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Abstract

The current bottleneck preventing the wider application of time-resolved structural
techniques is the ability to quickly and accurately trigger protein function across an
ensemble of molecules either in solution or in crystallo. The fastest and most accurate
approach to achieve protein function synchronisation is by using protein photocaging
approaches. During this project, a new class of protein photocleavable crosslinking
reagents was designed and synthesised. This novel crosslinking scaffold carries two o-
bromoacetate groups, which were shown to react with protein surface cysteines
efficiently and cleanly. The crosslinker is released from the protein by UV irradiation,
by photolysis of ortho-nitrobenzyl groups, cleaving the surface “staple” from the
cysteine residues, leaving only a small methyl carboxylate group on the cysteine side
chains. The cysteine “anchors” can be easily introduced by site-directed mutagenesis.
This new set of reagents were developed as a new approach to protein photocaging
which decouples the protein activation step from the protein chemistry being
investigated. The photocage does not target residues directly involved in function but
rather aims to restrict the conformational space explored by the protein, limiting
essential dynamics and preventing function. This approach opens avenues for more
widely applicable protein triggering methodology, potentially allowing for time-
resolved experiments to be performed in wider variety of protein classes than those

investigated to date.

To test these reagents, aspartate a-decarboxylase (ADC) was chosen as a model system.
This enzyme catalyses the conversion of aspartate to -alanine, a precursor of coenzyme
A. ADC is expressed as an inactive zymogen which cleaves post-translationally,
yielding a catalytic pyruvoyl group. The cleavage requires an additional activating
partner, PanZ. Protein homogeneity is an essential requirement for a successful time-
resolved experiment and, therefore, the mechanism by which PanZ activates ADC was
investigated. The crystal structure of the ADC-PanZ protein-protein complex was
determined at high-resolution, as well as those of several ADC mutants. With the aid of
complementary techniques (SAXS, ITC, MS, NMR, in cellulo studies) the molecular
mechanism by which this protein-protein interaction promotes ADC activation was
elucidated. The protein complex formation causes the formation of a strained,
activation-competent conformation of the ADC peptide backbone at the site of
cleavage. Furthermore, a novel negative feedback mechanism for pantothenate and CoA

biosynthesis regulation in bacteria was discovered and proposed.
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1 Introduction

1.1 Structural studies of biomacromolecules

The last century has seen the discovery and development of biophysical techniques that
have allowed for the structure of (bio)molecules to be determined with great accuracy.
The rate of development of the techniques and instrumentation has been exponential; in
1912 the first X-ray diffraction studies allowed for the structures of simple metal
halides to be determined (Bragg, 1913) and the first structure of a small organic
molecule, hexamethylenetetramine, was solved a decade later in 1923 (Dickinson and
Raymond, 1923). It took almost 50 years from these initial discoveries until the first
protein structure was determined, that of myoglobin, in 1958 (Kendrew et al., 1958),
but since then structural biology techniques have been in constant development and
there now are more than 97,000 X-ray crystallography structures published in the
Protein Data Bank (PDB).

High-resolution structural information of biomacromolecules in combination with
biochemical data has allowed for a much greater understanding of how macromolecular
structure is related to function. From such studies structure-activity relationships can be
extracted, which define the role of essential residues in protein function. For example,
in the case of enzymes, the architecture of the protein explains how the substrate binds
to the active site and defines which residues are responsible for the interactions between
the enzyme and the substrate. The relative spatial arrangement of the functional groups
of the amino-acid side chains and the substrate allows for a chemically relevant
mechanism to be proposed. It also explains how the enzyme can recognise the substrate
and how it is able to modulate the energy landscape of the chemical reaction allowing it
to occur under physiological conditions. In the case of protein-protein and protein-DNA
interactions, understanding the structure of the complexes allows for the determination
of the, often large, binding interfaces and the basis for the high affinity and specificity

of such interactions.

These structure-activity relationships have been vital for the understanding of how
proteins function and misfunction. Protein misfunction can lead to the disregulation of
biological processes and cause disease. Knowing the structures of medically relevant
targets has allowed for the design of small molecules that modulate protein activity.

Many drugs that are currently on the market have been designed and developed to target



specific protein binding sites, such as HIV protease inhibitors and DNA replication

inhibitors (Anderson, 2003, Simmons et al., 2010).

One further very interesting application of structure-function relationships is the
possibility of developing new artificial protein machines that are able to mimic protein
function. As proteins are highly efficient and selective, such molecular machinery can
have a great impact in industry, especially in making manufacturing processes more

efficient and reducing waste (Samish et al., 2011, Khoury et al., Yu et al., 2014).

1.1.1 Why aren’t high-resolution static structures enough?

Undoubtedly, structural biologists are now proficient at determining high-resolution
structures of macromolecules and their complexes, and this breadth of structural
information has allowed for the in-depth study of protein mechanisms. Nevertheless,
even such detailed, high-resolution information is severely incomplete, as it only
provides a static, ensemble averaged picture of the system. It is well established that
biomacromolecules are intrinsically flexible and that dynamics are intimately connected

to function (Wand, 2001, Henzler-Wildman et al., 2007a).

The conformational changes that occur during protein function span a wide range of
time and length scales. Some structural changes are very small, such as the breaking of
a covalent or a hydrogen bond, or the rotation of an amino acid side chain. Small
movements are essential during enzyme catalysis, where the protein has to first bind the
substrate tightly and then adapt its conformation to accommodate the different chemical
intermediates and transition states along the reaction coordinate (Henzler-Wildman e¢

al., 2007b, Klinman, 2013, Klinman and Kohen, 2013, Hanoian ef al., 2015).

Larger protein motions can involve single loops or helices (Malhotra et al., 2013), and
even whole domains. Hinge motions are involved in the opening and closing of
membrane proteins (Feld and Frank, 2014, Zhou and Robinson, 2014) and large

rearrangements can occur during protein-protein interactions (Boehr et al., 2009).

None of these motions are isolated events, rather they are usually correlated with
changes across the whole protein (Eisenmesser et al., 2005). The timescales of
conformational change are also intimately related to the length scale of structural
change. Bond breaking or isomerisation occurs very rapidly (fs-ps), side-chain rotations
in the ns time-regime and larger conformational changes on ms-s timescales (Fig. 1.1)

(Gray et al., 2015, Levantino et al., 2015a).



A
100 nm —
1) . Domain
E o 10 nm movements
g %] Hydrophobic
Slw collapse
é 1nm — i
= c Loop/hinge tAIIOS.F”C
5 - ransitions
S
£ Side chain
= —
x = 100 pm ;
s rotation
z g Bond
< breaking
10pm l | I 1 g
fs ps ns us ms s
Spectroscopy Cryo-EM

X-ray diffraction
SAXS
WAXS
NMR

Fig. 1.1 Timescales and length-scales of protein conformational changes, showing the biophysical structural probes

able to capture such transitions by both time-resolved and non-time resolved approaches.

Changes in protein conformation during function mean that structure-activity
relationships also change over time and, therefore, the relationships derived from a
static model are only absolutely valid for that exact conformational state of the protein.
When structures for multiple conformers of a protein can be obtained, their involvement
in specific stages of protein function can sometimes be rationalised with the aid of other
biochemical data (Schnell et al., 2004). Nevertheless, the mechanisms by which
proteins interconvert between conformations are difficult to probe and the structures of
short lived, transient states are particularly elusive to standard structural techniques,
making the static information obtained from routine structural studies severely
incomplete. To fully understand how biomacromolecules perform their function,
experiments must be able to probe both the structure and dynamics of the system over

time.

1.1.2 The role of protein dynamics in enzyme catalysis

As well as the understanding of protein function gained from static structures, the
dynamic properties of biomacromolecules must also be investigated, adding a fourth
dimension to structural studies, time. For a complete description of a system, each

conformational state adopted by a protein as it functions and the energy barriers for the



interconversion between states have to be defined (Henzler-Wildman and Kern, 2007).
The dynamics of proteins can be classified according to the energy barriers associated
with each conformational transition. Higher energy barriers are associated with slower
movements and wider structural changes which occur at longer timescales (us or
slower). Many aspects of biological function occur within these timescales, such as
catalysis, protein-protein interactions and folding. Such processes are characterised by
distinct conformational changes that can sometimes be distinguished experimentally,
such as different structures observed by crystallography or the ensembles of

conformations obtained by NMR or EM.

Faster timescales are associated with more local movements, such as loop motions and
side chain rotations (ns-ps timescales) and even the bond breaking and making events
that occur during an enzymatic reaction (fs). These faster dynamics are usually
associated with a constant thermal fluctuation of the protein between structurally similar
states, which contribute to the entropy of the system and are, therefore, involved in the
thermodynamics of the system and vital for function. This entropic aspect can
sometimes be visible in crystal structures from the analysis of temperature factors that
define the level of displacement of atoms from their average position (Fraser et al.,

2011).

NMR can provide information about protein dynamics at both short and long timescales
from relaxation dispersion experiments (Kay, 2005). Recent NMR studies have
uncovered protein motions of enzymes at various timescales under steady-state
conditions. Three examples have been chosen to illustrate the importance of protein

dynamics for enzymatic activity.

Cyclophilin A

The timescales of specific conformational oscillations of cyclophilin A during the
catalysis of cis-trans isomerisation of prolyl peptide bonds (Fig. 1.2), have been
determined and matched to those of the catalytic step from kinetic experiments
(Eisenmesser et al., 2005). Residues exhibiting dynamics on timescales similar to the
rate of catalysis were mutated and shown to affect substrate binding affinities and
catalytic efficiency, supporting the proposal that the motions observed by NMR are

directly involved in catalysis.
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Fig. 1.2 Cyclophilin A enzymatic reaction and dynamics. (Top) the cis-trans isomerisation of proline containing
peptides by cyclophilin A. A dipeptide is shown, with the general N-terminal amino acid side chain represented as R.
(Bottom) cyclophilin A (PDB 4N1M), shown as a cartoon (teal) in complex with a Gly-Pro peptide (sticks with
carbons coloured yellow). The "' Ala-Ser' '’ loop is shown in orange with Asn102 in sticks and the hydrogen bonds to

the peptide as black dashed lines.

This enzyme is a tractable model system to be studied by molecular dynamics, as the
catalytic step does not involve bond breaking or making, greatly simplifying simulation
of changes at the active site. Classical mechanics modelling was used to investigate the
relationship between the conformational dynamics of cyclophilin A and the enzymatic
reaction (McGowan and Hamelberg, 2013). These simulations have shown that there
are conformational states shared between the substrate-bound and transition-state forms
and that the enzyme optimises binding to the transition state by making use of a pre-
organised network of hydrogen bonds that are sampled from the substrate-bound state.
Beyond the small fluctuations in the positions of active site residues that promote
catalysis, larger conformational changes were also observed between the apo and bound
structures, with changes to loops beyond the active site. One particularly interesting
dynamic change is related to a loop adjacent to the active site (residues '*' Ala-Ser''”),
which becomes more flexible upon binding of the substrate, allowing for the backbone
of asparagine 102 to sample more conformations and form a hydrogen bond to the

substrate, promoting the turnover step (Fig. 1.2).



Dimethylarginine dimethylamino hydrolase

Dimethylarginine dimethylaminohydrolase (DDAH) catalyses the conversion of N,N-
dimethylarginine to L-citrulline (Fig. 1.3). N,N-dimethylarginine is involved in the
regulation of nitric oxide synthase (NOS), which, in turn, maintains vascular tension in
mammals (Leiper and Nandi, 2011). The active site is covered by a dynamic loop, L1
(residues 17-27), which is unstructured in the apo form of the enzyme but becomes
ordered upon binding of the substrate, shielding the active site (Fig. 1.3) (Murray-Rust
etal.,2001).

+
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N,N-dimethylarginine L-citruline

Fig. 1.3 DDAH enzymatic reaction and dynamics. (Top) the conversion of N,N-dimethylarginine to L-citrulline by
DDAH. (Bottom) DDAH C254S mutant (PDB 1H70, teal cartoon) in complex with citrulline (sticks with carbons

coloured yellow), The '"Gly-Asp®’ loop is shown in orange, capping the active site.

A combination of NMR, molecular dynamic simulations and fluorescence studies on the
dynamics of the L1 loop and the remaining residues lining the active site have
suggested that the rate limiting step of the reaction is correlated with the substrate
binding step and, therefore, the conformational change of loop L1 (Rasheed et al.,
2014).



Dihydrofolate reductase

The dynamics of dihydrofolate reductase (DHFR) have been extensively studied,
characterised and implicated in catalysis (Luk et al.,, 2015). DHFR catalyses the
reduction of dihydrofolate (DHF) to tetrahydrofolate in a hydride transfer reaction
which requires NADPH as a cofactor (Fig. 1.4). Fast vibrational motions (in the fs-ps
time regime) have been observed for different DHFR mutants and are proposed to
promote the hydride-transfer step by sampling distances along the reaction coordinate
through a network of coupled motions throughout the protein (Agarwal et al., 2002).
DHFR also exhibits three distinct conformations - open, closed and occluded - of the
highly mobile Met20 loop (residues 9-24), which are associated with the different

ligand binding states of the enzyme and, therefore, the different steps along the catalytic

cycle.
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Fig. 1.4 The enzymatic activity of DHFR and different Met20 loop conformations. (Top) the reduction of DHF to
tetrahydrofolate catalysed by DHFR. NADPH is used as the reducing agent. (Bottom) the closed (teal), open (light
blue) and occluded (dark blue) conformations of the DHFR Met20 loop (PDB 1RX3, 1RA9 and 1RC4 respectively).
Methotrexate (a transition state mimic) and NADPH are shown as sticks (carbons coloured yellow and green

respectively).

The occluded and closed conformations have been previously observed by
crystallography in different enzyme-ligand complexes, as shown in Fig. 1.5 (Sawaya
and Kraut, 1997) and the distinct conformations have been associated with cofactor,
product and substrate binding and release states. An open conformation is also visible in

certain crystal forms and is thought to be associated with the interconversion between



the closed and occluded states, allowing for substrate binding and product release from

the binding site.
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Fig. 1.5 The catalytic cycle of DHFR, showing the different enzyme complexes. The catalytic step reduces DHF
tetrahydrofolate at the expense of the oxidation of NADPH to NADP", with a clear conformational change of the
Met20 loop from a closed to an occluded conformation. The enzyme then releases the oxidised cofactor to bind a new

molecule of NADPH, which then promotes the release of the product.

The millisecond Met20 loop motions have been experimentally correlated with rate of
turnover (Bhabha er al., 2011), but the hypothesis that they’re directly correlated has
been refuted by computational work (Adamczyk et al., 2011). This is one example of
the potential pitfalls of the studies described in this section, where dynamic aspects of
enzymes have been indirectly correlated with the rates of catalytic steps. Without the
direct experimental visualisation of the conformational changes over the course of the
catalytic cycle, incorrect associations can be made. Dynamics of enzymes are clearly
essential for efficient catalytic activity and determining the correlation between
structure and dynamics is vital for obtaining a complete understanding of the system.
Only by direct visualisation of the structural and chemical changes of the protein in real
time can these correlations be fully founded and irrefutable. This can be done by using
time-resolved techniques, where the conformations and chemical steps adopted by the

protein, as it functions, can be captured in real time.

1.1.3 Time-resolved structural techniques

A typical “pump-probe” time-resolved experiment is depicted in Fig. 1.6. The ensemble
of molecules in a resting state is first triggered to initiate function (t = 0). The reaction is
allowed to proceed for a specific amount of time, defined as At. After the first defined
time-delay, At;, a probe pulse is applied, providing information about the exact
conformational state of the system at t;. The experiment is repeated multiple times for
each time point to increase both the quality and completeness of the data. The

experiment is also repeated at different time delays (Aty, Ats. . At,), providing sequential



conformational information along the reaction pathway. This information can be
interpreted as a “stop-motion” type movie, which, although simplified, describes the

molecular motions of the protein as it functions.
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Fig. 1.6 Overview of a time-resolved experiment. Each coloured protein represents the ensemble of molecules in a
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distinct chemical or conformational state. At time 0, the ensemble is rapidly, and ideally uniformly triggered, starting
the biological process. After a defined time delay (At;) the ensemble is probed to investigate the conformational state
at that At after triggering. The experiment is repeated multiple times to increase the signal to noise and provide
complete datasets and also repeated at different time points (At;-At,), revealing the sequential conformations adopted

during function.

A variation of this set-up can be defined as a “pump-probe-probe-probe” approach,
where the biological process is initiated only once but probed multiple times at
increasingly longer time delays. This approach is preferable, as it diminishes the amount
of sample required for the experiment, but its feasibility is completely dependent on the
experimental setup and, most importantly, on the sample itself. If the sample interacts
with the probe - for example, if it becomes damaged - then multiple probing pulses must

be used with caution.

Although the principle behind a trigger-probe experiment is simple, the experimental
set-up is not trivial and requires a highly interdisciplinary approach. When designing a
time-resolved experiment many different aspects have to be considered (Levantino et
al., 2015a), related to sample preparation, instrumentation and experimental
requirements, as summarised in Fig. 1.7. The design and set-up of a time-resolved
experiment requires a multitude of skills and relies on scientific teams that include
hardware scientists and software specialists working alongside the chemists and
structural biologists. The detailed intricacy of such an experiment is beyond the scope

of this thesis, but some of the aspects are discussed below.
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Fig. 1.7 Overview of important considerations for the design of a time-resolved experiment. The experiment has been
divided into 3 main aspects: experimental requirements, sample and instrumentation, shown as 3 circles coloured
blue, green and red respectively. Some detailed considerations regarding each section are shown. Where an aspect of
the set-up is shared between different sections, it occupies the area shared by the circles. The possible triggering and

probing techniques are grouped in dashed boxes under the corresponding header.

The sample

As in all structural studies of biomacromolecules, obtaining a suitable sample is the first
concern. The protein needs to be available in sufficient quantities and, if overexpressed
the protein constructs have to be stable and represent a biologically relevant state of the
protein. The sample has to be homogeneous as the experiments are performed on
ensembles of molecules, making a good purification protocol an essential requirement.
The sample must also be active, which may require post-translational modifications or
the presence of ligands or cofactors. For NMR studies, the protein has to be isotopically
labelled and for diffraction experiments, it must be crystallised. Crystallisation is still an
empirical process, where extensive screening may be necessary to obtain conditions that
yield well-diffracting, homogeneous crystals that can also accommodate the

conformational changes occurring during function.
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Instrumentation

When collecting time-resolved data, the main consideration is the required signal to
noise ratio: how to accurately collect sufficient data for each time-point to make a
meaningful measurement. Recent developments in hardware, such as brighter X-ray
sources, more powerful electron microscopes as well as sensitive detectors, have made
time-resolved diffraction, scattering and microscopy experiments feasible (Levantino et

al., 2015a).

The integration of sample delivery systems within the experimental set-up can also be
challenging. In many cases, the sample has to be continuously exchanged (due to

radiation damage or if the reaction of interest is irreversible).

Data analysis is also non-trivial; merging of the data from repeated measurements at
each time-point to give complete and meaningful datasets can be difficult, especially for
diffraction and microscopy experiments. In addition, if more than one conformational

state is present at any time-point, accurate deconvolution of the states is also necessary.
The experiment

The probe
Biomolecular structural techniques can be divided into distinct classes, depending on
the resolution and extent of information that can be obtained from the experiments.
Solution based techniques such as small-angle X-ray scattering (SAXS) and wide-angle
X-ray scattering (WAXS), give a global view of the biomolecular structure. SAXS
provides information about the overall shape of the molecule and is especially useful to
determine overall macromolecular properties or large conformational changes (Doniach,
2001, Pollack and Doniach, 2009) whereas WAXS provides information on finer
structural features, such as subtle changes in fold and secondary structure elements

(Fischetti et al., 2004, Chen et al., 2008).

High-resolution structural techniques that give global structural information about the
system are X-ray diffraction, electron microscopy (EM) and nuclear magnetic resonance

(NMR). All three techniques have practical limitations:

- Crystallography requires homogeneous, well diffracting crystals, which can be
difficult to obtain, especially from large proteins, biomacromolecular complexes
and membrane proteins.

- EM is mainly limited by particle size and the large quantity of micrographs
needed. The protein has to be sufficiently large to be distinguishable within the

11



micrograph, and thousands of images of the particles in different orientations
have to be averaged together to improve the signal to noise ratio. The achievable
resolution depends on the amount of data available and the homogeneity of the
sample.

- Contrary to X-ray diffraction and EM, where the proteins are used in their native
state without need for derivatisation, NMR requires the isotopic labelling of the
sample with NMR active nuclei (°N, °C). NMR is also limited by sample size,
with smaller proteins being preferred (<60 kDa), although great advancements
in isotopic labelling have recently been made to overcome this limitation (Tzeng

etal., 2012).

Spectroscopy is also a high-resolution technique, but only provides sparse local
information. It is very sensitive and thus especially powerful for identifying fine
changes in protein structures, such as changes in chemical environments of residues and
bond-lengths. Proteins can be investigated in their native form or chemically modified

site-specifically with probes.

The trigger
The “trigger” has to cause a change in the system that starts its function quickly and
cleanly. The triggering event must be faster than the process under investigation. As
mentioned previously, protein dynamics span a wide range of timescales, from fs to
seconds (Fig. 1.1). Therefore, the triggering method that can be used is completely
dependent on the speed of the process being investigated. Finally it must affect at least a

significant fraction of the ensemble, sufficient to be detected by the probe.

There are two main ways to trigger biological processes: rapid mixing and light
excitation. Rapid mixing is slower, usually allowing for ms time-resolution (West ef al.,
2008, Konuma et al., 2011), with the fastest reported continuous flow devices reaching
100 ps time-resolution (Akiyama et al., 2002, Trebbin et al., 2014). Solutions of the
protein of interest and a binding partner (small molecule, DNA or even a second
protein) are mixed to trigger function. At is determined from the flow rate and the
distance between the mixing point and the probe pulse interaction point (Fig. 1.8, left).
This technique is applicable to virtually any system and can even tolerate
microcrystalline slurries for diffraction experiments (Schmidt, 2013). Recent
developments in microfluidic devices have also allowed for a dramatic decrease in the

volume of sample required for the experiments.
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Light excitation (Fig. 1.8, right) allows for much wider range of time-resolutions to be
probed (fs-ms). Short laser pulses are used to either directly initialise a photochemical
reaction, through the photolysis or isomerisation of a bond or excitation of a
chromophore, or to create a temperature jump (Kubelka, 2009). Unsurprisingly, proteins
that are naturally photoactivatable have been the main focus of recent developments in
the field of time-resolved studies, but the majority of proteins are not naturally
photoactivatable. In order to be able to use light as a trigger for non-naturally
photoactivatable proteins, an artificial photosensitive moiety has to be chemically
introduced into the system. This is done by photocaging: the introduction of a
photocleavable protecting group at a strategic site on the protein or its binding partner

that inactivates the system until the protecting group is removed by photolysis with a

light pulse.
Flow
Mix Flow L
—— t=0 At, At, At
t=0 At, At, _ g ! 2 3 R
Time

Fig. 1.8 Triggering methods for reaction initiation. Optical pump pulses are shown as blue rectangles. Probe pulses
are shown as orange rectangles. (Left) Rapid mixing. Two solutions are mixed together at t=0. At is defined by the
distance between the probe pulse and the point of mixing along the flow tube. The method can be used to trigger
protein function by delivering binders (both in solution and as microcrystalline slurries) with different binding
partners (small molecules, proteins, DNA) or by changing conditions, such as pH. (Right) Light activation. The
diagram shows two possible experimental set-ups: proteins in a rapid flowing solution (top) or static samples
(bottom). Reaction is triggered by application of a laser pulse at t=0. For the static sample, At is simply defined by a
time delay between the two pulses, whereas in flow, At is defined by the distance between the probe pulse and the

area of the flow tube illuminated by the triggering laser pulse.

1.1.4 Summary

Although extremely complex, time-resolved experiments that yield global structural
information (from X-ray diffraction and scattering and cryo-EM data) can be performed
(Shaikh et al., 2014, Levantino et al., 2015a), yielding fascinating insights into whole

protein dynamics and protein motions during function at a variety of timescales.

For fast dynamic events (sub ms), the only systems that have been investigated with
these techniques have been naturally photoactivatable proteins, meaning that the current
bottleneck to making such techniques more widely applicable lies in the triggering
methodology. For scattering experiments looking at relatively slow biological processes

(slower than 100 ps), rapid mixing is a reasonable approach. For faster events, reaction
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initiation has to be done by the use of light pulses, which require a non-trivial case-by-
case development of a photocaging strategy. The following section describes the
available approaches for non-natural photoactivation of proteins and the problems
associated with the technology currently available, leading onto the main aim of this

project.
1.2 Reaction triggering by light

1.2.1 Naturally light-activated proteins

Naturally photoactivatable proteins have been the main focus of time-resolved X-ray
and scattering experiments, as these can be triggered reliably very fast both in solution
and in crystals, often with extremely high yields. One such example is photoactive
yellow protein (PYP), which has been extensively studied using time-resolved X-ray
diffraction experiments (Schotte et al., 2012, Jung et al., 2013, Tenboer et al., 2014).
PYP is a small (14 kDa), soluble blue light receptor. It is found in photosynthetic
bacteria and is thought to be responsible for signalling cascades in the organisms that
cause them to move away from sources of harmful (blue) wavelengths of light
(Sprenger et al., 1993). In the ground state, the protein contains a trans-4-
hydroxycinnamic acid cofactor, which is covalently attached to a cysteine residue
(Cys69) though a thioester bond (Yamaguchi et al., 2009). Upon absorption of a photon
of light (400-475 nm, Amax=446 nm) (Nielsen et al., 2005), the trans-alkene isomerises
to a cis-alkene (Fig. 1.9), triggering a cascade of structural changes through the protein,
which eventually lead to the formation of a signalling state, pB;, which follows pBy but
has not been observed by X-ray crystallography due to crystal packing constraints
(Meyer et al., 1987, Harigai et al., 2003).
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Fig. 1.9 The PYP photocycle. (Left) Isomerisation of the ground state (pG) of the trans-4-hydroxycinnamic acid
cofactor to the cis pB, intermediate upon absorption of a photon of light. (Right) PYP photocycle intermediates
structurally characterised by Schotte et al (Schotte et al., 2012).
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Pump-probe time-resolved Laue X-ray diffraction experiments have allowed for the
differentiation of the structural intermediates of the PYP photocycle (Fig. 1.9) (Schotte
et al., 2012). Data were collected on timescales ranging from 100 ps to 1 s, and allowed
for the visualisation of the first intermediate pRy, a highly strained species which was
too short lived to have been resolved in previous cryo-trapping (Kort et al., 2004) or
even ns time-resolved Laue X-ray diffraction experiments (Ihee et al., 2005). The
diffraction data were fitted to 4 structurally distinct intermediates, starting from a
previously described kinetic model. The fraction of each intermediate at each time point
was then calculated to best fit the electron density and these values evaluated to give a
refined, structurally significant kinetic model. Structural changes are visible across the
whole protein structure and are not limited to the vicinity of the chromophore. Recent
studies using time-resolved serial crystallography at an X-ray free-electron laser have
provided electron density maps with improved resolution and allowed further
refinement of the relative populations of intermediates pR; and pR, at 1 ps post

photoactivation (Tenboer et al., 2014).

Other naturally photoactivated systems that have also been investigated by time-
resolved techniques include myoglobin (Schotte et al., 2003, Bourgeois et al., 2006,
Levantino et al., 2015b), photosynthetic reaction centre (Baxter ef al., 2004, Wohri et
al., 2010), haemoglobin (Ren et al., 2012, Schotte et al., 2013, Kim et al., 2015), 3-
isopropylmalate dehydrogenase (Hori ef al., 2000) and trypsin (Singer et al., 1993).
However, the vast majority of interesting protein targets are not naturally

photoactivatable, making them even more challenging systems to work with.

1.2.2 Photocaging

A photocaging group is a small organic molecule that can be covalently attached to an
essential residue within a protein or functional group on a ligand, inactivating the
biological process. The photocage acts as a protecting group that can be liberated by
photolysis with a light pulse of specific wavelength. There are many types of photo-
removable protecting groups, but only a few have been employed in the study of
biological systems so far: ortho-nitrobenzyls (oNB), coumarins (Cm) and para-
hydroxylphenyls (pHP) (Corrie et al., 2005, Hagen et al., 2005, Mayer and Heckel,
2006, Klan et al., 2013). The wavelength of maximum absorption (Amax), quantum
yields (@) and rates of cleavage vary considerably for each class of compounds (see
sections 4.1 and 9.6 for a detailed description of the spectroscopic properties,

advantages and disadvantages of each of the three photocaging groups).
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Substrate/ligand caging

When a small molecule ligand or substrate is required for function, the photocleavable
protecting group can be introduced by chemically synthesising a substrate/ligand
derivative. This approach is widely applicable, but can be very challenging and has to
be designed on a case-to-case basis. Firstly, the photocage has to be introduced at a site
within the small molecule that inhibits function without completely inhibiting binding
of the ligand to the protein, otherwise the time-resolution of the experiment becomes
dependent on the post-photolysis rate of diffusion of the free ligand into its binding site.
Once the photocaged molecule has been designed, the synthetic availability and ease of
synthesis of the compound has to be evaluated. Even for simple chemicals, a good

knowledge of synthetic chemistry is necessary to produce such molecules.

Nevertheless, photocaged biochemically or physiologically active compounds have
been in use for the last 3 decades. The first biologically relevant photocaged molecule
was adenosine 5’-triphosphate (ATP), bearing either a 2-nitrobenzyl group (oNB, Fig.
1.10, 1) or a 1-(2-nitrophenyl)ethyl group (oNPE, Fig. 1.10, 2) (Corrie et al., 2005).
These compounds were used to investigate the function of a human sodium-potassium
pump (Kaplan et al., 1978) under continuous illumination for decaging as well as in the
first flash photolysis experiments to observe the interaction between myosin and actin
with a ms time-resolution (McCray et al., 1980, Goldman et al., 1982). These initial
studies, along with the flash photo-isomerisation of azobenzene derivatives (Lester and
Nerbonne, 1982), were the dawn of the use of flash photolysis for the study of

biological mechanisms.
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Fig. 1.10 Caged ATP with 2-nitrobenzyl and 1-(2-nitrophenylethyl) photoprotecting groups (1 and 2 respectively)
and corresponding photolysis products: 2-nitrobenzaldehyde and 1-(2-nitrophenylacetone) (3 and 4 respectively),

ATP and proton. The photocaging group is highlighted in red.

Cyclic nucleoside monophosphates (cNMPs) bearing both oNB or coumarinyl
derivatives (Fig. 1.11, 7 and 8 respectively) have been previously used to investigate
spatial- and time-dependent aspects of signalling pathways inside cells, by measuring
changes in potentials across cell membranes that occur on a ms timescale after the

triggering of cyclic nucleotide-gated ion channels (Corrie et al., 2005). The rates of
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cleavage of the photocaged cNMPs have not been reported for all the compounds, but
where known vary between 3000 s and 1.7 s (Corrie and Trentham, 1993, Wang et
al., 2002).
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Fig. 1.11 Adenosine 3’,5’-cyclic monophosphate (cAMP, 5) and guanosine 3’,5’-cyclic monophosphate (cGMP, 6)
protected with 2-nitrobenzyl or coumarinyl photocleavable groups (7 and 8 respectively) used previously in time-

resolved studies. The photocaging moieties are highlighted in red.

Other examples of previously used photocaged small molecules include glutamate
(neuronal activity of glutamate-gated ion channels and glutamate transport) (Callaway
and Yuste, 2002, Takaoka et al., 2004), y-aminobutyric acid (synaptic events of GABA
receptors) (Molnar and Nadler, 2000) and hormones (regulation of gene expression)
(Lin et al., 2002, Link et al., 2004, Shi and Koh, 2004). The majority of photocaged
biologically active compounds have been used in ex vivo, in cell based studies or on
membrane bound proteins, for example, by measuring changes in current across the
membranes or along neurons or triggering apoptosis by releasing toxic proteins in cells
(Goldmacher et al., 1992, Hagen et al., 2005). Such experiments span s to s timescales
and can be done by laser photolysis or continuous illumination. However, although the
experiment triggers a local increase in concentration of a biologically active molecule, it
does not require full activation or homogeneous activation as the differences in signal
are measured over time. A more in-depth discussion of photocaging applications in cell
biology is beyond the scope of this thesis, as this work is focused on the use of
photocaged compounds for biophysical studies instead. For more detailed reviews of in
vivo studies using photocaged compounds see (Hagen et al., 2005, Mayer and Heckel,

2006, Deiters, 2009, Lee et al., 2009, Yu et al., 2010).

oNPE-caged guanosine triphosphate (GTP) was used for an early time-resolved
crystallographic study of the GTPase mechanism of Ras. Ras is a GTP binding protein
involved in cell signalling transmission pathways, which lead to downstream effects
such as cell proliferation (Kinbara et al., 2003). GTP hydrolysis leads to the inactivation
of Ras and its GTPase activity is slow in the absence of a second protein GAP (GTPase-

activating protein). In the absence of GAP, GTP hydrolysis is sufficiently slow that the
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conformation of the active GTP-bound state and the intermediate GTP/GDP-bound state
of Ras could be investigated. The experiment was performed by first triggering the
system by the photolysis of the oNPE-GTP molecule using a xenon flash lamp
(Schlichting et al., 1989) followed by X-ray diffraction data collection using a
polychromatic X-ray source at two time-points following GTP de-caging (4 min and 14
min (Schlichting et al., 1990).

The first ms time-resolved crystallographic experiment of a single-turnover enzymatic
reaction was performed in 1998 on isocitrate dehydrogenase (IDH), which catalyses the
decarboxylation of isocitrate (9) to a-ketoglutarate (11) in the presence of NADP" and
Mg*". The half-life of the enzyme-product complex is 10 ms (extendable to 50 ms by
lowering the temperature or pH). The reaction was triggered by the photolysis of a 4,5-
dimethoxy-oNPE protected NADP" molecule (12) using a short (0.5 ms) 450 nm light
pulse (reported post-photolysis half-life of 0.05 ms) and diffraction data collected for

10 ms on a polychromatic X-ray source after a 2 ms lag-time (Stoddard ez al., 1998).
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Fig. 1.12 (Top) Overview of steps in the catalytic dehydrogenation of isocitrate (9) to a-ketoglutarate (11) by
isocitrate dehydrogenase (IDH). The first step is the oxidation of isocitrate to oxalosuccinate (10). (Bottom) the
structure of the photocaged NADP " moiety (12) used in the time-resolved crystallographic study. The photocleavable
moiety is highlighted in red.

Protein photocaging

As well as photocaging a substrate or ligand, the protein itself can also be photocaged.
Site-specific incorporation of photocleavable protecting groups can be done via two
distinct approaches — genetic incorporation of unnatural amino acids or using

bioorthogonal reactions.
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The site-speciﬁc* genetic incorporation of photocaged amino acids can be done using
amber suppression, where an aminoacyl-tRNA synthetase and the corresponding tRNA
are evolved to accept the desired unnatural amino acid and insert it into the protein
sequence during mRNA translation in response to an amber stop codon integrated into
the expression vector using site-directed mutagenesis (Fig. 1.13) (Lang and Chin,
2014). The current library of photocaged unnatural amino acids that have successfully
been genetically incorporated into proteins is very limited, although it continues to
slowly expand with the recent advances in the field. Efforts have mainly focused on the
incorporation of amino acids caged with oNB derivatives. Fig. 1.14 shows all the
photocaged amino acids that have been successfully genetically incorporated into

proteins (Young and Schultz, 2010, Davis and Chin, 2012, Lang and Chin, 2014).

nascent peptide

orthogonal
tRNA-Synthetase

‘l —— 3OS_’§°§°

amino acid
orthogonal tRNA

Ribosome - mRNA modified
amber codon protein

Fig. 1.13 Schematic of the genetic incorporation of unnatural amino acids (Lang and Chin, 2014). An orthogonal
tRNA-synthetase/tRNA pair is evolved to accept an unnatural amino acid. During transcription, the unnatural amino

acid is incorporated into the nascent protein polypeptide chain in response to an amber stop codon.
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Fig. 1.14 Overview of all the photocaged protein residues introduced site-specifically by amber suppression to date.
oNB derivatised amino acids are most common: with L-alanine (13), L-serine (15), L-cysteine (16 and 17), L-lysine
(18 and 19, releasing carbamate derivatives) and L-tyrosine (20 and 21). Coumarin photocaging has been

incorporated into L-aminobutyric acid (14) (Young and Schultz, 2010, Davis and Chin, 2012, Lang and Chin, 2014).

*Residue-speciﬁc incorporation of unnatural amino acids is also possible through selective pressure
incorporation, leading to the substitution of all positions of a specific amino acid by an unnatural variant.
This approach has not been used for photocaging and is undesirable as it causes global changes to the
protein as well as the introduction of multiple chromophores which may lead to the observation of
structural changes unrelated to protein function as well as decreasing the amount of available photons
Johnson et al. (2010).
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Alternatively, under specific circumstances, bioorthogonal reactions can be used to site-
specifically photocage a protein residue (Fig. 1.15). Cysteines are the most nucleophilic
amino acids, and can be targeted by electrophilic photocaging reagents, such as o-
bromo methyl derivatives (22). Cysteines can also be selectively modified to
dehydroalanines (24) post-translationally (Chalker et al., 2011), and further modified by
a thiol containing photocage (25), such as 2-nitrobenzenemethanethiol or 4-

thiomethylcoumarin (Akita et al., 2005).
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Fig. 1.15 Direct bioorthogonal modification of surface cysteine residues with photocaging reagents that can be
cleaved to yield the free cysteine. The cysteine residue can be reacted with an electrophilic bromo-methyl reagent
(top, 22) or transformed to a dehydroalanine (24) using 1,4-dibromoadipamide (23) and reacted with a thiol

containing reagent (bottom, 25).

A final approach to making chemically modified proteins is native chemical ligation,
where the protein is produced (semi-)synthetically (Fig. 1.16) (Bang and Kent, 2004,
Durek et al., 2007). The part of the protein polypeptide chain bearing the desired
photocaged residue and a C-terminal thioester (26) is synthesised chemically (Blanco-
Canosa and Dawson, 2008) and reacted with a second chemically synthesised or
expressed peptide bearing an N-terminal cysteine (I, 27). The thioester ligated product
(28) then undergoes an S-N acyl shift (IT), to yield the full protein chain carrying the
unnatural amino-acid (29). The procedure is performed under denaturing conditions and
the protein has to be folded in vitro, so this approach is not be suitable for a wide range

of proteins.
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Fig. 1.16 Mechanism of native chemical ligation. A peptide carrying a C-terminal thioester group (26) is coupled to a
second peptide bearing an N-terminal cysteine residue (27). The cysteine side chain attacks the thioester group (I),
forming a thioester-ligated peptide (28), which undergoes an S-N acyl shift (II) to the desired full length peptide
chain (29).

Several classes of proteins have been photocaged using the different methods described

above, including:

- Protein kinases, by the direct cysteine chemical modification (Chang et al.,
1998), introduction of a photocaged thiophosphate moiety at an active site
mutation T197C (Zou et al., 2002) or the genetic incorporation of a photocaged
lysine at the ATP binding site (Gautier et al., 2011)

- Cholinesterase, by modification with a photocleavable covalent inhibitor
(Loudwig et al., 2003)

- Lysozyme, by the incorporation of photocaged aspartate at the active site, using
in vitro protein expression (Mendel et al., 1991)

- lon channels, by genetic incorporation of a caged tyrosine (Tong et al., 2001)

- Immunoglobulin, by residue-specific lysine derivatisation (Kossel et al., 2001)

Inteins, by the genetic incorporation of a photocaged cysteine (Ren et al., 2015).

In all these examples, the modified proteins were shown to be de-activated (fully or
exhibiting only very low residual activity) and activity could be recovered upon

photolysis.

Summary

Photocaging of biological systems has been shown and used for the past few decades.
There is enormous potential for the use of o0NB, coumarin and pHP groups in the caging
of proteins, substrates and ligands for efficient reaction triggering for time-resolved
biophysical studies. Nevertheless, targeting protein-ligand binding-sites is challenging.
The portfolio of current chemical probes for chemical modification of proteins is
extensive, but residue-specific modifications with photocleavable groups that can be
photolysed releasing the original amino acid side chain are limited to the chemical
modification of cysteines or the genetic incorporation of the unnatural amino-acid.

Labelling of ligands or substrates is much more widely applicable, but the synthesis of
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the modified compounds can be very challenging, especially since many of the
cofactors and ligands essential for protein function contain stereocenters and multiple

functional groups.

The instrumentation and data analysis software necessary for time-resolved structural
studies are continuously and rapidly evolving and have proven to be sufficiently
powerful to allow for these studies to be successfully performed. Reaction triggering is
clearly now the major bottleneck hindering the broader use of time-resolved techniques.
Making protein photocaging technology widely applicable would relieve this bottleneck

and greatly decreasing the complexity of the design of such experiments.
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2 Project overview, objective and impact

The aim of this project was to design photocaging reagents that could become widely
applicable for the photocaging and photo-triggering of proteins, regardless of the nature
of the protein, ligands or cofactors, by decoupling the reaction-triggering chemistry
from the protein processes being observed during the time-resolved experiments. In
practical terms, this means moving the photocaging moiety out of the protein active site,
i.e. neither photocaging essential amino acids involved in function nor the substrate or

ligands.

Making a general reagent would decrease the complexity of the chemical synthesis
currently involved in making specific photocaged substrates or ligands. Also, by
making use of surface-cysteines as the target for bioconjugation of the photocaging
reagents, the steps for protein modification would be simplified to the introduction of
bioconjugational moieties by site-directed mutagenesis rather than requiring complex

genetic incorporation of unnatural moieties.

Instead of targeting active site groups, the new photocaging reagents developed here are
intended to make use of the intrinsic protein dynamics known to be involved in
function. Proteins are plastic and therefore adopt multiple conformations, some of
which are active and some inactive. Using crosslinking compounds, dynamic regions
can be rigidified, locking the protein in an inactive state. Release of this conformational
“lock” by photolysis would then allow the protein to resume its normal dynamic

behaviour and resume activity.

The proposed novel approach for protein photocaging presented in this thesis is
depicted in Fig. 2.1. The crosslinking reagents can be regarded as “conformational
staples” which target engineered residues on the protein surface rendering the protein
inactive, but retaining a substrate binding conformation. Upon cleavage of the “staple”,
the protein is able to relax to its active conformation and on to all the conformational

states required during function.
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Fig. 2.1 Overview of the proposed new protein photocaging approach. Surface cysteine residues are introduced to the
target protein by site-directed mutagenesis. The photocleavable crosslinker targets available cysteines specifically,
“stapling” the protein in an inactive conformation. Upon photolysis, the crosslinker is cleaved and the protein allowed

to resume function. Photolysis acts as the trigger which precedes the time-resolved measurements.

A second advantage of this “allosteric” approach compared to traditional active-site
photocaging approaches is that it removes the interference of the photocleavage by-
products with the system once it is triggered. The most widely used photocaging
moieties (coumarin and ortho-nitrobenzyl groups) are of similar size to the side chains
of the largest natural amino acids (tryptophan or tyrosine). The presence of such large
fragments in the protein’s active site post-photocleavage can alter the conformations
adopted by the protein or even block protein function until the by-product has diffused
out of the active site, leaving the triggering under diffusion control and abolishing all

efforts for fast synchronisation of the system.

Aspartate a-decarboxylase (ADC) was chosen as the model protein for the crosslinking
and cleavage studies of the photocleavable “stapling” reagents developed, as it has been
well studied within the Webb group and can be overexpressed and purified easily
(Webb et al., 2004, Webb et al., 2014). One of the main aim of this project was to make
the technology available for time-resolved diffraction studies as well as solution studies,
ADC has also been reproducibly crystallised within the Webb and Pearson groups,
yielding consistently well diffracting crystals. The main disadvantage of using this
system is that it requires a post-translational modification to become fully active. For X-

ray diffraction time-resolved studies, it is important to obtain fully active, homogeneous
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protein for crystallisation and so understanding protein post-translational activation

became an additional essential objective of this project.
This thesis is therefore split into three main sections:

- Understanding ADC activation in order to obtain clean, homogeneous and fully
active protein

- The design and synthesis of a novel class of protein photocleavable crosslinking
reagents

- The crosslinking and photo-release of ADC using the developed crosslinkers.
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3 A molecular understanding of aspartate a-decarboxylase

activation

3.1 Introduction

3.1.1 Pantothenate biosynthesis

Pantothenate (vitamin Bs) is an essential vitamin synthesised by a common pathway in
bacteria, yeast and plants. The B-alanine biosynthetic pathway for incorporation into
pantothenate differs between organisms, and only that of bacterial will be discussed
here. In bacteria, f-alanine (30) is obtained from the decarboxylation of L-aspartate (31)

by aspartate a-decarboxylase (ADC) (Fig. 3.1).
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Fig. 3.1 The biosynthetic pathway of pantothenate, showing the biosynthetic intermediates and enzymes involved in
each step. a-ketoisovalerate (34) is hydroxymethylated to ketopantoate (35), which is reduced to D-pantoate (32). L-
aspartate (31) is decarboxylated to B-alanine (1) by ADC. D-pantoate (32) is condensed with B-alanine (30) to
pantothenate (33), which is phosphorylated to phosphopantothenate (37). Phosphopantothenate regulates the
biosynthesis of CoA (36) by a negative feedback mechanism. The PanD zymogen matures to its active form ADC in

the presence of PanZ.

B-Alanine is then condensed with D-pantoate (32) (by pantothenate synthetase, PanC) to
give pantothenate (33). a-Ketoisovalerate (34) is hydroxymethylated to ketopantoate
(35) by ketopantoate hydroxymethyl transferase (PanB), which is then reduced to D-
pantoate (32) by ketopantoate reductase (PanE). As these last two reaction steps are
reversible and a-ketoisovalerate is also a precursor in L-valine biosynthesis (Maas and
Vogel, 1953), the decarboxylation of L-aspartate to [-alanine becomes the first
committed step towards pantothenate synthesis in bacteria, and onwards to the synthesis
of coenzyme A (CoA, 36) and its thioesters (Fig. 3.2). Pantothenate is phosphorylated
to phosphopantothenate (37) by pantothenate kinase (PanK), which is inhibited by CoA,
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creating a negative feedback loop mechanism for the regulation of CoA biosynthesis

(Rock et al., 2003).

CoA

Citrate
1 Phosphopantothenate
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u >—— Pantothenate

Dihydroxy-isovalerate === a-ketoisovalerate === Ketopantoate === D-Pantoate L

L-Valine Extracellular pantothenate

Fig. 3.2 The relationship between the biosynthetic pathways of pantothenate and L-valine. The precursors to both L-
valine and L-aspartate are in equilibrium in the cell. The decarboxylation of L-aspartate to B-alanine is irreversible

and, therefore, the first committed step in the biosynthesis of pantothenate and CoA.

3.1.2 PanD activation to ADC

ADC was first purified in 1979 (Williamson and Brown, 1979). It was shown to be
involved in B-alanine biosynthesis in E. coli and contains a covalently linked,
catalytically active, pyruvoyl group. Pyruvoyl-dependent enzymes (van Poelje and
Snell, 1990) are a small subset of enzymes which include various decarboxylases such
as histidine decarboxylase (Snell, 1986) and S-adenosylmethionine decarboxylase
(Pegg, 2009). The pyruvoyl is synthesised post-translationally by the rearrangement and
cleavage of the protein backbone. ADC is expressed as an inactive pro-protein, PanD,
which consists of a single chain, the n-chain, and assembles into a homotetramer. The
post-translational modification starts with an N-O acyl shift between Gly24 and Ser25
(Fig. 3.3). The hydroxyl group of Ser25 attacks the carbonyl carbon of Gly24 (I),
forming an oxyoxazolidine ring (II), which ring-opens to an ester intermediate (IIT)
(Albert et al., 1998). The ester then cleaves by B-elimination, to a C-terminal glycine
(Gly24) and a dehydroalanine (IV), which then hydrolyses to the desired N-terminal
pyruvoyl group (V). The resulting two peptide chains are termed the p-chain (‘Met-
Gly24) and the o-chain (*° Pyr-Ala126).

The PanD residues essential for activation of PanD to ADC have been explored by site-
directed mutagenesis (Gelfman et al., 1991, Schmitzberger et al., 2003, Webb ef al.,
2012, Webb et al., 2014). As expected, mutation of Ser25 to alanine yields a non-
activatable PanD mutant, while other mutations along the activation peptide greatly
decrease the processing ability of ADC, likely due to distortions of the conformation of
the loop. In the zymogen crystal structure, the carbonyl carbon of Gly24 is seen

hydrogen-bonding to the fully conserved Thr57 side-chain (Schmitzberger et al., 2003).
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This interaction may act to polarise the carbonyl group, aiding the nucleophilic attack
by Ser25, and also stabilise the oxyoxazolidine ring intermediate (II). Site-directed
mutation of Thr57 to valine yields a completely non-activatable PanD mutant (Webb e?
al., 2014). Thr57 is the only proximal residue besides Gly24 and Ser25 found to be

essential for PanD activation.
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Fig. 3.3 Accepted mechanism for the activation of PanD to ADC at the start of this project (Webb et al., 2004). The
Ser25 hydroxyl side-chain attacks the backbone carbonyl of the adjacent residue (Gly24), which is hydrogen-bonded
to Thr57 in the zymogen crystal structure (PDB 1PPY, I) (Schmitzberger et al., 2003). The oxyoxazolidine ring
opens (II) to the ester intermediate (III), which can then cleave by elimination to a dehydroalanine intermediate (IV).

The dehydroalanine residue can then hydrolyse to the required pyruvoyl group, giving the fully active enzyme (V).

Other residues, such as Tyr58, Hisl1 and Asn72 (Webb et al., 2012) have also been
investigated, but in all cases PanD activation was still observed (Schmitzberger et al.,
2003). This was surprising as it was expected that other residues would be involved as
general acids or bases for the deprotonation of Ser25 (I), protonation of the amine
during opening of the oxyoxazolidine ring (II) and pB-elimination of the ester (III). At
the time this study began, it was thought that the water molecules surrounding the
activation site might act as general bases or that a large conformational rearrangement
might be required for activation, which could involve more distal residues, not yet

investigated by mutagenesis, in the mechanism.

Post-translational rearrangements leading to backbone cleavage have been observed in
other systems, such as the processing of inteins (Fig. 3.4, A) (Paulus, 2000), activation
of N-terminal nucleophile (Ntn) hydrolases (Kim et al., 2006, Buller et al., 2012) and
the autoproteolysis of SEA domains (Fig. 3.4, B) (Levitin et al., 2005, Johannson et al.,
2009). In most protein systems, post-translational cleavage or rearrangement of the

backbone is auto-catalytic (Paulus, 2000), with the exception of a small subset of
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proteins, for which the rate of modification is accelerated by accessory proteins

(McDonald et al., 1998, Trip et al., 2011).
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Fig. 3.4 General mechanism of post-translational cleavage of Inteins (A) and other systems, such as Ntn hydrolases

and SEA domains (B). X can be oxygen (Ser or Thr residues) or sulphur (cysteine residue).

ADC is such a case, requiring an accessory protein is required for its ful