 radians corresponds to the cis configuration of Pro32 while the minimum at +3.14
radians corresponds to the trans configuration.

In Figure 5.24 the energy landscape of the N-terminus (Residues |-6) is explored, and
shows that the N-terminus occupies a low energy conformation with an energy barrier

of approximately 15 k|.mol"! to a higher energy state.
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Energy (kJ.mol~1)
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Fig. 5.24: Monodimensional free energy landscape as a function of the N-term CV.
The full reconstructed energy landscape for the collective variable ‘N-term’ is shown in
(@) and a focused view of the energy minimum is shown in (b). The darkening red lines
correspond to sequential groups of 40000 deposited gaussian bias functions over the full

trajectory, which serves as a qualitative measure of convergence.

The in ‘Pro32:N-term’ landscape in Figure 5.25¢,d has a complex landscape with two
low energy species. The ‘Pro32:DE-loop’ landscape in Figure 5.25a,b, however has a single

low energy species and a many high energy conformations.
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Fig. 5.25: Monodimensional free energy landscapes as a function of the Pro32:N-term
and Pro32:DE-loop CVs.

The full reconstructed energy landscape for the collective variable ‘Pro32:N-term’ is
shown in (a) and a focused view of the energy minimum is shown in (b). The
‘Pro32:DE-loop’ landscapes are shown in c and d, as full and focused views, respectively.
The darkening red lines correspond to sequential groups of 40000 deposited gaussian
bias functions over the full trajectory, which serves as a qualitative measure of
convergence.

The final set of collective variables refers to residue 76 and surrounding residues
thought to form side chain:side chain hydrogen bonds with residues 76 [184, 185] (N42
and T73). The distance from the residue 76 side chain and the side chains of N42 and T73
was modulated as a measure of hydrogen bonding. The landscapes for 76-42 and 76-73

distances are shown in Figure 5.26. Both of these landscapes have a dominant, low energy
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population at approximately 2 A (0.2 nm in Figure 5.26) consistent with hydrogen bond
formation, with a further minimum at approximately 6 A (0.6 nm, Figure 5.26) suggesting
that the bond is now broken. There are also many high energy states with even greater
distances, which may be due to greater a conformational change than a change in side
chain hydrogen bonding. These collective variables were chosen to identify correlation
between the side chain interactions of residue 76 and other conformational changes in

the protein.
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Fig. 5.26: Monodimensional free energy landscapes as a function of the Distance76-42
and Distance76-73 CVs.

The full reconstructed energy landscape for the collective variable ‘Distance76-42’ is
shown in (a) and a focused view of the energy minimum is shown in (b). The
‘Distance76-73’ landscapes are shown in c and d, as full and focused views, respectively.
The darkening red lines correspond to sequential groups of 40000 deposited gaussian
bias functions over the full trajectory, which serves as a qualitative measure of
convergence.
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Multidimensional free energy landscapes from MM-MD simulations

Analysis of multidimensional energy landscapes can reveal relationships between different
collective variables; for many of the CVs used in the D76N simulations, a number of
correlated behaviours can be identified.

In Figure 5.27 the ‘AB-loop’ and ‘D-strand-APBR’ energy landscapes are plotted to-
gether as a multidimensional energy landscape. The data in Figure 5.27 show that the
species with an ordered D-strand (0-0.25 nm D-strand anti-p RMSD) has a narrower dis-
tribution of AB-loop dihedral correlation than the states with anti-f RMSD values above
approximately 0.5 nm, this observation suggests that there is a relationship between the

AB-loop and the D-strand, DE-loop and E strand area of the protein.
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Fig. 5.27: Free energy surface as a function of the ‘AB-loop’ and ‘D-strand-APBR’ CVs.

The ‘AB-loop’ and ‘D-strand-APBR’ CVs occupy the x and y axes, while the free energy

is plotted as a heat map in the range 0-60 kj.mol", values outside of this range are not
shown.

The 2D landscape in Figure 5.28 shows both of the distance CVs (‘Distance76-42’

and ‘Distance76-73’) show that the two H-bonds are mutually exclusive, and that when
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one bond is formed (approximately 1-2 A distance) the other bond distance is most
often approximately 6 A but no closer. This result shows that residue N76 forms side
chain hydrogen bonds between either residues N42 or T73 most of the time, but not
both together. These H-bonds do not appear to correlate with states found in the other

energy landscapes presented in Section 5.2.2.
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Fig. 5.28: Free energy surface as a function of the ‘Distance76-42’ and ‘Distance76-73’
CVs.
The Distance76-42’ and ‘Distance76-73’CVs occupy the x and y axes, while the free
energy is plotted as a heat map in the range 0-60 k].mol"', values outside of this range
are not shown.

Figure 5.29 shows that P32 isomerisation is linked to the interactions with the P32
residue and the N-terminal six residues, since there is an energy minimum present in
the cis configuration, which is not present when P32 is trans, this result is promising as
it replicates observations made about the P32 isomerisation in B,m and the role of the

N-terminal region in the process [177, 88].

196



5.2 Results

T

1
'S
o

1
T
1
[
o

Pro-32 omega angle (rad)
Free ener;/ (kJ/mol)

o

0 5 10 |15 20 25
Pro32:N-term coord.

Fig. 5.29: Free energy surface as a function of the ‘Pro32’ and ‘Pro32:N-term’ CVs.
The ‘Pro32’ and ‘Pro32:N-term’ CVs occupy the x and y axes, while the free energy is
plotted as a heat map in the range 0-60 k|.mol', values outside of this range are not
shown. The minimum at O radians corresponds to the cis configuration of Pro32 while
the minimum at *3.14 radians corresponds to the trans configuration.

Finally, the energy landscape in Figure 5.30 shows that the trans-P32 species is not
permitted to form an ordered D-strand, DE-loop and E-strand region (RMSD values
below to 0.5 nm), yet the cis-P32 species can occupy full range of RMSD values in this

region.
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Fig. 5.30: Free energy surface as a function of the ‘Pro32’ and ‘D-strand-APBR’ CVs.
The ‘Pro32’ and ‘D-strand-APBR’ CVs occupy the x and y axes, while the free energy is
plotted as a heat map in the range 0-60 k].mol™', values outside of this range are not
shown. The minimum at 0 radians corresponds to the cis configuration of Pro32 while
the minimum at *3.14 radians corresponds to the trans configuration.
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Clustering analysis of substates present in the MM-MD structural ensemble

Next, the structures of D76N explored in the MM-MD simulations were analysed through
a clustering analysis described in Methods 2.9. Where approximately 25000 frames from
the full simulation trajectory (approximately 800000 frames) were grouped based on
backbone RMSD. The clustering analysis aims to sort the multitude of structures observed
in the simulation into distinct states, which provide insight into the structures of different
conformational states present in the structural ensemble.

In the clustering protocol a 2A cutoff was applied and 136 clusters were generated.

The ten most populated clusters are summarised in Table 5.3.

Table 5.3: The number of frames per cluster generated with a 2A cut-off

Cluster ID | No. of frames
16258
889
854
760
716
572
553
504
397
238

0 228

— | V| O NN LN AWM —|O

Each frame in the trajectory was then weighted based on the metadynamics energy

potential and converted into populations, summarised in Table 5.4 and Figure 5.31
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Table 5.4: Equilibrium population of clusters 1-10, weighted based on metadynamics bias
potential

Cluster ID | Population (3 sf)
0.863
0.000
0.000
0.003
0.051
0.010
0.000
0.045
0.000
0.000
0.000

— |V NN AW NN —|O

o

1.0 D7§N CIustermg
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o
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o
IS

0.2
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Fig. 5.31: Populations of the predominant D76N species identified in the clustering
analysis.

The representative structure of the three most populated clusters (0, 4 and 7) are
shown in Figure 5.32. Cluster 0 (Figure 5.32a), populated to 86% has a straight D-strand
and therefore has high anti-parallel f-sheet content in the D-strand, DE-loop and E-strand

region, consistent with the ordered species observed in the energy landscape for the ‘D-
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strand-APBR’ CV. Additionally, in Cluster 0, the AB-loop occupies a position where the
loop is pointing away from the protein into solution. The Cluster 0 structure resembles
the crystal structure of monomeric D76N (PDB:4FXL [183]), and the two structures are
compared in Figure 5.33a.

Clusters 4 and 7, which are populated to 5.1% and 4.5%, respectively (Figure 5.32b,c)
do not have the straight D-strand observed in Cluster 0, and in the monomeric D76N
crystal structure [183]. Instead the D-strand in Clusters 4 and 7 occupy a f-bulge struc-
ture observed in the crystal structure of D76N in the MHC complex (PDB:4L3C [221]).
Clusters 4 and 7 have different AB-loop arrangements, where the Cluster 4 AB-loop
points into solution, like in Cluster 0, and the Cluster 7 AB-loop points towards the other
loops, resembling the AB-loop arrangement found in the crystal structure of D76N in
the MHC complex (Figure 5.33b).

Interestingly, all of the representative structures (chosen to represent the centroid of
the cluster) shown in Figure 5.32 are in the cis-Pro32 configuration. However, the free
energy surface in Figure 5.30 shows that the trans-Pro32 species can not form an ordered
D-strand, so are presumably not present in Cluster 0, suggesting that the |1-state popu-

lation of D76N is indeed low, as expected, based on observations in Chapters 3 and 4.
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Fig. 5.32: Visualisation of the predominant D76N species identified in the clustering
analysis.

Cluster 0 (a, grey) is populated to 86%, Cluster 4 (b, red) to 5.1% and Cluster 7 (c,
blue) to 4.5%. The free energy difference between Cluster 0 and Cluster 4 is
7.06 kj.mol"' and the free energy difference between Cluster 0 and Cluster 7 is
7.37 kJ.mol"! (calculated with Equation 2.12).

202



5.2 Results

Fig. 5.33: D76N species identified in the clustering analysis replicate structural
heterogeneity in D76N crystal structures.
(@) Cluster 0 (grey) is compared to the monomeric D76N crystal structure (yellow)
(PDB:4FXL [183]). (b) Cluster 7 (blue) compared to the crystal structure of D76N in
the MHC complex (magenta) (PDB:4L3C [221]).
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5.3 Discussion

The NMR experiments described in this chapter indicated that both native WT and D76N
B,m have regions which appear to undergo conformational exchange with alternative
structures. Areas of the protein which appear particularly dynamic include the D-strand,
DE-loop and E-strand area and the AB-loop. This prior knowledge of the protein was
used to design collective variables to carry out MM-MD simulations using ensemble av-
eraged data to explore the D76N conformational landscape. The MM-MD simulations
revealed that the N76 residue still makes many hydrogen bonding interactions with the
surrounding loops in the structure. Interestingly, the D76A variant was shown to have
universally faster R, relaxation rates than the WT, D76N and D76E proteins, which may
reflect an inability of this particular variant to remain in conformations reliant on these
interactions, given that the D76A variant is less aggregation-prone than D76N.

The MM-MD simulations on D76N revealed the presence of multiple species in equi-
librium with the native state, which have been previously observed in various crystal struc-
tures of D76N both as a monomer and as part of the MHC complex, this is a promising
result as it verifies that the simulations are indeed accessing known structures. The sim-
ulations, however, can utilise the metadynamics bias potentials to calculate equilibrium
populations for the structures observed. The clustering analysis in Section 5.2.2 shows
that the predominant structure occupied by D76N in solution resembles the monomeric
crystal structure with a straight D-strand and an AB-loop which points into solution away
from the other loops (Figure 5.33). The minor states have a f-bulge in the D-strand, and
the AB-loop can be seen to take up both AB-loop conformations previously observed in
the D76N-MHC complex (Figure 5.33).

Importantly, the WT B,m D-strand is also straight in the crystal structure of the
monomeric protein (PDB:1LDS, [151]) and occupies the B-bulge structure also observed
for WT B,m while bound to the MHC (PDB:4L3C [221]). However, the solution NMR
structure of WT p,m (PDB:2XKS, [88]) shows the WT D-strand as a -bulge and not the
ordered configuration observed in the monomeric crystal structure. Also, the WT ,m
AB-loop also occupies the configuration seen in the MHC bound complex (PDB:4L29 [221])

where the loop is tucked in and pointed towards the other loops in the structure rather
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than pointing out into solution (Figure 5.34). 'H-'H NOESY experiments carried out on
WT B,m [151] show that even in conditions used for crystallisation of the WT monomer,
the WT D-strand does not appear to be ordered in solution. Instead the 'H-"H NOESY
data is consistent with a f-bulge structure showing that the WT crystal structure has
instead trapped a rare conformer of ,m with an ordered D-strand. The formation of
[-bulges in protein edge strands is thought to be a negative design strategy to avoid

edge-to-edge aggregation [242].

Fig. 5.34: WT f,m structural heterogeneity.
The monomeric WT ,m crystal structure (magenta) (PDB:1LDS [I51]) compared to
the crystal structure of WT ,m in the MHC complex (cyan) (PDB:4L29 [221]) and the
WT B, m solution NMR structure (yellow) (PDB:2XKS [88]).

The simulations in this chapter suggest that D76 does occupy a major species (86%)
with a straight edge strand, and two minor species (5.1% and 4.5%) which have $-bulges
in the D-strand. While these results do not directly inform about the role of the D-
strand in aggregation, they suggest a testable hypothesis. One such hypothesis is that
this species may represent an alternative mechanism for D76N which is independent

of the I;-state, consistent with both the alternative disease progression [183] and the
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different fibril structure resulting from D76N aggregation [223]. However, further work
is required to test the hypothesis that the ordered edge strand in D76N is a factor in the
aggregation pathway, through conducting MM-MD simulations on WT ,m and on D76N
using data obtained at pH 6.2 to compare the populations of the different states observed
(these simulations are ongoing). Further verification should include the production of a
D76N variant containing a D-strand mutation able to retard aggregation akin to DE-loop
variants such as W60G which are less aggregation prone than WT f,m and D59P which
is more aggregation prone, presumably due to altered conformational flexibility in the

D-strand/DE-loop region [243, 244, 245].
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Chapter 6

Summary and conclusions

6.1 Success and limitations

In this section, the questions raised in Chapter | are addressed and the success and

limitations of the results in Chapters 3 to 5 are discussed.

6.1.1 What is the role of the I-state in D76N aggregation?

The studies in Chapter 3 showed that the native structure of D76N is similar to the WT
B,m structure, as measured using both far-UV CD and 'H-'"° N HSQC spectra, consistent
with the similarity of the WT and D76N p,m crystal structures [184]. The stability of the
D76N variant, however, is impaired. The AAG” ,, of D76N compared with WT, measured

by equilibrium urea denaturation is 9.5 kJ.moI'I and the T difference measured by

m,app
thermal denaturation is 8.9°C (at pH 7.4). These observations are suggestive of a change
in the energy landscape of the D76N variant, where the native, major state is destabilised,
therefore lowering the energy barrier to other states, some of which may be involved in
aggregation.

Since the folding intermediate, known as the |;-state, present at equilibrium in WT
B,m landscape (to approx 5%) [184, 177] is a known precursor to aggregation; others
have studied the role of the |;-state in D76N aggregation and proposed that the I;-state is
responsible for D76N aggregation. Mangione et al. [184] suggest that D76N aggregation

is due to an increased equilibrium population of the I;-state (25%), measured by GdnHCI

denaturation/refolding experiments. Chong et al. [186] suggest the D76N |;-state is
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structurally different and more aggregation prone, based upon molecular dynamics sim-
ulations, while Rui et al. [187] suggest that the D76N can take two separate structures,
one of which is particularly aggregation-prone, again through molecular dynamics simu-
lations. The work in Chapters 3 and 4, however, show that neither the population, the
overall fold or the aggregation propensity of the D76N I;-state is significantly different
from the WT I;-state.

The far-UV CD experiments in Chapter 3 indicate that the population of I;-state in
both WT and D76N is similar by comparison of their respective far-UV CD spectra in
comparison to AN6 and a simulated 25% |l-state spectrum.

The refolding experiments in Chapter 4 show that the folding pathway and refolding
rate constants for D76N and other D76 variants remain the same. The 'H-""N HSQC
spectra of the I-state for WT and D76N, captured during a real-time refolding reaction
are similar which suggests that the overall fold of the WT and D76N I|;-states are sim-
ilar. Peaks corresponding to the |;-state can not be detected in the equilibrium D76N
spectrum, which also suggests that the equilibrium I;-state population is not increased.

These observations about the D76N I;-state are reinforced by studies of a AN6-
D76N variant in Chapter 4. The AN6-D76N variant, which is not present in the D76N
associated disease [183], is destabilised by |1.8°C compared with D76N (pH 6.2). This
stability difference between AN6-D76N and D76N is similar to that between AN6-WT
and ANG6, which is 10.3°C (pH 6.2). These stability differences suggest that the relative
populations of native state and Iy-state is the same in WT and D76N, consistent with the
observations in Chapter 3.

The stability difference between the WT and D76N variant and between AN6-WT
and AN6-D76N are 10.9 and 12.4°C, respectively (pH 6.2). These stability differences
suggest that the effect of the AN6 truncation and the D76N substitution are non-cooperative
as the stability differences are additive. This is also consistent with the observations in
Chapter 4 which show that the refolding rate is unaffected by D76 substitutions.

Finally, aggregation assays carried out in Chapter 3 and Chapter 4 show that the AN6-

D76N and ANG6 variants do not aggregate as rapidly as the full-length D76N variant,
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suggesting that there is another conformational state in D76N that is more aggregation

prone than the AN6/l;-state species in both WT and D76N.

6.1.2 How important is the identity of residue 76 for aggregation?

The split-p-lactamase assay presented in Chapter 3, facilitated the saturation mutagenesis
of position 76 in B,m without the need to purify all 18 additional variants. The split-
B-lactamase assay had previously been used to characterise the stability of various Im7
variants [218] and the split-p-lactamase assay was also later used to test the effect of small
molecule inhibitors on amyloidogenic IDPs [246] (islet amyloid polypeptide and amyloid
B). The results of the split-B-lactamase assay in Chapter 3 showed that any change in
the identity of position 76 impaired the reduced the split-p-lactamase assay scores for
B,m. The D76E and D76A variants performed better than D76N, but not as well as WT,
while all other variants were the same or worse than D76N. However, since the split-
[-lactamase assay has previously been used to probe protein stability and aggregation in
two different studies, the reason for the reduced split-p-lactamase assay score was not
clear. The purification of D76E and D76A variants was therefore carried out. However,
the thermal stability measurements and the aggregation assays both agree with the scores
from the split-B-lactamase assay. Thus, while the assay did indeed predict the effect of
the D76 amino acid substitutions in D76E and D76A, what the assay is most sensitive
to is still not clear. The correlation of the scores with the hydrophobicity and size of
the residues in Chapter 3 show that the assay is measuring more than a simple physical
property of the substituted residue, however, and is indeed reporting on the viability of
the new variant in some sense. Further work is required to understand the assay further,
such as testing mutants which are thermally unstable, while not aggregation prone (V37A
in WT sequence or mp,m), and other variants which are aggregation-prone, yet not
significantly destabilised (P5G) [177].

The split-B-lactamase assay was useful in understanding the importance of residue
76 in determining the stability and aggregation of f,m. Studies by De Rosa et al. [222]
showed that D-N mutations at other sites in §,m did not affect the structure, stability or

aggregation of the protein. However, the results in Chapter 3 showed that any change
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of residue at position 76 was detrimental to the protein. The purified D76E and D76A
variants were both destabilised and aggregation-prone, although not as severely as D76N.
These results are interesting, particularly in the case of D76A, since D76A is not capable
of any side chain hydrogen bonding interactions yet the variant is less aggregation-prone
and more destabilised than D76N. The D76N variant may, therefore, be more aggregation
prone than D76A because of a side chain hydrogen bonding interaction which stabilises

an aggregation-prone state. The presence of such a state was investigated in Chapter 5.

6.1.3 Istherean |y-state independent excited state involved in D76 N
aggregation? What is the nature of this state?

The investigation into the D76N |-state had shown that the D76N and WT |;-states are
remarkably similar and that the full-length D76N protein aggregated more rapidly than
the AN6-D76N and ANG6 variants. Therefore, the aggregation of D76N must proceed
via an |;-state independent species. Thus, the conformational landscape of D76N was
investigated further, using solution NMR experiments and molecular dynamics simula-
tions in Chapter 5. The HDX-NMR experiments carried out Chapter 5 showed that the
difference in protection factors between WT and D76N was non-uniform. In the B and
F strands in D76N (held together by the disulphide bond between residues 25 and 80)
the protection factors were 5 times lower in D76N. However, in other regions such as
the BC-loop and the top of the E-strand, near the DE-loop, the protection factors were
even lower in comparison to WT with a 5-20 fold difference. These non-uniform pro-
tection factor differences are emblematic of an alternative conformational state, which is
less protected from the solvent. However, the presence of the I;-state, complicates the
analysis of this data, as the |;-state is far less protected from exchange than the native
state, and the D76N |-state is less stable than the WT |-state. Further work, to inves-
tigate the HDX behaviour of the AN6 and AN6-D76N variants could be useful to help
tease apart the contributions of various states to the HDX behaviour of the proteins.
Further investigation into the conformational dynamics of D76N was carried out using
T, relaxation experiments, which are sensitive to both fast timescale dynamics (ps-ns) and

slower (ps-ms) motions. In these experiments, the most significant differences between
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D76N and WT were observed at pH 6.2, conditions which accelerate D76N aggregation,
without noticeable effect on the native structure or thermal stability. These conditions
(pH 6.2) may alter the D76N energy landscape in favour of the aggregation-prone state.
The T, experiments at pH 6.2 show differences predominantly in the AB-loop. The D76E
and D76A variants were particularly useful in the T, experiments as the larger differences
could be observed in the AB-loop and also in the DE-loop region. CPMG-RD experi-
ments also suggest that these areas are in conformational exchange on a ps-ms timescale.
While most of the differences observed with the T, and CPMG-RD experiments were
subtle, the results do suggest that there is indeed conformational changes in these regions.

The information gleaned from these NMR experiments was utilised in the design of
CVs for MM-MD [33, 32] simulations to provide structural insights into the observed dif-
ferences from the NMR experiments. These MM-MD experiments incorporated NMR
data (RDCs and chemical shifts) but not data from the dynamics experiments explicitly.
The RDCs and chemical shift data do, however, contain structural and dynamic informa-
tion, and the predicted free energy landscapes generated from these simulations were
promisingly consistent with the NMR dynamics results. For example, the free energy
landscape for the AB-loop showed that this region occupies a range of structures, and
the lack of any significant energy barriers are consistent with ps-ns dynamics observed
in the T, relaxation experiments. The predicted free energy landscape corresponding
to the D-strand through the DE-loop and the E-strand showed the presence of multiple
states with energy barriers in the range 10-40 kj.mol"'. These more substantial energy
barriers may be responsible for the slow time scale dynamics in the D-strand/DE-loop
measured by CPMG-RD. However further experiments and analysis are required to cal-
culate relative populations and energy barriers from the CPMG-RD experiments, to make
a more detailed comparison to the predicted free energy landscape generated from the
MM-MD simulations.

The clustering analysis in Chapter 5 shows that the MM-MD simulations have been
successful in generating a number of structures for D76N, based on RDC and chemical
shift data, which can be observed in existing crystal structures. The D76N structural

ensemble generated from the MM-MD simulations can be clustered into three confor-
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mational states, present at 86%, 5.1% and 4.6%. The major state (86%) resembles the
crystal structure of D76N with a straight D-strand and AB-loop pointing into solution.
One minor state (4.6%) resembles the MHC-bound D76N structure with a characteristic
B-bulge in the D-strand and the AB-loop pointing towards the other loops, including the
EF-loop where residue 76 is found. The third state (5.1%) appears to sit between the
other two structures, with a partially structured D-strand and the AB-loop into solu-
tion. Importantly, the populations of the three states are compatible with study through
CPMG-RD experiments, since the low-populated states observed in the MM-MD should
be present in a population amenable to CPMG-RD. These states, which are different in
the D-strand area and AB-loop region are also consistent with the regions of the protein
observed to be undergoing exchange in the CPMG-RD experiments.

The structures of the three states present testable hypotheses revolving around the
D-strand region and the connection between the AB-loop and EF-loop. As discussed
in Chapter 5, solution NMR experiments could not find evidence for the presence of a
straight D-strand akin to the structure observed in the crystal structure of monomeric
WT B,m [I151]. Therefore it was proposed that the WT crystal structure had trapped
a rare conformational state, which was suggested to be aggregation-prone since ordered
edge strands are often linked to aggregation [242]. Further work is required, however,
to identify whether any of the species present in the D76N ensemble are aggregation-
prone, through mutagenesis and by carrying out MM-MD simulations on the WT protein
(ongoing). Through comparison of the WT and D76N energy landscapes and structural
ensembles, it may be possible to identify a population shift in the D76N landscape, and

identify species unique to D76N that promote aggregation.

6.2 Conclusions

The studies in this thesis have shown that in the case of D76N aggregation there is more
than one aggregation-prone state. Clearly, the I-state is aggregation-prone, however,
only as much as the WT I;-state is. However, the WT |;-state is not populated enough
at equilibrium to cause aggregation in vitro, or in vivo without extrinsic factors. These

factors presumably alter the conformational energy landscape of the WT protein, tipping
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6.2 Conclusions

the balance towards aggregation. In the case of the D76N variant, therefore, there must
be an I;-state independent species which is capable of promoting aggregation, and in
fact, only a D at position 76 prevents this species from occurring. The NMR and MM-
MD experiments in Chapter 5 have begun to detail the energy landscape of D76N and
have revealed the presence of two low-populated species in atomic resolution. Exciting
questions regarding these states remain regarding their importance in aggregation.

The MM-MD technique shows remarkable synergy with NMR techniques regard-
ing timescales and populations. The MM-MD simulations are effective over a range of
timescales from ps-ns fast timescales, to slow ps-ms timescales. These simulations can
cross high energy barriers, such as those required for proline isomerisation and are sensi-
tive to low populations. The MM-MD technique therefore shows huge promise in terms
of detailing energy landscapes in atomic detail, integrating ensemble averaged data from

NMR and also other techniques such as FRET [207], SAXS [207] and even cryo-EM [247].
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Fig. 6.1: Hypothetical conformational free energy landscape for WT and D76N p,m
In this idealised schematic, simplified free conformational energy landscapes are shown
for both WT (blue) and D76N (red). The solid line represents the transition between
the N-state and |1-state and shows that the free energy difference between the N and

I+-state is similar in both WT and D76N which is reflected their similar relative
populations. The energy barrier between the N and I;-state is similar between WT and

D76N, which results in similar rates of refolding for the two proteins. A hypothetical
N* state is shown (dashed lines) where the relative free energy difference between N

and N* are different in WT and D76N, possibly making the D76N N* state more
populated at equilibrium. The N* state could be the species which is responsible for
aggregation and a greater relative population of the N* state compared to N in D76N
may be responsible for the greater aggregation propensity of D76N.

Further exciting questions about D76N aggregation remain, regarding the role of the
excited states in the aggregation pathway. Do these states form oligomers important for
aggregation? If so, what are the structures of dimers, and higher order species involved
in aggregation? Are higher order species involved in D76N aggregation similar to those
observed in WT/ANG6? Or are they new, unique structures, thus explaining the different
disease progression for D76N. These details could be investigated through the use of
PRE experiments, and further CPMG-RD and CEST experiments at different protein

concentrations.
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6.2 Conclusions

Similar questions apply to the fibril structure. Are the subtle differences in WT and
D76N fibril secondary structures (measured by ssNMR [248, 249, 250, 223]) a result
of different aggregation pathways and precursor species? Fibril structures of D76N and
WT B,m could be obtained through ssNMR [251, 252, 253, 254, 255, 256] and cryo-EM
experiments. Recently, a number of high-resolution fibril structures have been obtained
with cryo-EM [257, 258, 259, 260, 261, 262]. The remarkable advances in this field make
the possibility of obtaining such structures for ,m a realistic possibility. The combination
of the structural approaches discussed in this thesis, in addition to other techniques,
useful in the study of higher order species (such as mass spectrometry [263, 264, 265,
266, 267], cryo-EM and ssNMR) could eventually provide a complete thermodynamic and
kinetic description of ,m aggregation ranging from the structures of excited states to

the final fibril species.
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Appendix A
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Fig. A.l: Single residue refolding rates for N-state peaks, without filtering fits based on
errors.

The rate constants for all residues are shown in (a) and (b) for WT and D76N,
respectively.

243



NMR refolding rate constants for WT, pH 7.4,

AN N N BN N N

~ 0.0010 A> B C D > E > F 'JE\
< 0.0008 -
c
8
%)
£ 0.0006 -
o
© 0.0004 4
(o))
£
2 0.0002 -
‘@
o

0.0000 -

0 10 20 30 40 50 60 70 80 90
Residue
b
NMR refolding rate constants for D76N, pH 7.4,
N 5N\ N BN N N

:0.0010 A B > 5> B S N
< 0.0008 -
C
8
(%}
£ 0.0006 -
I
© 0.0004 4
g
2 0.0002 A
‘o
o

0.0000 R Ra T o B

0 10 20 30 40 50 60 70 80 90
Residue
Fig. A.2: Single residue refolding rates for I;-state peaks, without filtering fits based on
errors.

The rate constants for all residues are shown in (a) and (b) for WT and D76N,
respectively.
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Appendix B

B. CPMG-RD dispersion curves for D76N at pH 7.4
measured at 600MHz

The residues which were deemed to be undergoing exchange are listed in Table B.I.
Residues were deemed to be undergoing exchange when the fit to the Bloch-McConnell
equations for two-site exchange was preferred over the fit to a constant model (no

exchange) after the performance of an F-test.

Table B.1: Exchanging residues in D76N at pH 7.4, measured at 600 MHz. Residues were
deemed to be undergoing exchange when the fit to the Bloch-McConnell equations for
two-site exchange was preferred over the fit to a constant model (no exchange) after the
performance of an F-test. Data were acquired with 500 pM samples at pH 7.4, recorded
with a 600 MHz QCI-P-cryoprobe; proton-optimised quadruple resonance NMR ‘inverse’
probe and a Bruker Avance Il HD console.

Residue | Residue | Residue
7 34 56
9 35 59
10 36 63
I 49 64
12 50 65
13 51 67
26 53 87
27 54 97
30 55 98
31
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Fig. B.I: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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B.I CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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Fig. B.2: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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Fig. B.4: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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Fig. B.5: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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Fig. B.6: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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Fig. B.7: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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B.I CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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Fig. B.8: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 600MHz
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B.2 CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz

B.2 CPMG-RD dispersion curves for WT at pH 7.4 mea-
sured at 600MHz

The residues which were deemed to be undergoing exchange are listed in Table B.2.
Residues were deemed to be undergoing exchange when the fit to the Bloch-McConnell
equations for two-site exchange was preferred over the fit to a constant model (no

exchange) after the performance of an F-test.

Table B.2: Exchanging residues in WT at pH 7.4, measured at 600 MHz. Residues were
deemed to be undergoing exchange when the fit to the Bloch-McConnell equations for
two-site exchange was preferred over the fit to a constant model (no exchange) after the
performance of an F-test. Data were acquired with 500 pM samples at pH 7.4, recorded
with a 600 MHz QCI-P-cryoprobe; proton-optimised quadruple resonance NMR ‘inverse’
probe and a Bruker Avance Il HD console.

Residue | Residue
4 36
8 49
9 5
10 55
I 56
13 63
20 64
23 65
27 97
31
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Fig. B.10: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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B.2 CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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Fig. B.11: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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Fig. B.12: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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B.2 CPMG-RD dispersion

curves for WT at pH 7.4 measured at 600MHz
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Fig. B.13: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz

259



Residue 47

22.5
22.0
—~ 215
n
‘;: 21.0
& 205
20.0
19‘5 L L L L
0 500 1000 1500 2000
vCPMG (Hz)
Residue 50
115 ‘ " [ee oum
i{ — it
—~ 11.0} 4
<l
S 105 |
o
10.0+ } { B
0 500 1000 1500 2000
VvCPMG (Hz)
36 ‘Re5|d‘ue 55
34| } e Qata
32+ E
T 304 1
2]
Z’Q 281} E
o 26 | R
241 ,
22+ s
20 1 1 1 1
0 500 1000 1500 2000

vCPMG (Hz)

Ro,epr (s71)

R eff (s™)

Ro st (s71)

Residue 48

® Data
Fit

21.0 - &g
20.8
20.6
20.4
20.2
20.0

198 L L L L
0 500 1000 1500 2000
vCPMG (Hz)
125 Res@ue 52
@® ® Data

Fit

10.5 L L L L
500 1000 1500 2000
VvCPMG (Hz)
1 ‘Re5|d‘ue 56

vCPMG (Hz)

15 L L L L
0 500 1000 1500 2000

Ro,epr (s71)

R eff (s™)

R esf (s71)

115 Bes@ue 49
@ ® Data
K
10.5 [] E
10.0 - 3 R
95| s g
(]
90 L L L L
0 500 1000 1500 2000
vCPMG (Hz)
e Bes@ue 53
22.0
21.5
21.0
20.5
20.0

19.5
19.0

18.5 ‘ ‘ ‘ ‘
0 500 1000 1500 2000
vCPMG (Hz)
19 ‘Re5|d‘ue 58
17 d
16 R
15 R
14 .
i {
12 B
11 R
10 L L L L
0 500 1000 1500 2000

vCPMG (Hz)

Fig. B.14: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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B.2 CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz

Ry ess (S 1)

Ry efs (S )

Ro,eff (s™)

70
65
60
55
50

45 |!

40
35

28
26
24
22
20
18

16
0

11

10.

10.

9.

Residue 59

=
¢

0 500 1000 1500 2000
vCPMG (Hz)

ReS|due 65

® ® Data
@ Fit

N

500 1000 1500 2000
vCPMG (Hz)
Residue 70

® Data

[]
5 - 4
ok i
5 § op o -2 L

0 500 1000 1500 2000
vCPMG (Hz)

Ro,esf (s

R cff (s™)

Ro st (s71)

Residue 63
44 ‘ ‘

40|
38} 1
36| 1
34} .
32} 1
30} :
28

0 500 1000 1500 2000
vCPMG (Hz)

11.0 Bes@ue 67
® ® Data
sl
10.6 |- }
10.4
10.2
10.0
9.8

9'6 L L L
0 500 1000 1500 2000

VvCPMG (Hz)

165 Bes@ue 71

16.0
15.5
15.0
14.5

14.0

13.5

0 500 1000 1500 2000
vCPMG (Hz)

Ro esf (s7)

Ry cff (s71)

Ro st (s71)

23

Residue 64

22
21

® @ Data ||
m— Fit

20
19
18
17
16
15
14 L L L L
0 500 1000 1500 2000
vCPMG (Hz)
116 Bes@ue 68
[ ) o|® ® Data
11.4}| ®| — Fit
11.2 o
11.0 ® ]
10.8 R
10.6 R
10.4 R
10'2 L L L L
0 500 1000 1500 2000
VvCPMG (Hz)
Residue 73
11.0} *
105} R
10.0 | R
9.5¢ *\ I I n
0 500 1000 1500 2000

vCPMG (Hz)

Fig. B.15: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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Fig. B.16: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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B.2 CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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Fig. B.17: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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Fig. B.18: CPMG-RD dispersion curves for WT at pH 7.4 measured at 600MHz
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B.3 CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz

B.3 CPMG-RD dispersion curves for D76N at pH 7.4
measured at 750MHz

The residues which were deemed to be undergoing exchange are listed in Table B.3.
Residues were deemed to be undergoing exchange when the fit to the Bloch-McConnell
equations for two-site exchange was preferred over the fit to a constant model (no

exchange) after the performance of an F-test.

Table B.3: Exchanging residues in D76N at pH 7.4, measured at 750 MHz. Residues were
deemed to be undergoing exchange when the fit to the Bloch-McConnell equations for
two-site exchange was preferred over the fit to a constant model (no exchange) after the
performance of an F-test. Data were acquired with 500 pM samples at pH 7.4, recorded
with a 750 MHz TCl-cryoprobe; proton-optimised quadruple resonance NMR ‘inverse’
probe and a Bruker Avance Il HD console.

Residue | Residue
2 33
3 36
6 39
7 49
9 50
10 51
I 53
12 54
13 55
16 56
19 59
24 63
26 64
27 65
30 97
31 98
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Fig. B.19: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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Fig. B.20: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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Fig. B.21: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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Fig. B.22: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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Fig. B.23: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz

270
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Fig. B.24: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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Fig. B.25: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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B.3 CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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Fig. B.26: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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Fig. B.27: CPMG-RD dispersion curves for D76N at pH 7.4 measured at 750MHz
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B.4 CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz

B.4 CPMG-RD dispersion curves for D76N at pH 6.2
measured at 750MHz

The residues which were deemed to be undergoing exchange are listed in Table B.4.
Residues were deemed to be undergoing exchange when the fit to the Bloch-McConnell
equations for two-site exchange was preferred over the fit to a constant model (no

exchange) after the performance of an F-test.

Table B.4: Exchanging residues in D76N at pH 6.2, measured at 750 MHz. Residues were
deemed to be undergoing exchange when the fit to the Bloch-McConnell equations for
two-site exchange was preferred over the fit to a constant model (no exchange) after the
performance of an F-test. Data were acquired with 500 pM samples at pH 6.2, recorded
with a 750 MHz TCl-cryoprobe; proton-optimised quadruple resonance NMR ‘inverse’
probe and a Bruker Avance Il HD console.

Residue | Residue | Residue
6 22 56
7 26 59
8 30 63
9 33 64
10 35 65
I 36 67
12 46 69
13 48 75
16 49 84
17 50 97
19 52 98
21 55
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Fig. B.28: CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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B.4 CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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Fig. B.29: CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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Fig. B.30: CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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B.4 CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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Fig. B.31: CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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Fig. B.32: CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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B.4 CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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Fig. B.33: CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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Fig. B.34: CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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B.4 CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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Fig. B.35: CPMG-RD dispersion curves for D76N at pH 6.2 measured at 750MHz
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Appendix C
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Fig. C.I: Protein sequence of WT f,m.
The protein sequence is labelled with strands (purple boxes). Pro32 is coloured blue
and position 76 is coloured red.
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