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Abstract
The catalytic mechanism of the Pdx1 subunit of the pyridoxal 5’-phosphate (PLP) synthase enzyme complex has been the subject of intense study since its discovery in 1999.
Pdx1 uses two active sites (P1 and P2) to perform a complex reaction combining ribose
5-phosphate, ammonia and glyceraldehyde 3-phosphate to form PLP.
While some aspects of the Pdx1 mechanism are now understood, several questions remain, in particular how the enzyme transfers the reaction from one active site to the
next and how the reactions in the two sites are coordinated. In this investigation, X-ray
crystallography and UV-Vis spectrophotometry have been used to determine the structure of the protein in various intermediate states and elucidate the catalytic mechanism.
The role of specific active site residues in catalysis of PLP biosynthesis by the Arabidopsis thaliana Pdx1 protein is investigated using site-directed mutagenesis. The crystal
structures presented in this thesis demonstrate that the Pdx1 enzyme uses a novel relay
mechanism to covalently transfer intermediates between active sites and to coordinate
substrate binding, intermediate shuttling and catalysis.
Chapter 1 provides an introduction to the biological role of pyridoxal 5’-phosphate and
its biosynthesis by the PLP synthase enzyme complex. Chapter 1 also describes the use
of X-ray crystallography to understand how proteins function and how complementary
methods such as UV-Vis spectrophotometry can be used to track the effects of sitespecific radiation damage during collection of X-ray diffraction data. The methods used
to produce, purify and investigate the Pdx1 enzyme are described in Chapter 2. Chapter
3 provides an analysis of the activity of wild type AtPdx1.3 using UV-Vis spectrophotometry and X-ray crystallography to monitor the accumulation of chromophoric intermediates and the product, PLP. Chapter 4 describes the use of site-directed mutagenesis
to trap the Pdx1 protein in additional intermediate states and the characterisation of
these intermediate states using UV-Vis spectroscopy and crystallography.
UV-Vis spectra of Pdx1 crystals were collected to ensure that the Pdx1 enzyme was in
the desired intermediate state before collection of X-ray diffraction data. It became clear
that the UV-Vis spectra of the Pdx1 crystals in some intermediate states were changing
during X-ray data collection. Chapter 5 describes the experiments that were performed
to check that the Pdx1 structures obtained were not affected by site-specific radiation
damage. The use of multi-crystal data collection strategies and UV-Vis spectroscopy
showed that changes in the spectra were instead caused by radiolysis of the solvent
surrounding the crystals.
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1 Introduction
Enzymes are biological catalysts that accelerate the rate of the biochemical reactions
that are essential for life to occur. At the cellular level enzymes play vital roles in
metabolism, signalling pathways, cellular replication and cell death. The importance
of enzymes is reflected by the fact that mutation of a single amino acid in an enzyme
can have a profoundly detrimental effect on the health of an organism. An improved
understanding of how enzymes perform their catalytic functions and how their activity
is regulated is therefore of significant biomedical interest.
The ability of enzymes to increase the rate of specific chemical reactions has also been
applied to the industrial production of food, textiles, chemicals and many other products.
The advantages of using enzymes rather than chemical catalysts include improved reaction specificity, the ability to catalyse reactions close to room temperature, which
reduces energy usage, and that they are biodegradable. However, a significant effort is
often necessary to improve the stability of an enzyme or to adapt naturally occurring
enzymes to perform reactions that no known enzyme catalyses. Rational engineering of
enzymes is dependent on knowledge of their structure and how that structure can be
altered to improve catalytic performance.
X-ray crystallography is a technique that makes it possible to determine the threedimensional structure of an enzyme in atomic detail. The location of substrate binding
sites, the relative positions of catalytic residues and the degree of mobility in particular
regions of the protein can all be determined from a crystal structure and used to understand how the protein performs its function. Given that enzymes are flexible molecules
that often undergo significant conformational changes as a result of substrate binding
and during catalysis, it is often necessary to crystallise and solve the structure of the protein in several intermediate states to gain a complete understanding of how an enzyme
catalyses its reaction.
One of the drawbacks of X-ray crystallography is that the X-rays used during data
collection have a damaging effect on protein crystals. This damage can cause a change
in the structure of the protein, possibly leading to a misinterpretation of the protein
structure and mechanism by which it performs its function. Understanding the reactions
that take place in protein crystals during X-ray irradiation allow the investigator to assess
whether their crystallography data may be affected by radiation damage.
The primary aim of this thesis has been to understand how the pyridoxal 5’-phosphate
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(PLP) synthase enzyme complex catalyses the biosynthesis of PLP by trapping the
enzyme in several intermediate states and determining their structure using X-ray crystallography. This chapter provides an introduction to the biological roles of PLP and the
pathways for PLP biosynthesis. UV-Vis spectra were collected from the protein crystals
to monitor the effects irradiation on the crystals during data collection. This chapter
also introduces the X-ray diffraction experiment and explains some of the damaging
effects that X-rays can have on protein crystals during collection of diffraction data.
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1.0.1 Pyridoxal 5’-phosphate (PLP)
Enzymes often require organic and inorganic cofactors to perform their function. Enzyme
cofactors must either be absorbed from the external environment or biosynthesised within
the cell; organic cofactors that must be absorbed from the external environment are
referred to as vitamins.
Pyridoxal 5’-phosphate (PLP) is one of six related compounds referred to as ‘vitamers’
of vitamin B6, a vitamer is any compound that may be supplemented to the diet of
an organism to alleviate the symptoms of vitamin deficiency [1]. Humans and other
animals must absorb vitamin B6 through their diet while plants and microorganisms
are capable of synthesising vitamin B6 de novo. Pyridoxal 5’-phosphate is used by all
cellular organisms, functioning as an enzyme cofactor and antioxidant. The importance
of PLP as an enzyme cofactor is highlighted by the fact that 1.5% of prokaryotic genes
encode PLP-dependent enzymes, and 4% of all classified enzymes are PLP dependent [2].

Figure 1.1: Above, left to right: Pyridoxine (PN), Pyridoxamine (PM), Pyridoxal (PL).
Below, left to right: Pyridoxine 5’-phosphate (PNP), Pyridoxamine 5’phosphate (PMP), Pyridoxal 5’-phosphate (PLP).
As shown in Figure 1.1, all six vitamers of vitamin B6 have a pyridine ring, differing groups attached to the 4’ carbon and exist in both phosphorylated and nonphosphorylated forms. The reason that supplementing the diet with any of the vitamers
alleviates symptoms of deficiency is that each of the vitamers can be converted to any
of the other vitamers by salvage pathways. In mammals, only the non-phosphorylated
vitamers are absorbed by cells [3]. The non-phosphorylated vitamers are substrates of
pyridoxal kinase enzymes which catalyse the transfer of a phosphate group from ATP
to pyridoxal, pyridoxamine or pyridoxine to convert it to the phosphorylated form [4].
While PLP is the vitamer most commonly used as an enzyme cofactor, all of the vitamers
have a utility within the cell; all of the vitamers function as antioxidants, as is described
in Section 1.0.3 [5]. The PNP/PMP oxidase enzyme converts pyridoxine 5’-phosphate
and pyridoxamine 5’-phosphate to pyridoxal 5’-phosphate [6,7]. As well as PLP, PMP is
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also utilised as an enzyme cofactor by some enzymes, such as CDP-6-deoxy-L-threo-Dglycero-4-hexulose-3-dehydrase in the biosynthetic pathway for the sugar ascarylose [8].
The importance of the vitamin B6 salvage pathways to human health is highlighted by
the effects of inborn errors of metabolism in the enzymes that interconvert the vitamers.
Mutations in the non-specific alkaline phosphatase enzyme cause accumulation of PLP
in the blood that cannot cross the blood-brain barrier. The reduced concentration of
PLP in the brain deprives PLP dependent enzymes of the cofactor; this interferes with
synthesis of neurotransmitters such as GABA (γ-amino butyric acid), leading to seizures
[9]. Similarly, mutations in the human PNP/PMP oxidase gene results in seizures that
can be treated by supplementation of PLP [10].
The vitamin B6 salvage pathways ensure that regardless of the vitamer that is absorbed
by the cell it can be converted to the vitamer for which there is the greatest demand,
which is typically PLP.
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1.0.2 Pyridoxal 5’-Phosphate as an Enzyme Cofactor
The use of PLP as an enzymatic cofactor is conserved throughout the three domains
of life; PLP dependent enzymes primarily catalyse reactions required for amino acid
metabolism including decarboxylation, elimination and transamination reactions [11].
The Enzyme Commission classifies all enzymes into one of six enzyme families depending
on the reaction that the enzyme catalyses [2]. Five of the six enzyme families contain
PLP dependent enzymes, highlighting the versatility of PLP as an enzyme cofactor.
Cofactor-dependent enzymes are referred to as holoenzymes when the cofactor is bound
in the active site and as apoenzymes in the absence of the cofactor. For PLP dependent
enzymes the apoenzyme typically has no catalytic activity, while isolated PLP may
catalyse a particular reaction, although with a lower reaction specificity and rate than
the holoenzyme.
The PLP dependent enzymes that catalyse reactions with amino acid substrates share
a common mechanism that has been described by the Dunathan stereo-electronic hypothesis [12]. In the native state, the 4’ carbon of PLP is covalently bound to ε-NH2 of
a lysine side chain in the PLP dependent enzyme; this complex is termed the internal
aldimine (Figure 1.2). Binding of the amino acid substrate leads to cleavage of the internal aldimine and formation of a covalent bond between 4’ carbon of PLP and the
amino group of the substrate; this complex is the external aldimine (Figure 1.2).

Figure 1.2: The chemical structure of the internal aldimine (left), the 4’ carbon of PLP
is covalently bound to the ε-NH2 of a lysine side chain (green) in the enzyme
active site in the absence of substrate. Substrate binding causes a transimination reaction resulting in the release of PLP from the side chain of the
protein and formation of the external aldimine (right), the 4’ carbon is covalently bound to the amino group of the substrate (A, orange). Scheme
derived from Cerqueria et al [13].
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The first step in all PLP catalysed reactions involving amino acids is the transimination
reaction. After this step, the reaction pathway is controlled by the orientation of the
substrate relative to the plane of the PLP ring, which is in turn determined by the shape
of the active site. The pyridine ring of PLP has a delocalised π system which extends
to the amino group of the substrate once the external aldimine is formed (Figure 1.2).
The Dunathan stereo-electronic hypothesis states that after formation of the external
aldimine, the next step in the reaction is cleavage of the bond from the Cα atom that is
perpendicular to the plane of the pyridine ring, and therefore parallel to the p-orbitals
of the delocalised system (Figure 1.3) [12]. By controlling the orientation that the
substrates bind in the active site enzymes using PLP can ensure reaction specificity.
After the cleavage of the first bond, a negative charge is present on the Cα atom,
which is stabilised by the delocalised system on the pyridine ring at this point the
reaction mechanisms of the various PLP-dependent enzymes diverge [11, 14]. Although
the hypothesis was proposed before the structure of any PLP dependent enzyme was
solved, all structures solved since have supported the hypothesis [14].

Figure 1.3: The pyridine ring of PLP has a delocalised π system that extends to the
amino group of the substrate (orange) in the external aldimine complex.
The bond between the Cα and the group that is perpendicular to the plane
of the pyridine ring, and therefore parallel to the p-orbitals is always broken
as the first step of the reaction. The three examples above show the first step
in a decarboxylation reaction (left), a racemization reaction (centre) and a
Cα-Cβ bond cleavage (right).

Examples of PLP Dependent Enzymes
As mentioned previously, the Enzyme Commission categorises all enzymes according to
the catalytic function that they perform. There are six main classes of enzyme, and as
shown in Figure 1.4, five of these classes contain examples of PLP dependent enzymes.
These are not to be confused with the five main fold types of PLP dependent enzymes,
which group PLP dependent enzymes evolutionarily by their structures, despite enzymes
with similar folds often performing highly varied catalytic functions.
The only known type I PLP dependent enzyme is glycine dehydrogenase which is also
known as the P-protein of the glycine cleavage system (GCS) [11]. The GCS is a multienzyme complex that interacts with serine hydroxymethyltransferase to convert glycine
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Figure 1.4: PLP dependent enzymes are represented in five of the six categories of PLP
dependent enzymes, as classified by the Enzyme Commission [2].
to serine, the reaction catalysed by these enzymes is shown in Equation 1.1 [15].
2 Glycine + NAD+ + H2 O *
) Serine + CO2 + NH3 + NADH + H+

(1.1)

The P-protein catalyses the fist partial reaction in the decomposition of glycine, the PLP
forms an external aldimine with the amine group of glycine and catalyses the elimination
of the glycine carboxyl group as carbon dioxide. The remaining methylamine of glycine
is then passed to the H-protein of the GCS which it binds to covalently via a lipoamide
prosthetic group before being shuttled to the various other subunits of the GCS and
serine hydroxymethyltransferase where catalysis of serine biosynthesis is completed. The
GCS is responsible both for biosynthesising serine and regulating blood concentrations
of glycine in humans. Inborn errors of metabolism in the GCS can cause increased
levels of glycine in the plasma resulting in glycine encephalopathy which is often fatal
in infants [16].
The type II PLP dependent enzymes catalyse aminotransferase reactions and are the
most common type of PLP dependent enzyme [2]. One of the best studied examples
of a type II PLP dependent enzyme is aspartate aminotransferase; this enzyme reversibly catalyses the conversion of α-ketoglutarate and L-aspartate to oxaloacetate and
L-glutamate in two half reactions (Equation 1.2).
α − ketoglutarate + L-aspartate *
) oxaloacetate + L-glutamate

(1.2)

In the first half of the reaction the 4’ aldehyde group of PLP is substituted for the
amino group of L-aspartate; this converts the PLP to PMP and the L-aspartate to oxaloacetate [17]. In the second half of the reaction, the aldehyde group of α-ketoglutarate
is substituted for the amino group of PMP, converting it back to PLP and converting
α-ketoglutarate to L-glutamate [17]. This reaction catalysed by aspartate aminotrans-
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ferase is sequential, ordered and reversible. The aspartate aminotransferase enzyme is
an important protein in both amino acid and carbohydrate metabolism in prokaryotes
and eukaryotes.
An example of a type III hydrolase enzyme that uses PLP as an enzyme cofactor is
kynureninase, which catalyses the hydrolysis of L-kynureninase into anthranilic acid and
L-alanine. Upregulation of kynureninase has been observed in patients with several
different neurodegenerative diseases [18]. Although a mechanism of causation has not
been confirmed, the kynurenine pathway of which includes kynureninase is required for
conversion tryptophan into the neurotransmitters melatonin and serotonin [18].
An example of a PLP dependent enzyme that performs a lyase reaction is tyrosine
phenol lyase which catalyses the conversion of tyrosine into phenol and pyruvate (Equation 1.3) [19]. The enzyme cofactor is essential for cleavage of the carbon-carbon bond
connecting the C-β atom of tyrosine to the phenol ring [19]. The unstable aminoacrylate
intermediate that remains bound to the PLP C4’ is then released in a hydrolysis reaction
producing ammonia and pyruvate [19].
L-Tyrosine + H2 O *
) Phenol + Pyruvate + Ammonia

(1.3)

While some PLP dependent enzymes are important for human health, others are essential
for the growth of pathogenic bacteria. Alanine racemase is a type V PLP dependent
enzyme that catalyses isomerisation between L-alanine and D-alanine; while L-alanine
is required for protein synthesis, D-alanine is an essential for the construction of the
peptidoglycan cell wall in bacteria [20]. The absence of this enzyme in humans has lead
to the development of alanine racemase inhibitors being postulated as a potential means
to stop the growth of Mycobacterium tuberculosis [20].
The given the immense diversity of reactions catalysed by PLP dependent enzymes, it
is perhaps surprising that there are no examples of PLP dependent synthetases. This is
most likely because the primary role of PLP in most reactions is to stabilise transition
states during bond cleavage rather than to catalyse bond formation between compounds.
The selection of PLP dependent enzymes that have been given as examples in this section
highlight the importance of this diverse class of enzymes to human health and disease.
Furthermore, given the rapid pace at which the field of protein design is advancing, a
firm understanding of how PLP dependent enzymes perform their function will likely
aid the design of enzymes that perform novel reactions of relevance to the biotechnology
sector.
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1.0.3 Pyridoxal 5’-Phosphate as an Antioxidant
As mentioned previously, in addition to their catalytic function, the vitamers of vitamin
B6 play a significant role in removing toxic reactive oxygen species (ROS) from the
cell. Cercospora nicotianae is a species of fungal plant parasite that has evolved to
synthesise the chemical cercosporin which catalyses the generation of ROS when exposed
to light. The fungus secretes cercosporin and the ROS that are produced damage plant
cell membranes, causing the release of nutrients that the parasitic fungi may consume
[21]. The resistance of Cercospora nicotianae to singlet oxygen generated by cercosporin
was shown to be lost when the SOR1 gene was knocked out; this gene was later found
to be responsible for biosynthesis of PLP and re-named Pdx1 [22].
ROS such as singlet oxygen (O2 ), hydrogen peroxide (H2 O2 ), superoxide radicals (O –
2 ) and hydroxyl radicals ( OH) can react with biological molecules including protein,
DNA, and lipids causing damage to cells.
Macrophages and neutrophils of the innate immune system deliberately generate ROS
using the enzyme NADPH (nicotinamide adenine dinucleotide phosphate reduced) oxidase as a means of degrading encapsulated bacteria [23]. Radiolysis of singlet oxygen
present in cells, the interaction of singlet oxygen with proteins with bound metal ions
in their reduced forms and transfer of an electron from molecules carrying electrons in
the process of oxidative phosphorylation (ubiquinol) to singlet oxygen all also produce
ROS [24]. The damage that reactive oxygen species can cause to macromolecules in the
cell has been linked to the development of atherosclerosis and cancer in humans, and
several mechanisms have evolved to detoxify cells of ROS [25].
Vitamins A (α/β carotene), C (ascorbic acid) and E (α-tocopherol) have long been understood to have antioxidant activity [25–28]. However, the antioxidant activity of PLP
only emerged recently after the discovery of the role it plays in resistance of Cercospora
nicotianae to high concentrations of singlet oxygen [22]. The antioxidants in the cell can
be divided into two categories, lipid soluble and water soluble. Vitamins A and E are
lipid soluble and are localised to the membranes of the cell to prevent lipid peroxidation [29]. In the leaves of Arabidopsis thaliana plants, vitamin C tends to be the soluble
antioxidant present at the highest concentrations (∼20 µg cm−2 ) while vitamin B6 is
present at lower concentrations (∼2 µg cm−2 ) [30]. Vitamins B6 and C have different
specificities; vitamin B6 is a relatively potent quencher of singlet oxygen while vitamin
C is a strong quencher of free radicals [29–31].
In vitro studies have shown that PLP acts as an antioxidant by reacting with singlet
oxygen, all of the vitamin B6 vitamers displayed similar efficacies as antioxidants suggesting that the pyridine ring is responsible for their antioxidant qualities [5]. Within
plant cells the Pdx1 protein is primarily localised in association with the cell membrane
and organelle membranes; knockout of Pdx1 in A. thaliana increased the susceptibility
of the lipid membranes to damage by ROS [32]. Pyridoxine and pyridoxamine have also
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both been shown to have a protective effect against lipid peroxidation by the superoxide
radical (O2– ) in erythrocytes [33].
The observation that protozoa, yeast, and plants are all observed to increase transcription of genes responsible for PLP biosynthesis when exposed to stress likely to cause an
increase in concentrations of ROS supports the theory that vitamin B6 is an important
antioxidant in most eukaryotic organisms [34–36]. However, PLP is also required for the
biosynthesis of glutathione, an important antioxidant [36]. It is, therefore, difficult to
separate the effect of PLP directly scavenging ROS, from its function as a cofactor in
the biosynthesis of other antioxidants, when evaluating its role in the oxidative stress
response.
To understand whether the role of PLP in the antioxidant stress response is more reliant
on direct scavenging of ROS or its role as an enzyme cofactor it would be useful to
know the intracellular concentrations of the B6 vitamers and what percentage of the
vitamers are bound to PLP-dependent proteins. If only a negligible amount of PLP is
found free in the cell, then it is unlikely to play a significant role in direct scavenging
of ROS. Methods to quantify intracellular PLP concentrations are dependent on using
High-Pressure Liquid Chromatography (HPLC) to separate the vitamers from other
compounds in the cell and fluorescence to quantify the concentrations of the vitamers.
There is no data available for the absolute concentrations of the B6 vitamers within
cells, whether of humans or other organisms, as the concentrations tend to be given
relative to the amount of protein in the sample to normalise any variation in the volume
of the cells included per sample. For example, the intracellular concentration of PLP in
red blood cells is 391 picomoles per gram of haemoglobin [37]. It is possible to obtain
absolute values for the plasma concentrations of PLP (52 nanomoles per litre); however,
these may be different to intracellular PLP concentrations depending on the degree to
which cells absorb and reuse PLP [37]. The limited data available concerning both the
intracellular concentrations of PLP, concentrations of PLP dependent enzymes in the
cell and how both of these variables change during the antioxidant stress response make
it difficult to speculate as to whether PLP is more important as a direct scavenger or
for its role in antioxidant biosynthesis.
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1.0.4 PLP Synthase as a Drug Target
The absence of a PLP biosynthetic pathway in humans has lead to interest in the development of inhibitors of PLP synthase with the aim of developing therapeutics against
pathogens such as Mycobacterium tuberculosis and Plasmodium falciparum [38].
Knockout of Pdx1 in M. tuberculosis results in the pathogen becoming auxotrophic for
vitamin B6 in culture and unable to survive in in vivo mouse models [39]. While this
demonstrates the potential for inhibiting the enzyme pathway as a means of developing
an anti-tuberculosis drug, several barriers prevent this. Any inhibitor must be selective
for Pdx1 and not affect the function of human proteins; this needs to be considered when
developing competitive inhibitors of ribose 5-phosphate and glyceraldehyde 3-phosphate
binding to Pdx1 as both compounds are intermediates in the process of respiration. An
inhibitor must also be able to cross the two permeability barriers between the cytosol
of the pathogen and the surrounding environment. The two barriers being the cell
membrane and the hydrophobic cell wall of M. tuberculosis that is formed from a complex
of covalently linked peptidoglycan, arabinogalactan and mycolic acid [40].
The potential to target PLP biosynthesis in Plasmodium falciparum has also been investigated [38]. Part of the P. falciparum life cycle is spent within red blood cells where
they digest up to 80% of the available haemoglobin. The amino acids released by this
process may be used for protein synthesis; it has also been suggested that haemoglobin
degradation is necessary to create space for the replicating parasite without lysing the
cell membrane of the erythrocyte [41]. The digestion of haemoglobin leads to the release
of free heme which catalyses the generation of reactive oxygen species including singlet
oxygen and hydrogen peroxide [42]. These reactive oxygen species increase the oxidative
stress within the parasite; inhibiting biosynthesis of PLP, an anti-oxidant may, therefore,
reduce the ability of the parasite to deal with oxidative stress and impair its ability to
proliferate.
Inhibitors of the Plasmodium Pdx1 protein have been designed using homology modelling and in silico docking [43]. In silico docking identified that the sugar erythrose 4phosphate (E4P) may bind in the Pdx1 P1 site leading to the screening of E4P analogues
to identify a Pdx1 inhibitor. The analogue 4PEHz (4-phospho-D-erythronohydrazide)
had an IC50 of 43 µM in vitro, and when the parasite was grown in culture in the
presence of 1 µM there was a reduction in proliferation [43]. This effect was not seen in
parasites complemented with extra copies of the Pdx1 and Pdx2 genes [43]. The authors
state that further development of the lead compounds is required to increase the potency. It is also unclear if off-target effects would occur when using E4P analogues as a
Pdx1 inhibitor in humans as E4P is an intermediate in the pentose phosphate pathway.
Before the further development of E4P analogues to improve the strength of binding, it
may be informative to perform in vitro tests to determine their effect on the enzymes of
the pentose phosphate pathway.
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Aspects of the PLP synthase mechanism that may be targetted but have not yet been
investigated include inhibiting the formation of the Pdx1/Pdx2 interface, blocking the
site of product formation and inhibition of product release. Given that our knowledge
of the reaction mechanism is incomplete, a structural characterisation of the enzyme in
different intermediate states may yield new strategies for inhibiting Pdx1.
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1.1 Biosynthesis of Pyridoxal 5’-Phosphate
Two distinct and mutually exclusive routes for the de novo bio-synthesis of vitamin B6
have been discovered. The 1-Deoxy-D-xylulose-5-phosphate (DXP) dependent pathway
is utilised by several γ-proteobacteria, including E. coli, and is formed from six separate
enzymes [44].
The second to be discovered is dependent on ribose 5-phosphate and is well conserved
throughout plants, archaea and most bacteria [44]. The Singlet Oxygen Resistance
(SOR1) gene had been identified as being responsible for the resistance of Cercospora
nicotianae to compounds that generate high concentrations of singlet oxygen, which
causes damage to lipids, proteins and DNA resulting in cell death (Section 1.0.3) [22].
A subsequent investigation identified five C. nicotianae mutants that were sensitive to
cercosporin [31]. Complementing the mutants with the SOR1 gene restored cercosporin
resistance; however, two mutants remained sensitive to cercosporin suggesting, that a
second gene may be required for cercosporin resistance [31].
The Saccharomyces cerevisiae SOR1 homologue Snz1 was shown to interact with a
second protein named Sno1 using a yeast two-hybrid assay [45]. Sequencing of the two
C. nicotianae mutants that remained susceptible to cercosporin after complementation
with the Pdx1 gene showed that the mutations occurred in the C. nicotianae homologue
of the Sno1 gene which was re-named Pdx2 [46]. Complementing these mutants with
the wild-type Pdx2 gene enabled PLP biosynthesis [46].
The substrates for Pdx1 dependent biosynthesis were identified using isotopic labelling
experiments. Isotopic labelling of 15NH4 Cl in the growth media of Saccharomyces
cerevisiae revealed that the nitrogen atom of pyridoxine could be incorporated from
ammonia and that the ammonia was produced by glutamine hydrolysis [47]. The same
study showed that this was not observed in E. coli and suggested that the two species
use different pathways for biosynthesis of pyridoxine [47]. Isotopic labelling of potential
metabolic precursors of PLP was used to identify that carbons 2, 2’, 3, 4 and 4’ originated from a single pentose and that carbons 5, 5’, 6 of PLP originated from a triose,
likely to be glyceraldehyde 3-phosphate [48, 49].
Biosynthesis of PLP has been reconstituted in vitro in the presence of Pdx1 using R5P,
glutamine, G3P, and Pdx2 [50, 51]. Pdx2 performs the glutamine hydrolysis reaction,
and the ammonia is passed to Pdx1, which combines R5P, G3P, and ammonia to form
PLP (Figure 1.5).
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Figure 1.5: The reaction scheme of PLP synthase, Pdx2 hydrolyses glutamine to glutamate and releases ammonia which is channelled to Pdx1 where it reacts with
ribose 5-phosphate and glyceraldehyde 3-phosphate to form pyridoxal 5’phosphate.
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1.1.1 The PLP Synthase Enzyme Complex
The PLP synthase enzyme complex is formed from twelve Pdx1 subunits arranged as
two hexameric rings; a single Pdx2 subunit transiently binds to each Pdx1 subunit to
form the complete 24 subunit complex [52]. Figure 1.6 shows the crystal structure of the
PLP synthase complex for Bacillus subtilis. The PLP synthase complex is classified as a
glutamine amidotransferase; the Pdx2 subunit hydrolyses glutamine releasing ammonia
which is passed to Pdx1 where it reacts with R5P and G3P to form PLP (Figure 1.5).
Although the Pdx1/Pdx2 interaction is transient, the 24-subunit complex was stabilised
by mutating Pdx2 to inactivate its glutaminase activity; this allowed the structure of
the complete PLP synthase enzyme complex to be solved using X-ray crystallography
(Figure 1.6) [52]. Interaction of Pdx2 with Pdx1 has been shown to be essential for
the catalytic activity of Pdx2; Pdx1 also depends on interaction with Pdx2 to function,
unless ammonia is present in the environment [53].

Figure 1.6: Left: Structure of the Bacillus subtilis PLP synthase enzyme complex, Pdx1
subunits blue, Pdx2 subunits white [52]. Six Pdx1 subunits are visible with
Pdx2 subunits bound in a 1:1 ratio. Right: Structure of the PLP synthase
enzyme complex rotated 90 degrees to show the interface between the interlocking Pdx1 hexameric rings.
Pdx1 has been observed to exist in a dynamic equilibrium between the hexameric and
dodecameric states using analytical ultracentrifugation [52,54]. Pdx1 is always observed
as a dodecamer when crystallised, except the Saccharomyces cerevisiae protein ScPdx1.1,
which is observed as a hexamer in solution [55]. ScPdx1.1 is capable of synthesising PLP
suggesting that dodecamer formation is not essential for interaction with Pdx2 [55].
The Pdx1 subunit has a (β/α)8 barrel fold with eight alpha helices alternating with eight
parallel beta strands(Figure 1.7). More than 10% of proteins contain a domain with a
(β/α)8 barrel fold and (β/α)8 barrel enzymes catalyse a diverse range of reactions [56].
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Residues contributing to the active site in (β/α)8 barrel enzymes tend to be located at
the C-termini of the β strands and on the βα loops while residues at the N-termini and
on the αβ loops contribute to the stability of the protein [56].
Oligomerisation of enzymes is not a rare phenomenon, a study of E. coli proteins found
that one-fifth of proteins were monomeric while 79% of the remaining four-fifths of proteins formed homo-oligomers of between 2 and 12 subunits [57]. Protein oligomerisation
yields several potential advantages; oligomerisation has been observed to increase the
thermostability of the archetypal (β/α)8 barrel protein triose phosphate isomerase [58].
Oligomerised proteins contain a greater number of intramolecular interactions than the
monomeric protein; the greater the number of intramolecular bonds the more thermal
energy is required to induce denaturation. As the expression of the Pdx1 protein is upregulated in the heat shock response of some organisms, increased thermostability may
allow the protein to perform its function at higher temperatures than the organism is
typically adapted to [59].
Oligomerisation also allows the potential for allosteric regulation of enzyme activity
and positive cooperativity, the C-terminus of Pdx1 has previously been identified to
interact with the active site of the adjacent subunit and that this interaction is required
for the conversion of I320 to PLP [60, 61]. This interaction may be the driving force
for the evolution of the oligomerisation of the cyclic hexamer where each subunit can
interact with the next. Although dodecameric proteins are relatively rare (1.6% of E.
coli proteins), Pdx1 is not unique as an enzyme that can oligomerise in hexameric rings
which in turn dimerise to form dodecamers. Glutamine synthetase is another example
of such an enzyme, oligomerisation of this enzyme is essential for allosteric regulation of
activity [57, 62].

Figure 1.7: The secondary structure of Pdx1 [52, 63].
The Pdx1 protein has two phosphate binding sites (P1 and P2) that have been suggested
as binding sites for the phosphorylated substrates, R5P and G3P, and the product, PLP
(Figure 1.8) [63]. Residues contributing to both sites have been assigned as participating
in catalysis as a result of mutagenesis studies [60]. The P1 site of Pdx1 is located in
a similar to position to the phosphate binding site in the prototypical (β/α)8 barrel
protein, Triose Phosphate Isomerase, at the βα end of the barrel [54, 64]. The P2 site of
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Pdx1 is formed by residues on helix α5 and the β5-α5, β6-α6 and β7-α7 loops which are
located at the interior of the dodecameric cylinder and close to the interface between the
hexameric rings [63]. Residues in both the P1 and P2 sites of Pdx1 have been assigned
catalytic functions in studies where residues in each of the sites were mutated and the
rate of I320 formation and PLP biosynthesis were measured in enzyme assays [60]. The
catalytic residues in each of the sites are shown in Figure 1.9.
Each Pdx1 subunit has a total surface area of ∼ 11,490 Å2 with 1909 Å2 buried in
hydrophobic contacts with the adjacent subunits in the hexamer and 1255 Å2 forming
the interface with the opposing hexamer [54]. In addition to the eight α-helices and
β-sheets that form the (β/α)8 barrel Pdx1 contains additional secondary structures
in the αβ and βα loops (Figure 1.7). Helices α6, α6’ and α6” on each Pdx1 subunit
interact with the same region on the Pdx1 subunits of the opposite hexamer to form
the hexamer - hexamer interface [52, 54]. The hydrophobic contacts between adjacent
subunits within each hexamer are primarily formed by helices α7 and α8 on one subunit
and helix α3 on the adjacent subunit [52].
The Pdx2 subunit of PLP synthase has a three-layered αβα sandwich fold and uses a
Glutamine-Histidine-Cysteine catalytic triad to catalyse glutamine hydrolysis [65, 66].
Pdx2 glutaminase activity is dependent on interaction with Pdx1, crystal structures of
the complete PLP synthase complex show that interaction with Pdx1 is necessary for
Pdx2 to adopt an active conformation [52, 67]. The αβ loops on the stability face of
Pdx1 are at the interface between Pdx1 and Pdx2, residues 1-20 of Pdx1 are typically
disordered, however, upon complex formation residues 1-4 form a short β-strand (βN) that hydrogen bonds to β7 of Pdx2 (Figure 1.10). Pdx1 residues 6-16 also form
an N-terminal α-helix (α-N) at the interface with Pdx2 that mutagenesis experiments
have shown to be essential for activation of the Pdx2 glutaminase activity [68]. The
requirement for Pdx1 binding before activation of the Pdx2 glutaminase activity prevents
inappropriate glutamine hydrolysis.
The ammonia produced by the glutaminase reaction is highly reactive. To prevent the
ammonia diffusing away from PLP synthase before it can be used by Pdx1, it is channelled through a transient hydrophobic tunnel lined by methionine residues in the centre
of the Pdx1 (β/α)8 barrel to the P1 site where it can be used for PLP biosynthesis
(Figure 1.11) [69]. The interface between Pdx1 and Pdx2 is not solvent accessible; this
prevents the leakage of ammonia out of PLP synthase. The leakage of ammonia would
both be inefficient regarding usage of glutamine and would also release a toxic compound into the cytosol. The presence of a tunnel within Pdx1 that opens in response
to glutamine hydrolysis was first postulated on the basis of the B. subtilis PLP synthase structure and has since been confirmed by mutagenesis studies showing that the
conserved methionine residues are important for coupling of the glutaminase activity
to PLP biosynthesis [52, 69, 70]. Several other examples of ammonia channelling from
the site of glutamine hydrolysis to a distant active site have been observed in glutamine
amidotransferase enzyme; these include carbamoyl phosphate synthetase and imidazole
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Figure 1.8: The secondary structure of Thermatoga maritima Pdx1. The side chains
of two lysine residues critical for the catalytic activity of Pdx1 are shown
in stick format, lysine residues 82 and 150 in B. subtilis are numbered
residues 98 and 166 respectively in A. thaliana. Two phosphate-binding
sites have been identified in Pdx1 and are named P1 and P2 [63].
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Figure 1.9: The catalytic residues of Pdx1 are shown in stick format, residues are
numbered by their position in A. thaliana Pdx1.3. Residues belonging to the P1 site are coloured in green while residues belonging to
P2 are coloured orange, the assignment of catalytic function to these
residues was performed in a mutagenesis experiment by Moccand et al [60].
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glycerol phosphate synthase [71–73].
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Figure 1.10: The interface between Bacillus subtilis Pdx1 (blue) and Pdx2 (white) [52].
A Pdx1 N-terminal β-strand (βN, orange) becomes ordered upon complex formation and hydrogen bonds to strand β7 of the Pdx2 β-sheet,
the N-terminal α-helix of Pdx1 (α − N , orange) also becomes ordered
[52]. The interaction between α − N and Pdx2 is essential for activation of Pdx2 glutaminase activity [68]. The glutamine molecule is shown
in stick format (carbon orange, oxygen red, nitrogen blue) close to the
Pdx1/2 interface. The central barrel of Pdx1 is shown in red [52, 69].
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Figure 1.11: The central barrel of Pdx1 from Bacillus subtilis is shown in red,
hydrolysis of glutamine results in the release of ammonia which is
passed through the central barrel of Pdx1 where it reacts with
R5P. The secondary structure of the Bacillus subtilis Pdx1/2 complex is shown in cartoon form (carbon atoms orange, oxygen atoms
red, nitrogen atoms blue, phosphorous atoms purple) [52, 63, 69].
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1.1.2 Catalysis of PLP biosynthesis by PLP Synthase
Knowledge of the structure of the enzyme is not, in itself, enough to understand how
the protein performs its biological function. In vitro reconstitution of PLP biosynthesis
by PLP synthase has allowed for some of the details of the reaction mechanism to be
elucidated using a combination of X-ray crystallography, UV-Vis spectroscopy, NMR and
mass spectrometry. The biochemical analysis has determined that substrate binding and
catalysis proceed in an ordered manner via a series of covalent intermediate states.
Mass spectrometry has been used to identify that R5P binds covalently to B. subtilis
Pdx1 residue Lys81 (Lys98 in A. thaliana Pdx1) [74]. This observation has been confirmed in the crystal structures of Plasmodium berghei Pdx1 and Geobacillus stearothermophilus Pdx1 in complex with R5P [69, 75]. Incubating the Pdx1 enzyme with
isotopically labelled substrates allowed for the use of NMR to determine that carbon
1 of the open form of R5P binds covalently to the lysine ε-nitrogen [76]. The crystal
structures of Pdx1-R5P have shown that the phosphate group of R5P is bound in the
P1 site of Pdx1 [69, 75].
Incubating Pdx1-R5P with ammonium sulphate or Pdx2 and glutamine leads to the
formation of an intermediate with an absorption maximum ∼ 315 nm that has been
named I320 [74, 76]. While the rate of I320 formation is ∼ ten times slower when
substituting Pdx2 and glutamine with ammonia, the product that is formed has the same
absorption spectrum, suggesting that the compounds that are formed are identical [74].
The reduction in the rate of the reaction may be due to Pdx1 using ammonia to catalyse
I320 formation rather than charged ammonium. In addition, the glutaminase reaction
that Pdx2 performs releases energy that may be used to drive conformational changes in
Pdx1 required for catalysis. Formation of the Pdx1/Pdx2 complex also ensures that the
ammonia is channelled directly to the active site of Pdx1 rather than relying on diffusion
to deliver the substrate.
Mass spectrometry and NMR data show that the I320 intermediate retains the five
carbons from R5P, and comparison of the 13 C NMR spectra of I320 reconstituted in
vitro using 14 N and 15 N ammonium chloride showed that the nitrogen of the ammonia
is incorporated at the C2 position [74, 77]. Incorporation of ammonia is followed by
elimination of the R5P phosphate group, while the only oxygen atom remaining from
R5P is bound to C3 [51, 74, 76].
Once the I320 intermediate has been formed in vitro, it is stable and remains covalently
bound to the protein [74]. The NMR analysis suggested that both C1 and C5 of the
intermediate were bound to nitrogen atoms [76]. However, this was explained as being a
consequence of the denaturing conditions that the experiment was performed under [76].
In the mechanistic proposal produced by Hanes et al, the incorporation of ammonia leads
to the release of C1 of the intermediate from the lysine ε-nitrogen and the intermediate
to covalently rebind a Pdx1 lysine side chain via C5 [76].
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The addition of G3P to Pdx1-I320 leads to a reduction in the absorbance peak at 315
nm and a simultaneous increase in absorbance at 408 nm; absorbance of light by the
product, PLP, is responsible for the formation of the 408 nm peak [76]. An absorbance
at 408 nm is characteristic for PLP covalently bound to a protein, compared to 388 nm
for free PLP [76]. The P2 site of Pdx1 has been identified as the binding site for PLP,
whether PLP remains covalently bound to the protein is debated in the literature, the
crystal structure of Saccharomyces cerevisiae Pdx1-PLP shows a non-covalent interaction
while UV-vis spectroscopy and NMR data suggest that PLP is covalently bound to the
protein [76, 78].
The first substrate, R5P, is bound in the P1 site while the product is bound in the P2 site;
the two sites are separated by ∼ 20 Å and it is currently unknown how the reaction is
transferred from one location to the next. An improved understanding of the structure of
the I320 intermediate in non-denaturing conditions and determining whether G3P binds
in the P1 or P2 site may clarify the mechanism by which the reaction is transferred
between active sites.
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1.1.3 Conservation of the Pdx1 Enzyme
The PLP synthase enzyme complex is utilised for catalysis of PLP biosynthesis by bacteria, archaea, and eukaryotes [44]. The primary sequence of the core of Pdx1 subunit
is strongly conserved between highly different species (Figure 1.12), suggesting that
the Pdx1 enzyme evolved before the divergence of archaebacteria and eukaryotes from
prokaryotes. Given the high sequence similarity, it is unsurprising that the crystal structures that have been published for yeast, bacterial and protist Pdx1 all have a similar
(β/α)8 barrel fold.
The plant species Arabidopsis thaliana has three copies of the Pdx1 gene in its genome,
named AtPdx1.1, AtPdx1.2, and AtPdx1.3. The AtPdx1.1 and AtPdx1.3 proteins have
a sequence identity of 89% while AtPdx1.2 has a sequence identity of 60% [79]. AtPdx1.2
has no catalytic activity; however, expression of the protein is increased in response to
oxidative stress, as is the expression of the two active isoforms [80, 81]. Inspection of
the primary sequence of Pdx1 proteins shows that the two lysine residues previously
assigned as participating in catalysis are absolutely conserved in active forms of Pdx1
but are mutated in the AtPdx1.2 isoform (Figure 1.12). AtPdx1.2 has been shown to
interact with the two other AtPdx1 isoforms in vitro and in vivo using yeast two-hybrid
assays and pull down assays respectively [80]. The formation of these heterododecamers
increases the activity and possibly the stability of the active isoforms resulting in increased production of PLP, and therefore improves the response of the cell to oxidative
stress [80].
Catalytically inactive enzymes that regulate the activity of other enzymes are referred
to as pseudoenzymes; a characteristic feature of a pseudoenzyme is that it is specifically
the residues that are required for catalysis that tend to be mutated. Inactive homologues
of AtPdx1 have been identified in several other plant species, suggesting that the use
of pseudoenzymes to regulate the rate of PLP biosynthesis is not limited to Arabidopsis
thaliana [80].
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Figure 1.12: Sequence alignment for Pdx1 enzymes of plants (Arabidopsis thaliana),
fungi (Saccharomyces cerevisiae and Cercospora nicotianae), protists (Plasmodium berghei and Plasmodium falciparum), bacteria (Thermatoga maritima, Geobacillus stearothermophilus, Mycobacterium tuberculosis and Bacillus subtilis) and archaebacteria (Sulfolobus solfataricus). The two lysine
residues identified as essential for catalysis are highlighted in yellow.
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1.2 Macromolecular Crystallography and Radiation Damage
To fully understand how a protein performs its function, it is necessary to determine
its molecular structure at the angstrom (10-10 m) scale. Imaging techniques are limited
to a resolution equal to half the wavelength of the light used to probe the sample [82].
It is, therefore, necessary to use light with a wavelength in the X-ray range of the
electromagnetic spectrum to obtain information about the positions of specific atoms
and the lengths of particular bonds within the three-dimensional protein structure. The
resolution of X-ray microscopes is currently limited to ∼10 nm due to the technical
challenge of producing optics capable of precisely focussing X-rays, this resolution is not
sufficient to resolve atomic positions and bond lengths [83].
The most common method for determining the structure of proteins is X-ray crystallography. This technique relies on crystallising the protein; the crystal is then illuminated
with X-rays, and the diffraction patterns that are produced can be used to determine
the protein structure.
The following section describes how diffraction of X-rays by crystals occurs, how Xray diffraction data can be used to determine a protein structure, and how X-rays can
damage protein crystals.

1.2.1 Single Crystal X-ray Diffraction
Protein crystals grow when protein molecules aggregate into an ordered array and form
a three-dimensional lattice, a diagram of a two-dimensional lattice is shown in Figure
1.13a. The repeating unit of the crystal is the unit cell (Figure 1.13b); each unit cell
contains one or multiple copies of the protein, in addition to the solvent molecules that
surround the protein.
The aim of the X-ray diffraction experiment is to reconstruct the electron density map
for the unit cell from the information encoded in the diffracted X-rays; it is then possible
to build a model for the protein structure by placing atoms into the electron density map.
Braggs law explains diffraction of X-rays by a lattice (Figure 1.14) [84]. The planes
of the lattice are treated as reflecting planes, and the incoming light is taken to be
monochromatic and in phase. If the difference in pathlength between two waves scattered
by parallel planes separated by distance dhkl is equal to an integer (n) of the wavelength
(λ), the waves will interfere constructively (Equation 1.4, Figure 1.14).
nλ = 2dhkl sinθ

(1.4)

In addition to lattice planes that run parallel to the axes of the unit cell, additional
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(a)
(b)

Figure 1.13: (a) Diagram of a two-dimensional lattice. Translating from any circle by
vector a in the x-axis or b in the y-axis will result in it being superimposed
on a neighbouring circle. An identical environment surrounds each molecule
in the lattice. Sets of lattice planes (blue) are named according to the
distance between the planes along each of the unit cell axes, taken as a
fraction of the unit cell length. In this two-dimensional lattice, the blue
set of planes intersect a at an interval of 1/2 a and b at an interval of 1/3
b. The planes are referred to by the reciprocal of their spacing along each
axis. h is the reciprocal of the spacing along a, in this case, h = 2. k is the
reciprocal of the spacing along b, in this case, k = 3. In a three-dimensional
lattice, l is the reciprocal of the spacing along c. Lattice planes that are
parallel to an axis of the unit cell have a value of 0 in that direction.
(b) Diagram of a three-dimensional unit-cell, this is the repeating unit of
the crystal and contains the protein molecule. The dimensions of the unit
cell are defined by lengths of the edges of the unit cell a, b and c along the
x, y and z-axes respectively. The angle between a and b is γ, between a
and c is β and between b, and c is α.
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Figure 1.14: The two incident X-rays are in phase, the X-rays are scattered by two
parallel planes of the lattice. The angle of incidence is θ and is equal to the
angle of reflection. X-ray2 travels 2x further than X-ray1. x is equal to dhkl
sin θ. The difference in pathlength for the two X-rays is, therefore, equal
to 2 dhkl sin θ. If the difference in pathlength between the X-ray source
and the detector is equal to an integer (n) of the wavelength (λ) the two
scattered waves will interfere constructively, and Braggs law (Equation 1.4)
is fulfilled [84].
planes may also intersect any of the axes. The planes are named by their Miller indices,
which are the number of times that they intersect a given axis, for example, the (2,3)
plane of a two-dimensional lattice would intersect the a edge of a single unit cell twice
and b three times (Figure 1.13a). The Miller indices specify the distance (dhkl ) between
the planes and the direction in which the planes are oriented relative to the unit cell.
Any scattering objects separated by the distance (dhkl ) in the specified direction will
contribute to the diffraction of X-rays by the crystal.
Scattering from each of the lattice planes will contribute to the diffraction from a crystal;
the direction that the diffracted X-rays travel in is determined by the geometry of the
unit cell while the intensity of each reflection is determined by the composition of the
unit cell. A useful construction for understanding which reflections will be detected in
a given orientation is the Ewald sphere. The Ewald sphere is a construct in reciprocal
space in which each set of lattice planes is defined by a reciprocal lattice vector (d∗hkl ).
In a two-dimensional lattice, the reciprocal lattice vector is normal to the lattice planes
and has a magnitude equal to the reciprocal of the distance between the planes in real
space (dhkl ) (Equation 1.5). The smaller the distance between a set of planes in real
space the larger the reciprocal lattice vector. By plotting each of the reciprocal lattice
vectors about an origin, a reciprocal lattice is constructed where each of the lattice points
represents a set of lattice planes in real space (Figure 1.15).
d∗hkl =
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1
dhkl

(1.5)

θ
Figure 1.15: The radius of the Ewald sphere is equal to λ1 , when d∗hkl = 2 sin
nλ the reciprocal lattice point will lie on the Ewald sphere. The origin of the reciprocal
lattice is at point (0,0). Reciprocal lattice points that lie on the Ewald
sphere fulfil Braggs Law. In the orientation shown in this example, reciprocal lattice points (-1,1) and (-1,-1) will contribute to the diffraction
pattern.

d∗hkl =

2 sin θ
nλ

(1.6)

Braggs Law can be re-arranged as shown in Equation 1.6 so that when the reciprocal
lattice vector is equal to 2 sin θ divided by the wavelength of the light, the conditions
for diffraction to occur are met. The Ewald sphere is a graphical representation of this
equation (Figure 1.15). Figure 1.15 shows that only a few of the reciprocal lattice points
lie on the Ewald sphere and contribute to diffraction when the crystal is in a given
orientation.
By determining the scattering angle (θ) for each reflection, it is possible to calculate the
reciprocal lattice vectors, and from these to compute the unit cell constants. Scattering
from every atom in the unit cell contributes to the intensity of each reflection, the
intensities of each reflection, therefore, contain information about the contents of the
unit cell.
The wave scattered by each set of lattice planes can be described by three parameters, its
direction, phase, and amplitude. The wave is represented mathematically by the complex
structure factor (Fhkl ) (Equation 1.8) and contains information about the amplitude,
direction, and phase of the scattered wave. The structure factor amplitude (Fhkl ), is the
amplitude of the wave, which is proportional to the square root of the intensity that is
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measured in the diffraction experiment (Equation 1.7).
(Ihkl ) ∝ (Fhkl )2

(1.7)

Fhkl = Fhkl e2πiφhkl

(1.8)

The scattering angle at which the X-rays scattered by a given set of lattice planes will
constructively interfere depends on the interplanar distance and orientation of the lattice
planes; these are defined by the Miller indices (hkl). The phase of each wave is noted as
φ; unlike the direction and amplitude of the scattered waves, the phases of the scattered
X-rays are cannot be measured directly. The phases for the structure factors can be
determined experimentally using the anomalous scattering and isomorphous replacement
methods or through the molecular replacement method. A description of the details of
each of the molecular replacement method, used in this thesis, is provided in Section
1.2.1. Once the phases are obtained it is possible to reconstruct the electron density in
the unit cell using Equation 1.9.
p(x, y, z) =

1 X
|Fhkl |e−2πiφhkl (hx+ky+lz)
V hkl

(1.9)

Equation 1.9 describes how a Fourier transform can be used to reconstruct the electron
density within the unit cell (p(x,y,z)) from the structure amplitudes (Fhkl ) and phases
(φ). To reconstruct the electron density, the sum of all of the complex structure factors
(Fhkl ), which contain both the phase and amplitude information, is taken and multiplied
by the reciprocal of the unit cell volume (V ). We, therefore, need to measure the intensity
of the diffraction from all of the lattice planes to reconstruct the electron density map
accurately.
It is necessary for all of the reciprocal lattice points to intersect the Ewald sphere to
measure the diffraction from each of the lattice planes. This can be achieved by either
repositioning the X-ray source, rotating the crystal or measuring the diffraction pattern
at multiple wavelengths. Moving the X-ray source has the effect of re-orienting the
Ewald sphere relative to the reciprocal lattice. Rotating the crystal causes a rotation
of the reciprocal lattice around its origin. Changing the experimental wavelength alters
the radius of the Ewald sphere.
In macromolecular crystallography, the most common method of data collection is to
rotate the crystal and measure the intensity of the diffraction of the crystal at a single
wavelength. Measuring the diffraction from a crystal in all possible orientations on a
single image would result in overlapping reflections. Instead, the crystal is rotated as
diffraction images are recorded, usually with a rotation of less than 1° per image.
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The Phase Problem, Molecular Replacement and Refinement
As mentioned previously, we can perform a Fourier transform of the structure factors
which contain the information about the amplitudes and phases of the diffracted X-rays
to calculate a map of the electron density within the unit cell. While we can calculate
the amplitude of the Bragg spots from the diffraction intensities that are measured
experimentally, the phase information is lost.
One of the methods that can be used to recover the phase information is molecular
replacement. The molecular replacement method is dependent on having measured the
diffraction intensities from the crystallised protein and identifying a homologous protein
with a similar structure. Given that we know the primary sequence of our protein it is
possible to search for homologous proteins based on sequence identity to proteins with
solved structures. Sequence identity is often used as a proxy for structural similarity,
and a minimum identity greater than 30% is generally required for successful use of the
molecular replacement method; however, even with 100% sequence identity, molecular
replacement may fail if the protein of interest adopts a different conformation to the
search model. In these cases, it may be necessary to split the models into individual
domains to be searched for separately or to use experimental phasing methods.
Perfoming a Fourier transform on the squared structure factor amplitudes, which are
proportional to the measured intensities (Equation 1.7), produces a map of the vectors between each of the atoms in the protein (p(u, v, w)); this map is referred to as a
Patterson map. The operation is described mathematically by the Patterson function
(Equation 1.10).
p(u, v, w) =

1 X
|Fhkl |2 cos[2π(hu + kv + lw)]
V hkl

(1.10)

We are also able to generate a Patterson map from the model of the homologous protein. If the model is located in the correct position within the unit cell and with the
same orientation as the crystallised protein then the Patterson maps for the model and
the squared amplitudes will be similar. The position and orientation of the protein in
the unit cell are each defined by three variables, performing a six-dimensional search
for the best model position and orientation simultaneously would be excessively computationally demanding. Instead, molecular replacement programs split the task into a
three-dimensional rotational search followed by three-dimensional translational search.
Patterson maps are generated for the model in several different orientations in the rotation search and scored by how well they match to the Patterson map of the diffraction
data. The model is then fixed in the orientation with the highest rotation score and
Patterson maps are generated with the model in different positions within the unit cell,
the best match to the Patterson map of the squared amplitudes is chosen as the solution.
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Once the model has been placed in the unit cell it is possible to calculate how each
atom in the unit cell would contribute to the scattering by each set of lattice planes.
The complex structure factors produced by this calculation (Fchkl ) contain both the
amplitude of each reflection (F chkl ) and the phase of the calculated reflections (φchkl )
(Equation 1.11).
(1.11)

Fchkl = F chkl e2πiφchkl

Equation 1.12 describes the parameters that are used to calculate the scattering from
the model. The scattering by each set of lattice planes in the model unit cell is described
the complex structure factor (Fchkl ). Fchkl is equal to the sum of the scattering from
each of the N atoms in the unit cell, the fi coefficient defines the atomic scattering factor
for atom i, while the 2πi(hxi + kyi + lzi ) defines the position of atom i relative to the
lattice plane hkl. The final factor that must be taken into account when calculating how
the model would scatter X-rays is the thermal motion of the atoms, this is represented
2θ
by the Debye-Waller factor ( −Biλsin
). As the B factor of an atom increases, the atom
2
makes a smaller contribution to the diffraction pattern; this is particularly true for high
resolution reflections which have larger scattering angles (θ). In real space, the DebyeWaller describes the smearing of electron density around the mean position of the atom.

Fchkl =

X

fi e2πi(hxi +kyi +lzi ) e

−Bi sin2 θ
λ2

(1.12)

N

To reconstruct the electron density, we then perform a Fourier transform using the amplitudes that we observed in the diffraction experiment (Fhkl ) with the phases obtained
from molecular replacement (φchkl ), the map that is produced is referred to as an Fo
map. Performing a Fourier transform of the amplitudes and phases derived from the
model (F chkl and φchkl ) produces a map that describes what the electron density would
be expected to look like based purely on the model, this is referred to as an Fc map.
During the model building and refinement steps of data processing the protein model
may be fitted against a Fo-Fc electron difference density map. Atoms in the model that
are surrounded by negative density in Fo-Fc maps have been placed in that position
incorrectly, while regions of the map containing no atoms and positive density are suggestive of an incomplete model requiring further model building. After the model has
been updated, the model amplitudes, phases and electron density can be recalculated
using the same procedure as previously described with refinement programs such as
REFMAC or PHENIX [85, 86].
It should be noted that the phases calculated during molecular replacement are biased by
the structure of the model. A technique that has been developed to reduce model bias is
simulated annealing; in this method a simulation is made of the protein at an increased
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temperature allowing the individual atoms to be randomly displaced, if a displaced atom
adopts a position with a lower energy state it is allowed to remain in that position [87].
Simulated annealing has the effect of changing the model structure and therefore the
amplitudes and phases calculated from the model.
The goal of model building and refinement is to produce a model of the protein structure
that both explains the experimental data well and conforms to prior knowledge of the
chemistry of proteins, such as expected bond lengths and angles; model building and
refinement are performed iteratively until this is achieved. The progress of refinement
is tracked using several metrics of the chemical sensibility of the model and how well it
fits the experimental data.
The degree to which the model is consistent with the geometry expected in a protein
may be determining the root mean square deviation (RMSD) of the bond lengths and
angles from expected values, and the percentage of protein residues where the backbone
adopts a conformation that is in a favourable region of the Ramachandran plot. The fit
of the model to the experimental data is usually measured by determining the Rwork of
the protein, as defined in Equation 1.13.
Rwork =

||Fobserved | − |Fcalculated ||
P
|Fobserved |

P

(1.13)

A subset of the observed amplitudes, typically ∼5%, are often omitted from the refinement, this referred to as a free set. The Rf ree is calculated using the same equation as
described for the Rwork (Equation 1.13). In cases where the model is updated or refinement is performed and the Rwork decreases while Rf ree remains stable or increases this
indicates that the model does not provide an improved explanation for the experimental
data and the reduction in Rwork is more likely to be caused by overfitting of the model
to the data [88].
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1.2.2 Radiation Damage in Macromolecular Crystallography
Global Radiation Damage
Only ∼2% of the incident X-rays interact with the protein crystal during the diffraction
experiment, of these X-rays 8% are scattered elastically and contribute to the diffraction
pattern [89]. The remaining 92% of interacting X-rays are either scattered inelastically
or contribute to the photoelectric effect [89]. Inelastic scattering occurs when the energy
of the scattered photon is less than the energy of the incoming photon, the energy
difference is deposited with the electron and results in its ejection from the atom [90].
The photoelectric effect also results in the ejection of an electron from an atom; however,
there is no scattered photon, although there may be further fluorescence effects not
described here [90].
The ejection of electrons from atoms within the protein by X-rays during data collection
is referred to as primary radiation damage and has the greatest effect at sites with atoms
that have high atomic numbers and therefore photoelectric cross-sections [91]. In protein
crystals, these tend to be sulphur atoms in cysteine and methionine residues and bound
metal ions. The photoelectrons generated during crystallographic data collection can
travel several hundred nanometres through a crystal causing the ejection of additional
low energy electrons from solvent and protein atoms [92, 93]. As the liberated electrons
pass through the crystals and react with both solvent and protein molecules free radicals
are generated [94]. The production of photoelectrons and free radicals leads to reactions
that cause a reduction in the order of the crystal lattice and therefore a loss in diffraction,
meaning that eventually data cannot be collected from the crystal, this effect is known as
global radiation damage [94]. It is necessary to measure the intensities for every lattice
plane before global radiation damage causes the crystal to stop diffracting, to collect a
complete dataset from a single crystal.
It has become common practice to collect diffraction data at 100 K; this has the effect
of trapping radicals, reducing their ability to migrate through the crystal and damage
the protein at crystal contact points, which causes the crystal to become disordered [94].
The amount of damage caused to the crystal is proportional to the amount of energy
absorbed per unit mass; X-ray dose is therefore measured in the SI unit Gray which is
equivalent to joules per kilogram (J kg−1 ).
Several metrics can be used to monitor the effect of global radiation damage on the
data collected. One metric used measures the change in the average intensity relative
to the intensity of the first image. Owen et al determined that the average intensity of
diffraction from cryo-cooled protein crystals reduces by half after absorbing 43 MGy [95].
Cryo-cooling extends the lifetime of protein crystals by a factor of ∼70 relative to most
room temperature crystals [96]. This increase in the crystal lifespan allows for one, and
in some cases, multiple, datasets to be collected from a single crystal.
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Site Specific Radiation Damage
Site specific damage occurs at lower doses than global radiation damage and is not
apparent in the data collection statistics but can affect electron density maps [97]. Particular sites within some proteins contain atoms that have a higher atomic number than
the carbon, hydrogen, nitrogen and oxygen atoms that form most of the protein. These
include the sulphur atoms of cysteine and methionine residues and metal cofactors that
often play a role in catalysis for enzymes.
As mentioned previously, these atoms have a relatively high photo-electric cross section
at X-ray energies and are damaged before the loss of order in the crystal lattice. The
effects of site specific radiation damage are visible in the final electron density map as reduction of metal ions [98], elongation and breakage of disulphide bonds, decarboxylation
of acidic residues and loss of the hydroxyl group on tyrosine side chains [97–99]. Due to
the importance of acidic residues and metal ions in enzymatic catalysis, it is essential to
consider the potential effects of radiation damage on their position, conformation and
redox state before drawing conclusions on their role in catalysis.
The fact that metal ions are reduced in the X-ray beam, rather than oxidised, as would be
expected if damage occurred solely through the ejection of electrons by the photoelectric
effect and inelastic scattering, suggests that the direct interaction between X-rays and
high atomic number atoms is not the primary cause of site specific radiation damage.
Electrons are mobile at 100 K, electron spin resonance has been used to show that
the mobile electrons generated by the photoelectric effect may be transferred along the
backbone of the protein until they reach a site with high electron affinity, where they
are trapped [100]. This explains why metal centres and disulphide bonds, which have
high electron affinities, are specifically damaged. The mechanism of decarboxylation
of acidic residues, which do not have particularly high cross-sections, has also been
described using the migration of electrons and electron holes (positions where an electron
could exist bound to an atom but is not) [99]. The sensitivity of a given residue to
radiation damage is not only dictated by the structure of the amino acid but also the local
environment, residues close to atoms with high photoelectric cross sections or with high
solvent accessibility are often more susceptible to site-specific radiation damage while
residues close to interfaces with nucleic acids show less susceptibility to damage [101,102].
The effects of site specific damage in real space are that particular atoms are shifted
and adopt new positions or become disordered. As the atoms move relative the lattice
planes of the crystal, the effect of site-specific radiation damage in reciprocal space is
that the intensity of the reflections change, some increase and some decrease.
As the crystal is exposed to X-rays, it absorbs an increasing amount of energy and sequentially passes through a series of damage states. Before exposure to X-rays, the entire
crystal is in an undamaged state (A1 ). During the X-ray exposure, site specific damage
takes place and the crystal transitions to the A’1 state; the lattice is not disordered in
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this state so there is no change in the resolution or the total intensity of diffraction [103].
K

K

K

0
1
2
A1 −−→
A0 1 −−→
A2 −−→
A3

(1.14)

The sequential model of radiation damage proposed by Sygusch and Allaire showing
the progression from the undamaged state (A1 ), to damaged at specific sites but still
ordered (A’1 ), to disordered with loss of high resolution diffraction (A2 ) to amorphous
(A3 ). The rate of transition between states (K0 , K1 , K2 ) is dependent on the rate that
X-rays are absorbed and susceptibility of the crystal to damage [103].
As data collection proceeds the fraction of the crystal in the undamaged state reduces and
more data is collected from regions in the A’1 state. When we use the Fourier transform
to reconstruct the electron density, we include observations of reflections collected from
across the entire data collection. The final electron density map contains contributions
from the crystal in both the A1 and A’1 states. If only a small fraction of the data was
collected from the A’1 state, the influence of radiation damage on the final maps may
be negligible; however, if the data is mostly collected from the A’1 state, the electron
density map will be representative of the damaged state.
Changes in the electron density map due to site specific radiation damage can lead to
the incorrect modelling of the protein structure and influence the interpretation of how
the protein performs its function.
The only way method presently available to obtain a crystal structure that is completely
unaffected by radiation damage is to use an X-ray Free Electron Laser which takes
advantage of the “diffraction before destruction” principle [104]. Using an X-ray Free
Electron Laser, a single diffraction image is collected from a crystal on a femtosecond
time scale, faster than radiation damage processes can alter the structure of the molecule
of interest. Data from thousands of crystals are merged to produce a damage free dataset.
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1.2.3 Multi-Crystal X-ray Diffraction Experiments
It may not always be possible to collect a single complete dataset before the effects of
specific or global radiation damage affect the quality of the data collected. However,
it is possible to collect data from multiple crystals or several different areas on a large
crystal and to merge the data to construct a complete dataset. The requirement that
must be fulfilled to merge data from different crystals is that they must be isomorphous,
meaning they have same spacegroup, similar unit-cell dimensions and the contents of the
unit cell are the same. A commonly used indicator of the degree to which two crystals
are isomorphous is the variation in the unit cell dimensions [105]. Unit cell parameters
are initially calculated at the indexing stage of data processing, programs such as XDS,
mosflm, and DIALS determine the most likely unit cell based on the positions of the
spots on the detector and information about the relative geometry between the incident
beam, crystal, and detector [106–108].
In the case that several wedges of data can be collected from a set of isomorphous
crystals it is possible to offset the starting angle for each dataset by a given rotation
(Figure 1.16), the datasets can then be split during data processing and sweeps of data
collected at similar doses merged to produce complete datsets with collected at different
doses. The electron density maps of the protein at different doses can be compared by
creating an FoHighDose -FoLowDose electron density map. Negative peaks in the maps
indicate that the density of electrons in that region of space has decreased, while the
formation of positive peaks indicate that an atom has moved into that space.
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Figure 1.16: Scheme of a multi-crystal data collection protocol, for a crystal that requires
a 100 degree rotation for the collection of a complete dataset from several
crystals. The blue-red gradient represents the transition of the crystal from
an undamaged to a site-specific damaged state. Processing of the data from
any of datasets 1-5 will result in an average of damaged and undamaged
states. By offsetting the starting position of each dataset by 20 (degrees)
and merging the first 20 degrees of each dataset (composite dataset 1) it
is possible to form a complete dataset that can be used to produce a lowdose map. Using the following 20 degrees will yield a higher dose dataset
that can be compared to the low dose dataset to identify sites of specific
radiation damage. Protocol derived from Berglund et al [98].
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1.3 Using UV-Vis Spectroscopy to Investigate Protein
Structure and Function
1.3.1 UV-Vis Absorption Spectroscopy
UV-Vis absorption spectroscopy is a technique that has been widely used to investigate
the mechanisms of proteins, and enzymes in particular, in solution. In the UV-Vis
absorption experiment, the light source within the spectrophotometer illuminates the
sample with light between the wavelengths of 200 nm and 1000 nm. The incident photons
excite electrons in the molecules within the sample from their ground state to an excited
state. Only photons with an energy that is the same as the energy difference between
the ground state and the excited state are absorbed [109].
The energy of the absorbed photon (E) is related to it frequency (v) by Plancks constant
(h). The wavelength of the absorbed photon (λ) is equal to the speed of light (c) divided
by the frequency.
E = hv
(1.15)

λ=

c
v

(1.16)

The spectrophotometer does not directly measure absorbance values; it instead measures
the intensity of the light that passes that reaches the detector in the absence of the sample
(I0 ) and the intensity of light that reaches the detector when the sample is in place (I ).
In the case of measuring the UV-Vis spectrum of a protein, a reference spectrum will
usually be taken with a cuvette containing the protein buffer to determine I0 . A second
spectrum is collected from a cuvette containing the protein of interest in the same buffer
to determine I. The ratio between I and I0 is equal to the transmittance of the sample
(T ) (Equation 1.17).
T =

I
I0

1
A = log
T


(1.17)



(1.18)

The absorbance of a sample (A) can be calculated from the transmittance using Equation
1.18. This conversion relies on the assumption that light not absorbed by the sample
is transmitted, this is not the case if the sample scatters light. It is convenient to
work in terms of absorbance with samples that observe the Beer-Lambert law as the
concentration of the chromophore changes linearly with absorbance (Equation 1.19). By

40

7

Absorbance

6
5
4
3
2
1
0
200

400

600

800

Wavelength (nm)

(a)

(b)

Figure 1.17: (a) The absorption of UV-Vis light by molecules causes excitement of an
electron to a higher energy state. Molecules exist in equilibrium between
a number of vibrational and rotational states that may all be excited to a
higher electron state by absorption of a photon. The total difference in the
energy between the initial state and the excited state is equal to the energy
of the absorbed photon. As there are many possible combinations of initial
and excited vibrational and rotational states that a molecule may adopt,
photons of many different energies may be absorbed by a molecule. (b) A
UV-Vis absorbance peak for a single chromophore (black) is formed from
the sum of the absorption of photons causing the transition of the molecule
between all initial and final vibrational and rotational states(blue, green,
red). In cases where several types of electronic transition are possible, there
will often be one peak per type of electronic excitement.
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monitoring the change in absorbance of a sample over time, it is possible to determine
the change in concentration of a chromophore. This principle is often used in enzyme
assays to determine the rate at which a substrate is converted to an intermediate or the
product if any of the compounds of interest are chromophoric.
A=ε×C×l

(1.19)

The Beer-Lambert law states that the absorption by a molecule in solution is equal to
its molecular extinction coefficient (ε) in units of M−1 cm−1 multiplied by the molar
concentration of the molecule (C ) multiplied by the pathlength of the sample (l) in
centimetres. The extinction coefficient of a molecule defines the probability of a molecule
absorbing a photon of light at a given wavelength.
Given that the energy of the absorbed photon must match the energy difference between
the initial and excited states it would be expected that the peaks in UV-Vis absorbance
spectra would be narrow and well resolved. However, the atoms in each molecule exist
in an equilibrium between several vibrational and rotational states, the absorbance of
light may cause a change in both the rotational and vibrational state of the molecule in
addition to excitation of the electronic state. The energy difference between these states
is not the same as the electronic excitation alone, and photons of different energies
may therefore by absorbed (Figure 1.17a) [109]. The absorption bands for each of the
excitations overlap and appear as a single broad peak in the absorption spectrum (Figure
1.17b).
In cases where more than one type of electronic excitation is possible for the absorbing
molecule or there are multiple absorbing species in the sample, multiple peaks may be
present in the spectrum. Due to the broadness of the peaks in UV-Vis spectra they
often overlap, this can make it difficult to quantify the concentration of each absorbing
molecule in the sample. Overlapping peaks can make it difficult to compare spectra
collected from samples under different conditions or at different time points in an experiment if more than one peak changes, as any change in the observed absorbance at
a given wavelength will be caused by changes in the size of several peaks. Section 2.9.1
describes a method that can be used to separate a complex spectrum into the individual
peaks that it is formed from.
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1.3.2 In Crystallo Optical Spectroscopy
It is often necessary to use it in combination with complementary techniques to gain
a greater understanding of how a protein may function. Several synchrotrons around
the world have developed the capability to collect ultraviolet-visible (UV-Vis) light absorption spectra and Raman spectra from protein crystals both at and away from X-ray
beamlines [110].
UV-Vis spectroscopy is reliant on the feature of interest having an absorbance peak
between 200 nm - 900 nm. All proteins absorb light in the UV-Vis range; the peptide
bond has two absorption maxima at 190 nm and 220 nm. The aromatic amino acids
phenylalanine, tyrosine, and tryptophan have absorption maxima at 257 nm, 274 nm
and 280 nm respectively [111]. Metal ions and ligands bound to proteins may also have
an absorption peak in the UV-Vis range, these molecules are known as chromophores
and are often essential for the function of the protein, ∼ 20% of proteins contain a
chromophoric prosthetic group [112]. UV-Vis spectroscopy can be used to correlate the
crystal structure with a state observed in solution and to track enzymatic reactions
as they proceed in crystallo [113]. UV-Vis spectroscopy has also been used to track
reactions that occur within the crystal during data collection and may be used to identify
cases where the structure of a chromophore is altered by site specific radiation damage
[110].
UV-Vis spectroscopy has been used to identify several proteins with bound metal ions
that are reduced during X-ray exposure. Correct assignment of the oxidation state of
metal ions involved in catalysis is essential in determining the role of the ion in catalysis,
and it is necessary to know whether the interpretation of electron density maps is influenced by artefacts produced by radiation damage [114]. UV-Vis spectroscopy is also
sensitive to X-ray induced changes in the conformation of organic prosthetic groups that
are bound to proteins, as has been identified in the case of retinal in bacteriorhodopsin
which isomerises in response to X-ray irradiation [115, 116]. UV-Vis spectroscopy can
also detect reactions caused by the interaction of X-rays with protein crystals and the
surrounding solvent. The most commonly observed phenomenon is the formation of a
broad absorption peak with λmax ∼600 nm due to the generation of solvated electrons
by the photoelectric effect as X-rays interact with glycerol, which is often used as a
cryoprotectant in protein crystallography experiments at 100 K [117, 118].
The collection of UV-Vis spectra from protein crystals differs from the collection of
spectra from protein in solution in several ways. Due to the regular arrangement of
the protein molecules in a crystal, the chromophores tend to be aligned in a particular
direction; this can lead to anisotropic absorption of light by large chromophores such as
haem and is not observed in solution where the chromophores are aligned randomly [119].
Aside from the effects of anisotropy, the spectrum of the crystal will change when it is
rotated as the thickness of the crystal in the light path changes and because there
can be varying amounts of scattering of light by the surfaces of the crystal in different
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orientations [112, 119]. The anisotropy makes it difficult to interpret changes in the
spectra of protein crystals as they are rotated during collection of X-ray diffraction
data. Rather than attempting to collect X-ray diffraction and UV-Vis spectroscopy
data from a crystal simultaneously, it is often simpler to expose a still crystal to X-rays
and collect UV-Vis spectra to ensure that the spectroscopic changes can be assigned as
being caused by the absorption of X-rays.
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2 Materials and Methods
2.1 Molecular Biology
Site-Directed Mutagenesis
The wild type AtPdx1.3 had previously been cloned into a pET-21a-d(+) vector at the
NdeI/XhoI restriction site [81]. Point mutations to AtPdx1.3 were introduced using the
QuikChange II Site-Directed Mutagenesis Kit (Agilent Technologies). High Purity Salt
Free (HPSF) mutagenic primers of 30-40 bases supplied by Eurofins MWG were designed
to introduce point mutations at the codon for the residue of interest. The sequences of
the primers used are listed in Appendix .1.3.

Reaction Mix
• 1 µl dNTPs (10 mM each)
• 1.5 µl Forward Primer (10 µM)
• 1.5 µl Reverse Primer (10 µM)
• 1 µl Plasmid DNA (20 ng µl−1 )
• 5 µl 10x Reaction Buffer
• 39 µl Distilled H2 O
• 1 µl PfuUltra High Fidelity DNA Polymerase (2.5 U µl−1 )
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PCR Protocol
(1) 95 ◦C 30 seconds start
(2) 95 ◦C 30 seconds DNA melting
(3) 55 ◦C 60 seconds primer annealing
(4) 72 ◦C 360 seconds elongation
(5) Repeat steps (2) - (4) for total of 16 cycles
(6) 72 ◦C 300 seconds to complete elongation
(7) 4 ◦C Hold indefinitely
Pyrococcus furiosus (Pfu) DNA polymerase was used for the PCR because it has a 3’-5’
proofreading exonuclease activity that ensures that it has a low error rate, with one error
per 1.6 x 106 bases [120]. This compares favourably to polymerases lacking proofreading
activity such as that of Thermus aquaticus (Taq) polymerase which has an error rate of
one in 2 x 105 bases [120].
Template DNA is still present in the mixture after the PCR; this must be removed
before the transformation of the plasmid into E. coli as it contains the ampicillin
resistance marker but is not mutated. The transformation of this plasmid into E. coli will
produce false positive colonies. The template DNA has been purified from DH5α E.
coli , as described in Section 2.1, and has been methylated by the bacteria, in contrast
to the unmethylated products of the PCR. Methylated template DNA was digested by
incubation of the PCR product with the restriction enzyme Dpn1, which selectively
digests methylated DNA, at 37 ◦C for one hour. The PCR products were sequenced by
Eurofins MWG after amplification of the plasmid (Section 2.1), to verify that the desired
mutation was incorporated.
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Transformation for Plasmid Amplification
Plasmids were transformed into chemically competent DH5α E. coli cells using the heat
shock method. DH5α cells were used due to their high transformation efficiency and low
non-specific intracellular endonuclease activity [121].

Materials
• Competent DH5α E. coli cells
• Low Salt Lysogeny broth (Ampicillin 100 µg l−1 , Sodium Chloride 5 g l−1 , Tryptone
10 g l−1 , Yeast Extract 5 g l−1 , pH 7.0)
• LB agar plate (Agar 12 g l−1 , Ampicillin 100 µg l−1 , Sodium Chloride 10 g l−1 ,
Tryptone 10 g l−1 , Yeast Extract 5 g l−1 , pH 7.2)
• Plasmid DNA (30 ng µl−1 - 100 ng µl−1 )

Protocol
3 µl of plasmid was mixed with 50 µl competent DH5α E. coli , incubated at 4 ◦C for
30 minutes and heat shocked at 42 ◦C in a water bath for 60 seconds. 200 µl lysogeny
broth was added to the cells before shaking at 160 RPM and 37 ◦C for one hour. The
cells were spread on an agar plate and incubated at 37 ◦C overnight. 50 ml of lysogeny
broth containing antibiotic was inoculated with a single colony from the agar plate and
allowed to grow for eight to twelve hours. The plasmid was extracted from the cells
using the standard protocol with a Qiagen MiniPrep kit.
Plasmids were stored at -20 ◦C in water. 20% glycerol stocks of DH5α cells containing
each plasmid were stored at -80 ◦C.
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Transformation for Protein Expression
The purified plasmid was transformed into BL21 (DE3) E. coli cells for protein expression. The BL21 (DE3) E. coli strain is deficient in the outer membrane protease ompT
and serine protease Ion, reducing protein degradation. BL21 (DE3) cells have the gene
for the T7 RNA polymerase, this polymerase is required for transcription of genes inserted within pET vectors. Transcription of the gene inserted into the vector by T7 RNA
polymerase is inhibited by the lac repressor protein in the absence of lactose or isothiopropylgalactoside (IPTG) which bind to and inactivate the repressor protein (Appendix
.1.1).

Materials
• Competent BL21 (DE3) E. coli cells
• Low Salt Lysogeny broth (as per Section 2.1)
• LB agar plate (as per Section 2.1)
• Isolated Plasmid DNA (product of Section 2.1)

Protocol
1 µl of plasmid DNA was mixed with 50 µl competent BL21 (DE3) E. coli cells. The
cells were incubated at 4 ◦C for 30 minutes, heat shocked at 42 ◦C in a water bath for
60 seconds and recovered in 50 µl lysogeny broth at 37 ◦C shaking at 160 RPM for one
hour. The cells were then spread on an agar plate containing 100 µg l−1 ampicillin and
incubated at 37 ◦C overnight.
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2.2 Protein Expression
Materials
• High Salt Lysogeny Broth (Ampicillin 100 µg l−1 , Sodium Chloride 10 g l−1 , Tryptone
10 g l−1 , Yeast Extract 5 g l−1 , pH 7.0)
• Lactose 25% (w/v)
• Low Salt Lysogeny Broth (as per Section 2.1)

Protocol
The protein of interest was over-expressed in one-litre cultures of BL21 (DE3) E. coli.
A single colony of BL21 (DE3) E. coli cells was picked from an agar plate and used to
inoculate 50 ml low salt lysogeny broth in a 250 ml flask. The culture was incubated at
37 ◦C and shaken at 160 RPM for a minimum of six hours. 5 ml - 10 ml of the starter
culture was used to inoculate a two-litre baffled flask containing one litre of autoclaved
high salt lysogeny broth (160 RPM, 37 ◦C). Protein over-expression was induced by the
addition of 60 ml 25% lactose once the optical density of the culture had reached 0.6-0.8.
After addition of lactose, the temperature of the culture was reduced to 30 ◦C, shaking
at 160 RPM overnight.

2.3 Cell Harvesting
Materials
• 1x Phosphate Buffered Saline (PBS) (Disodium Hydrogen Phosphate 10 mM, Monopotassium Phosphate 1.8 mM, Potassium Chloride 2.7 mM, Sodium Chloride 137
mM, pH 7.4)

Protocol
The one-litre cultures were centrifuged at 3,993 g (4,000 RPM, Avanti J-20 XPI centrifuge, JLA 8.1000 rotor), 4 ◦C for 20 minutes. The supernatant was discarded, the pellet
was re-suspended in 30 ml - 40 ml 1x PBS and stored at -20 ◦C until required.
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2.4 Protein Purification
Cell Lysis
Materials
• Lysis Buffer (Glycerol 2%, Imidazole 10 mM, Sodium Chloride 500 mM, Tris-HCl 50
mM, pH 7.5)
• Lysozyme from Chicken Egg White (Sigma-Aldrich, Fluka)

Protocol
BL21 cell pellets were defrosted by placing the Falcon tube in a beaker of cold water.
Each pellet had a volume of ∼30 ml. The pellet was re-suspended in lysis buffer to a total
volume of 50 ml to which 20 mg lysozyme was added. The solution was homogenised by
vortexing.
The homogenised cell solution was transferred to a sonication vessel, kept on ice and
placed within the sonicator (Sonicator Ultrasonic Processor XL, Heat Systems). The
sonicator was run with two minutes pulse time, 10-second pulse duration and 20-second
pause between pulses, with the intensity set to six.

Ultracentrifugation
Protocol
The lysed celled were spun in a Beckman L7-65 ultracentrifuge in a Ti70 rotor precooled to 4 ◦C. Pdx1 containing lysate was centrifuged at 55,000 RPM (310523 g). The
supernatant was filtered using a 0.2 µm Sartorius MiniSart filter.
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Immobilised Metal Ion Affinity Chromatography (IMAC)
Materials
• Lysis Buffer (as per Section 2.4)
• Wash Buffer (Glycerol 2% (v/v), Imidazole 50 mM, Sodium Chloride 500 mM, TrisHCl 50 mM, pH 7.5)
• Elution Buffer (Glycerol 5% (v/v), Imidazole 500 mM, Sodium Chloride 500 mM,
Tris-HCl 50 mM, pH 7.5)
• 1 ml HisTrap HP Nickel Column (GE Healthcare)

Protocol
IMAC was performed at 4 ◦C to reduce protein degradation; the peristaltic pump was
run with a flow rate of one ml min−1 throughout the procedure. All proteins purified
had an N-terminal His6 .
The tubing of the peristaltic pump system was washed with 10 ml Nanopore filtered and
distilled water. The nickel column was then attached and washed with distilled water
followed by equilibration with 10 ml lysis buffer. 50 ml - 60 ml of filtered cell lysate
was then loaded onto the column followed by washing with 10 ml lysis buffer and 10
ml wash buffer to remove non-specifically bound proteins. The protein of interest was
eluted with 3 ml of elution buffer.
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Size Exclusion Chromatography
Materials
• Vivaspin 20 Centrifugal Concentrator, MWCO 30,000 Da (Sartorius)
• Gel Filtration Buffer (Potassium Chloride 200 mM, Tris-HCl 50 mM, pH 8.0)

Protocol
The nickel column eluate was further purified by size exclusion chromatography using a
26/600 Superdex 200 prep grade gel filtration column (GE Healthcare). Size exclusion
chromatography was performed at 4 ◦C with a flow rate of 2 ml min−1 .
The column was equilibrated with one column volume (330 ml ) of gel filtration buffer;
the loop was washed with distilled water and gel filtration buffer. The protein sample
was injected onto the column and run with a flow rate of 2 ml min−1 .
A 280 nm UV lamp was used to determine the fractions in which protein was eluting.
Fractions showing high protein concentration were concentrated using a Vivaspin 20
Centrifugal Concentrator, MWCO 30,000 Da (Sartorius). The final protein concentration was measured using a Nanodrop spectrophotometer.
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SDS-PAGE
Materials
• 12% SDS-PAGE gel
• Anode Buffer (Tris-HCl 200 mM, pH 8.9)
• Cathode Buffer (0.1% Sodium Dodecyl Sulphate, Tricine 100 mM,Tris-HCl 100 mM,
pH 8.2)
• 4x Reducing Sample Buffer (β-mercaptoethanol 1.2 M, Bromophenol Blue 0.004%
(w/v), Glycerol (20%), Tris-HCl 100 mM, pH 6.8)
• Fixing Buffer (Acetic Acid 10% (v/v), Ethanol 40% (v/v))
• Coomassie stain (Coomassie Brilliant Blue G250 (90 mg l−1 ), Hydrochloric Acid
0.555%(v/v))

Protocol
Samples were taken at the cell lysis, ultracentrifugation, IMAC, size exclusion chromatography and protein concentration steps of protein purification. SDS-PAGE analysis of
these samples enabled identification of steps in the purification where the protein was
lost, degraded or contaminated with other proteins.
15 µl of protein containing sample was mixed with 5 µl 4x sample buffer. Depending on
the expected protein concentration 5 µl - 10 µl of each sample was loaded onto the gel.
The gel was run at 160 V for 40 minutes and placed in fixing buffer for 10 minutes. The
gel was then transferred to the Coomassie stain, microwaved for 25 seconds and imaged
after 30 minutes.
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2.5 Pdx1 Activity Assays
Activity assays were performed to determine the rate at which wild-type AtPdx1.3 and
selected mutants catalysed the formation of the chromophoric I320 intermediate and the
product, PLP. In addition to the assays spectra of the protein were collected before the
enzyme assays, after the I320 assay, and after the PLP assay. Due to aggregation of
some of the samples during the assays, the amount of background scattering increased
making interpretation of the spectra difficult. A background correction was made to
ease interpretation of the spectra, as described in Section 2.5.1.

Pdx1 I320 Assay
Materials
• Gel Filtration Buffer (as per Section 2.4)
• AtPdx1.3
• Ribose 5-phosphate 100 mM
• Ammonium Sulphate 4 M, diluted to 1 M in Gel Filtration Buffer

Protocol
I320 assays were performed in a quartz cuvette with a path length of 1 cm. The total
reaction volume was 300 µl. The final concentration of Pdx1 was 20 µM, Pdx1 was
incubated with a final concentration of 10 mM R5P for 15 minutes before the addition
of 30 µl 1 M ammonium sulphate (final concentration 100 mM). This protocol is a
modified version of the protocol first described by Raschle et al for reconstitution of the
I320 intermediate in Pdx1 [74].
Absorbance at 315 nm was measured at one-second intervals for one hour using a Hitachi
U-3010 Spectrophotometer.
A straight line was fitted to the absorbance at 315 nm for the first 50 seconds of the
experiment using the MATLAB script in Appendix .11. The gradient of the fitted line
is equal to the absorbance change per second; this was multiplied by 60 to determine to
absorbance change per minute. The absorbance change per minute was multiplied by
the extinction co-efficient for I320 (ε = 16,200 [74]) to calculate the change in I320 concentration per minute (M min−1 ). The number of moles of I320 produced by the protein
per minute mol min−1 is determined by multiplying the change in I320 concentration per
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minute by the assay volume in units of litres.
The molar protein concentration multiplied by the volume of the assay in litres is equal
to the number of moles of protein in the assay. The mass of the protein present in the
assay is determined by multiplying the number of moles of protein by the molecular
weight of the protein.
Dividing the moles of I320 produced per minute by the mass of protein in the assay gives
the specific activity of the protein in units of moles of I320 per milligram of protein per
minute (mol mg−1 min−1 ).
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Pdx1 PLP Assay
Materials
• 300 µl I320 assay (as per Section 2.5)
• G3P 100 mM

Protocol
75 µl of G3P was added to the 300 µl I320 assay (Section 2.5) to a final G3P concentration
of 20 mM. The addition of G3P to Pdx1-I320 has previously been observed to cause a
reduction in the absorbance at 320 nm and an increase in absorbance 415 nm signalling
formation of PLP in active Pdx1 enzymes [74].
Absorbance at 415 nm was measured at one-second intervals for one hour using a Hitachi
U-3010 Spectrophotometer.
The specific activity of AtPdx1.3 for PLP biosynthesis was calculated using the same
procedure as previously described for the Pdx1 I320 assay; with the exception that the
extinction co-efficient for PLP is 5,380, and that the fit was made to the absorbance
between 200 and 300 seconds to exclude the lag phase [74].
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2.5.1 Background Correction of AtPdx1.3 UV-Vis Spectra
Previous studies have identified that the dominant source of background scattering in dilute protein samples is Rayleigh scattering [122,123]. The spectrum measured (AMeasured )
is formed by a combination of two contributions, the first part is due to actual absorption
of light by the sample (ACorrected ) and the second is caused by light scattering effects
(ALS ), of which the Rayleigh effect is dominant [123] (Equation 2.1).
AMeasured = ACorrected + ALS

(2.1)

Rayleigh scattering decreases proportionally to the fourth power of the wavelength; it
is possible to estimate the contribution of light scattering to the spectrum by fitting
equation 2.2 to a region of the spectrum where no absorbance is expected from the
protein sample.
ALS = c1 (λ−4 ) + c2

(2.2)

Equation 2.2 was fitted to a region of the spectrum where there is no absorbance is
expected from the protein or any of the chromophoric intermediates, in this case between
500 nm and 700 nm. This allowed for calculation of the c1 and c2 coefficients, once these
were determined the equation was evaluated across the entire data range (240 nm - 900
nm). This provided the estimated contribution to the measured absorbance from light
scattering effects at all wavelengths where absorbance was measured. Subtracting this
set of values (ALS ) from the measured absorbance (AMeasured ) values provides a baseline
corrected set of absorbance values (ACorrected ) (Figure 2.2). All data manipulations were
performed in MATLAB, see Appendix .11 for the MATLAB script used to perform the
background correction.
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Figure 2.1: Spectra of AtPdx1.3 before addition of substrates (blue), equation 2.2 is fitted to the data in the 500 nm - 700nm range and then evaluated across the
entire range (240 nm - 900 nm) (red dashed line). Subtraction of the estimated contribution from light scattering from the initially measured spectrum
results in a baseline corrected spectrum (blue dashed line).
The procedure described does not provide a perfect correction for background scattering,
as can be observed by the negative absorbance that results in the 300 nm - 310 nm region.
However, it does make the comparison of the spectra and the changes in the 320 nm and
415 nm features after the addition of each set of substrates easier (Figure 3.2). It
would be desirable to experimentally determine how well the procedure described in
this section performs background correction. An experiment that could be performed
would be to measure a spectrum of a protein solution, to then induce aggregation by
heating the sample and to measure a second spectrum after heating. Performing the
background subtraction on the post-heating sample should produce a corrected spectrum
that closely resembles the spectrum of the original sample, assuming no change in the
protein concentration as a result of evaporation during heating.
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2.6 Single Crystal X-ray Diffraction Experiments with AtPdx1
Crystallisation was performed using the vapour diffusion method. A drop of concentrated protein is mixed with a drop of precipitant solution and incubated in a sealed
environment. The precipitant solution typically has a higher solute concentration than
the concentrated protein solution, and therefore the protein/precipitant droplet. The
water in the protein droplet diffuses into the reservoir over time, reducing the drop
volume and raising the effective protein concentration.
The droplet begins in an under-saturated state with a protein concentration too low to
favour aggregation into an ordered structure; as is required for crystal growth.
As the water diffuses out of the protein/precipitant droplet into the reservoir the effective
protein and precipitant concentrations rise, and the solution becomes super-saturated,
arriving in the nucleation phase. In the nucleation phase the protein molecules aggregate
into many small seeds, this leads to a reduction in the effective concentration of the
protein free in solution. As the effective protein concentration drops into the metastable
phase, the formation of crystal seeds stops, and crystal growth occurs.
Concentrated protein samples were initially screened against a variety of crystallisation
conditions in the 96 condition pre-formulated sparse matrices JCSG+, Morpheus and
Pact Premier Screens [124,125]. Initial screening used sitting drop vapour diffusion with
the screen and protein dispensed with a minimum drop size of 100 nl + 100 nl into a 96
well MRC plate by a Crystal Gryphon robot (Art Robbins Instruments).
Optimisation screens were created to produce larger crystals. These screens used the
information gained from initial hits to select buffers and precipitants that had previously
yielded crystals while varying pH and precipitant concentration.
Customised 96 well optimisation screens were prepared using an Alchemist DT Liquid
Handling System (Rigaku). Larger crystallisation droplets were used for optimisation,
up to a maximum drop size of 2 µl + 2 µl.
The 96 well CrystalQuik X: Microplate supplied by Greiner was used for growth of
crystals to be used for in situ data collection; 100 nl + 100 nl drops were dispensed by
the Crystal Gryphon robot.
Crystals were sequentially soaked with substrates to generate various intermediate states,
some of the experiments performed were repeats of experiments performed in different
Pdx1 systems such as the Plasmodium berghei Pdx1-R5P structure and the Saccharomyces cerevisiae Pdx1-PLP structure (Figure 2.2) [69, 78].
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Figure 2.2: Crystal structures of Pdx1 have been published in the R5P and PLP bound
states [69, 78]. The are currently no published structures for Pdx1 in the
substrate free, I320 or G3P bound states.

2.6.1 Crystallisation of AtPdx1.3, soaking experiments and X-ray diffraction
data collection
Crystallisation of AtPdx1.3 was optimised in 96-well sitting drop and 24-well hanging
drop crystallisation plates. Both wild-type AtPdx1.3 and point mutants crystallised
reproducibly at concentrations between 10 mg ml−1 - 40 mg ml−1 , in Tris pH 7.0 - pH 9.0,
sodium acetate 0.1 M - 0.4 M and polyethylene glycol 4000 (PEG 4000). Optimisation
screens varied the concentration of PEG 4000 between 4 % (w/v) and 15 % (w/v). All
crystals of AtPdx1.3 described in this thesis grew in the R3 spacegroup (spacegroup
number 146). Some of the crystal structures described in this thesis were produced using
data collected by other members of the Tews group, this is mentioned in the following
sections. For some of the datasets, assistance with refinement was provided by Dr Yang
Zhang (Cornell University, USA) and Dr Ivo Tews, this is noted in the following sections.

Crystallisation of the wild type AtPdx1.3-R5P complex
Crystallisation of the Pdx1-R5P complex was performed by Stefan Weber. AtPdx1.3 was
crystallised in 500 mM sodium citrate buffered with 100 mM HEPES at pH 7.5 in a 24
well hanging drop plate [126]. 0.5 µl of 2.5 mM R5P dissolved in 500 mM sodium
citrate buffered with 100 mM HEPES at pH 7.5 was added to the 2 µl crystallisation
drop and incubated for five minutes before addition of the cryoprotectant solution (500
mM sodium citrate, 100 mM HEPES pH 7.5, 20% glycerol (v/v)) and flash cooling
of the crystals in preparation for data collection. A previously published structure of
Plasmodium berghei Pdx1 modelled C1 of R5P as covalently to the equivalent residue
to Lysine 98 in Arabidopsis thaliana Pdx1, with the R5P phosphate group bound in the
Pdx1 P1 site (Figure 2.2) [69].
Dataset sw5-4 was collected at ESRF beamline ID14-1 by Dr Ivo Tews on June 24th ,
2008. Refinement of the crystal structure was performed by Dr Ivo Tews and Dr Yang
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Zhang (Cornell University, USA).

Crystallisation of the wild type AtPdx1.3-I320 complex
AtPdx1.3 was crystallised in 300 mM sodium acetate pH 5.5, 100 mM Tris-HCl pH
8.4, 8.6% (w/v) PEG4000 at a concentration of 40 mg ml−1 , with a 1 µl : 1 µl mix of
protein to buffer solution in a sitting drop vapour diffusion crystallisation plate. Pdx1
crystals were soaked with 0.5 µl of R5P soaking buffer (300 mM sodium acetate pH 5.5,
100 mM Tris-HCl pH 8.5, 12.3% (w/v) PEG4000, R5P 10 mM) for a minimum of 15
minutes (final R5P concentration ∼2.5 mM). The crystal was then soaked with buffer
solution containing ammonium sulphate (sodium acetate pH 5.5, 100 mM Tris-HCl pH
8.5, 12.3% (w/v) PEG4000, ammonium sulphate 100 mM) to a final ammonium sulphate
concentration of ∼25 mM) and incubated for two days. Cryoprotectant (300 mM sodium
acetate pH 5.5, 100 mM Tris-HCl pH 8.4, 8.6% (w/v) PEG4000 and 20% glycerol (v/v))
was added to the crystallisation drop before cryocooling in liquid nitrogen. The highest
resolution AtPdx1.3-I320 dataset was collected from crystal ma4-1.
Dataset ma4-1 was collected at DLS beamline I04-1 by Dr Ivo Tews on January 30th ,
2012. Data reduction and molecular replacement was performed by Matthew Rodrigues,
refinement of the crystal structure was performed jointly by Matthew Rodrigues and Dr
Yang Zhang.

Crystallisation of the wild type AtPdx1.3-I320/G3P complex
The crystallisation of AtPdx1.3, soaking experiments and X-ray diffraction data collection for the AtPdx1-I320/G3P complex were performed by Dr Volker Windeisen and
are described in detail in his PhD thesis [127]. Pdx1 crystals were grown and soaked
to form the I320 intermediate using the protocol described above for the AtPdx1.3-I320
intermediate. After a four day incubation with ammonium sulphate the crystals were
transferred to a drop containing the same buffer constituents as the reservoir solution
with the addition on 10 mM G3P for 2 - 3 minutes, before being transferred to a drop
containing the reservoir buffer constituents, 10 mM G3P and 20% glycerol (v/v) for a
few seconds prior to cryocooling [127].
X-ray diffraction dataset vw47-2 was collected at ESRF beamline ID23-1 on September 5th , 2009. Data reduction and molecular replacement was performed by Matthew
Rodrigues, refinement of the crystal structure was performed jointly by Matthew Rodrigues and Dr Yang Zhang.
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Crystallisation of the wild type AtPdx1.3-PLP complex
AtPdx1.3 was crystallised at a concentration of 40 mg ml−1 in 15% PEG 4000 (w/v),
100mM sodium acetate pH 5.5, 100mM Tris pH 8.4 in a sitting drop vapour diffusion
crystallisation plate with a 1 µl : 1 µl mix of protein to buffer solution. PLP was
mixed with the reservoir solution to a concentration of ∼ 10 mM, 0.5 µl of the PLP
containing reservoir solution was added to the 2 µl crystallisation drop before addition
of the cryoprotectant solution (15%PEG 4000 (w/v), 100 mM sodium acetate pH 5.5,
100 mM Tris pH 8.4, 20% glycerol (w/v)) and cryocooling of the crystal. The highest
resolution AtPdx1.3-PLP dataset was collected from crystal ma17-3, which was produced
during an undergraduate project preceding this project. A previously published structure
of Saccharomyces cerevisiae Pdx1 showed PLP bound non-covalently in the Pdx1 P2 site
(Figure 2.2) [78].
X-ray diffraction dataset ma17-3 was collected at ESRF beamline ID14-1 on September
4th 2011. Data reduction and molecular replacement was performed by Matthew Rodrigues, refinement of the crystal structure was performed jointly by Matthew Rodrigues and
Dr Yang Zhang.

Crystallisation of AtPdx1.3 K166R in the native state complex
AtPdx1.3 K166R was crystallised at a concentration of 6.5 mg ml−1 in 28.1% PEG 1000
(w/v) and 100 mM HEPES pH 7.0 in a sitting drop vapour diffusion crystallisation plate
with a 1 µl : 0.5 µl mix of protein to buffer solution. Crystals were cryoprotected in the
buffer solution with the addition of 20% glycerol.
Dataset ma46-1 was collected at ESRF beamline ID23-1 on June 26th , 2013 by Matthew
Rodrigues.

Crystallisation of AtPdx1.3 K166R in the pre-I320 state
AtPdx1.3 K166R was crystallised at a concentration of 6.5 mg ml−1 in 28.1% PEG 1000
(w/v) and 100 mM HEPES pH 7.5 in a sitting drop vapour diffusion crystallisation plate
with a 1 µl : 0.5 µl mix of protein to buffer solution. AtPdx1.3 K166R crystals were
soaked with R5P and ammonium chloride in a single buffer (28.6% PEG 1000 (w/v),
100 mM HEPES pH 7.5, R5P 10 mM, ammonium chloride 800 mM). 0.6 µl of soaking
buffer was added to the 1.5 µl crystallisation drop. Crystals were cryoprotected in 28.6%
PEG 1000 (w/v), 100 mM HEPES pH 7.5 and 20% glycerol.
The collection of dataset ma54-1 was performed at ESRF beamline ID23-1 on June 27th ,
2013.
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Crystallisation of AtPdx1.3 D41N in the native state
AtPdx1.3 D41N was crystallised at a concentration of 19 mg ml−1 in 6.5% PEG 4000
(w/v), 400 mM sodium acetate pH 5.5 and 100 mM Tris pH 7.8 in a hanging drop
vapour diffusion crystallisation plate with a 1 µl : 1 µl mix of protein to buffer solution.
Crystals were transferred to a drop containing the buffer solution with the addition of
20% glycerol for cryoprotection before cryocooling.
The collection of dataset ma237-2 was performed at DLS beamline I02 on July 13th ,
2015.

Crystallisation of the AtPdx1.3 D41N R5P complex
AtPdx1.3 D41N was crystallised at a concentration of 19 mg ml−1 in 4.5% PEG 4000
(w/v), 400 mM sodium acetate pH 5.5 and 100 mM Tris pH 7.8 in a hanging drop
vapour diffusion crystallisation plate with a 1 µl : 1 µl mix of protein to buffer solution.
Crystals were soaked with 1 µl of the crystallisation buffer with the addition of 10
mM R5P. Crystals were transferred to a drop containing the buffer solution with the
addition of 20% glycerol for cryoprotection before cryocooling.
The collection of dataset ma240-1 was performed at DLS beamline I02 on July 13th ,
2015.
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2.6.2 Processing of Single Crystal X-ray Diffraction Data
Indexing and integration of X-ray diffraction datasets sw5-4 (wild type AtPdx1.3-R5P)
and vw47-2 (wild type AtPdx1.3-I320/G3P) was performed using XDS [106]. All other
datasets were indexed and integrated using DIALS [128]. During the indexing step in
processing the dimensions of the unit cell are determined, and a space group is tentatively
assigned to each dataset. All of the wild-type and mutant AtPdx1.3 crystals were in
the R3 space group with similar unit cell dimensions, approximately a = 178 Å, b =
178 Å, c = 116 Å. The integration software counts the intensity of each Bragg spot and
lists the intensities together with the hkl of each spot and the estimated uncertainty of
the measured intensity. Due to the collection of fine-sliced data with an oscillation per
image of less than 0.5° a single reflection can often be split across several images; these
are known as partial reflections. Both DIALS and XDS can perform three-dimensional
integration so that these partial reflections are combined at the integration stage [106,
128].
The CCP4 program AIMLESS was used for data reduction with all datasets [129]. Over
the course of the diffraction experiment, the intensity observed for a given reflection can
change due to variability in the flux of the X-ray source, the volume of the crystal in the
beam and the effects of global radiation damage. AIMLESS uses a scaling algorithm to
attempt to compensate for the effects of changing experimental conditions on the data.
AIMLESS also merges multiple observations of the same reflection and symmetry-related
reflections. Once the data are merged, AIMLESS calls another program, CTRUNCATE,
to convert the observed intensities into amplitudes [129].
Molecular replacement was performed with MOLREP for all datasets [130]. The sw5-4
(wild type AtPdx1.3 R5P) dataset was solved by Dr Ivo Tews after molecular replacement with the B. subtilis Pdx1 protein (PDB code: 2NV2) and iterative model building
with REFMAC and COOT [52, 85, 131]. The other structures were solved by molecular
replacement with the refined sw5-4 model with the ligand and solvent atoms removed
from the PDB, further model building and refinement were performed using COOT and
REFMAC [85, 131]. Several of the complexes contain covalently bound ligands, the dictionary files defining the geometry of these ligands were generated in JLIGAND and
input to COOT and REFMAC during model building and refinement [132]. Dataset
vw47-2 was refined with the assistance of Dr Yang Zhang (Cornell University) using
PHENIX [86]. Datasets were refined with isotropic B-factors, and, in some cases Translation Libration Screw (TLS) refinement as described in Table 2.1.
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Structure
AtPdx1.3-R5P
AtPdx1.3-I320
AtPdx1.3-I320/G3P
AtPdx1.3-PLP
AtPdx1.3 D41N
AtPdx1.3 D41N R5P
AtPdx1.3 K166R
AtPdx1.3 K166R pre-I320

Refinement Parameters
Dataset
Resolution Program
Name
(Å)
sw5-4
1.90
REFMAC
ma4-1
1.73
REFMAC
vw47-2
1.90
PHENIX
ma17-3
1.61
REFMAC
ma237-2
2.24
REFMAC
ma240-1
2.18
REFMAC
ma46-1
2.40
REFMAC
ma54-1
2.23
REFMAC

B-factors
Isotropic & TLS
Isotropic & TLS
Isotropic & TLS
Isotropic & TLS
Isotropic
Isotropic
Isotropic
Isotropic & TLS

Table 2.1: Refinement parameters for single crystal AtPdx1.3 datasets.
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2.7 Calculating the X-ray Dose Absorbed by Crystals
As described in Section 1.2.2, the X-rays used in diffraction experiments have a damaging
effect on protein crystals. The amount of damage that occurs is dependent on the amount
of X-ray energy absorbed by the crystal per unit mass. In cases where a complementary
technique such as UV-Vis absorption or Raman spectroscopy is used to track site-specific
radiation damage, it is necessary to quantify the amount of X-ray energy absorbed by
the sample with the changes in the spectrum to understand how sensitive the feature of
interest is to X-rays. Once the dose that the spectroscopic changes occur at is known it
is possible to devise a data collection strategy that allows the investigator to solve the
structure of the protein before the feature of interest is significantly damaged.
The doses of X-rays absorbed by the crystals used in this project were calculated using
the program RADDOSE-3D [133]. This program requires input of details concerning
the crystal (crystal size, unit cell parameters, number of residues per protein monomer,
number of monomers per unit cell, solvent fraction, number of heavy atoms in protein/solvent), the beamline (flux, beam profile, beam size, energy of incident X-rays) and the
data collection strategy (exposure time per image, oscillation, number of images) [133].
The crystal parameters allow RADDOSE-3D to determine the proportion of X-rays that
will be absorbed by the crystal. A crystal of a protein that contains many atoms with
large photoelectric cross-sections such as bound metal ions or cysteine and methionine
residues will absorb more a higher percentage of the incident X-rays than a similar crystal
with fewer heavy atoms. The beam parameters allow RADDOSE-3D to determine the
number of incident photons over the period of the exposure time, which is defined in the
data collection parameters.
RADDOSE-3D outputs the dose absorbed by the crystal using a few different metrics.
In the case of a crystal that is completely and uniformly exposed to X-rays, diffraction
from all parts of the crystal will contribute to the measured diffraction patterns and
will also absorb X-rays at the same rate. In this case, it may be appropriate to use the
Average Dose absorbed by the Whole Crystal (ADWC) or the Average Dose absorbed
by the Exposed Area (ADEA), which should be equal. It should be noted that these
metrics provide the dose absorbed by the crystal by the end of the X-ray exposure; this
may not truly represent the dose that the data has been measured at, as the data is
collected over the duration of the X-ray exposure rather than at the end.
The reality of data collection at third generation synchrotrons is that beam sizes tend
to be smaller than the crystal and beams often have a Gaussian profile with a greater
flux in the centre of the incident beam than at the edges. The advantage of this type
of beam is that data collection is possible from relatively small or weakly diffracting
crystals. The disadvantage is that when crystals are larger than the beam, the region
of the crystal that is exposed to X-rays absorbs a high dose while other parts of the
crystal are not exposed to X-rays and do not contribute to the diffraction pattern. In
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addition, some regions of the crystal rotate in and out of the beam. This results in a
crystal that is inhomogeneously exposed to X-rays. In this case, it is not appropriate to
refer to the ADWC as regions of the crystal that have not been exposed to X-rays absorb
no X-rays and lower the overall value but also make no contribution to the diffraction
data collected and are therefore irrelevant when determining the actual dose that the
structure was solved at. The ADEA is an improvement on the ADWC, as only regions
of the crystal that have been exposed to X-rays are included in the dose calculation;
however, even within the exposed area, some regions of the crystal remain in the X-ray
beam for longer and also make a greater contribution to the diffraction data.
Rather than measuring dose in terms of the ADWC or ADEA, a newer metric has
been suggested; diffraction weighted dose (DWD) [134]. Diffraction weighted dose is
calculated by dividing the crystal into a number of cubes, termed voxels. The dose
absorbed by each voxel at each time point in the experiment is calculated and weighted
by the contribution that each voxel is making to the diffraction by the crystal at each
time point. RADDOSE-3D takes the average dose absorbed by each voxel in the crystal,
weighted by its contribution to the diffraction over the course of the experiment to
calculated the dose. Using this procedure, DWD takes into account that images collected
at the start of the data collection will be relatively unaffected by radiation damage and
that regions of the crystal remaining in the X-ray beam the longest also contribute more
to the diffraction pattern, unless global radiation damage is taking place.
This is an important distinction to make, as the intensity measurements that are made
over the course of the experiment are collected during the X-ray exposure rather than
at the endpoint. The final electron density map that we use to build our model of the
protein structure is not only averaged across all of the unit cells in the crystal but also
over the time course of the experiment.
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2.8 Collection and Processing of Multi-Crystal Data
The protocols for collection and processing of the multi-crystal datasets for both lysozyme, which was used as a test case, and AtPdx1.3-I320 were derived from the protocol
used by Berglund et al to investigate site-specific damage of the horseradish peroxidase enzyme [98]. The protocol for the construction of the isomorphous difference
density maps was used by Southworth-Davies et al in an investigation into the effects
of site-specific radiation damage to lysozyme crystals at room temperature and cryotemperatures [135].
The protocols were first tested with Hen Egg White Lysozyme, referred to as lysozyme
from here onwards, which has been well characterised in radiation damage experiments
and is expected to show signs of site-specific radiation damage at around the sulphur
atoms of the disulphide bonds.

2.8.1 Lysozyme Multi-Crystal Experiment
Lysozyme Crystallisation and Data Collection
Lysozyme was purchased from Sigma-Aldrich as a lyophilised powder. The protein
was dissolved in distilled water at a concentration of 100 mg ml−1 and crystallised in
a 96 well sitting drop vapour diffusion plate. The 96 well plate varied sodium chloride
concentration 300 mM - 1 M in 100 mM increments and PEG monomethylether 5000 12
% - 34% (w/v) in 2% increments with a constant concentration of 50 mM ammonium
acetate pH 4.5. Cryoprotectant contained the reservoir solution with an additional 20
% glycerol, single crystals were mounted in loops and cryocooled to 100 K in liquid
nitrogen.
Data collection was performed on beamline I04 (DLS) on January 21st , 2016. The Xray beam has a Gaussian profile with at Full Width Half Maximum of 31.7 µm x 20.0
µm (Horizontal x Vertical). The flux was measured to be 1.318 x 1011 photonss−1
at the end of the beamtime. Several datasets were collected from large crystals; the
crystal was translated by a minimum of 80 µm between datasets to ensure that each
dataset was collected from a previously unexposed region of the crystal. The starting
angle between datasets collected on a single crystal was offset by 30° relative to the
previous data collection. 3600 images were collected in each dataset with an oscillation
of 0.1° per image and a total oscillation of 360°. 16 datasets were collected from five
lysozyme crystals; the datasets were collected without the use of test shots to determine
the optimum starting orientation, as any test shots would affect the dose absorbed by the
crystal before the data collection. The protocol of collecting data without determining
the crystal orientation is termed the ‘American Method’ [136].
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Lysozyme Data Processing
The dimensions of the crystals were measured using the on-axis camera on beamline
I04 (DLS), the dimensions of each crystal and number of datasets collected from each
crystal are listed in Appendix .2. Input parameters for calculation of the dose absorbed
by each crystal are presented in Table 2.2. The average DWD for all of the datasets is
705 kGy. Each dataset was split into 36 sweeps of 100 images; each 100 image sweep
was collected at a DWD of 20 kGy, calculated using RADDOSE-3D [133].
Input Parameters for Lysozyme Dose Calculations
Crystal Parameters
Crystal Shape
Cuboid
Crystal Size
Variable
Unit cell a, b, c (α,β,γ)
77Å, 77Å, 37Å (90, 90, 90)
Monomers per Unit Cell
8
Residues per Monomer
129
Number of Protein Heavy Atoms
11 Sulphur atoms
Solvent Fraction
0.3705
Beam Parameters
Beam Type
Gaussian
Full-Width Half Maximum (H x V)
60 µm x 50 µm
Rectangular Collimation (H x V)
31.7 µm x 20.0 µm
−1
Flux (photons s )
1.318 x 1011
Incident Photon Energy (keV)
12.658
Data Collection Strategy
Number of Images
3600
Oscillation per Image
0.1°
Total Oscillation
360°
Exposure Time per Image (s)
0.04
Total Exposure Time (s)
144.0
Transmission
69.83%
Table 2.2: Parameters for calculation of X-ray dose absorbed by lysozyme crystals. The
dimensions of the crystals were also inputted to RADDOSE-3D (Appendix
.2). The solvent fraction of the lysozyme crystals was calculated using the
Matthews Coefficient program in CCP4 [137]. The flux was measured at 100%
transmission at the end of the beamtime and is assumed to have remained
constant during the beamtime.
Individual sweeps were then indexed and integrated independently using XDS, the INTEGRATE.HKL output file from XDS contains the intensity values for each reflection [106]. XDS produced 16 INTEGRATE.HKL files (one per dataset) for each sweep,
all of the INTEGRATE.HKL files for sweep number one of each dataset were input to
BLEND in analysis mode to determine the degree of isomorphism between the sweeps.
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BLEND was then run in synthesis mode using POINTLESS and AIMLESS to merge and
scale different combinations of datasets for each sweep together, starting with combinations of two or three highly isomorphous sweeps and increasing the number of sweeps,
including less isomorphous datasets [105, 129]. The scaling and merging statistics for
each of the combinations of sweeps were listed in the output log files from BLEND.
Increasing the number of sweeps improves the completeness of the composite datasets,
but the inclusion of less isomorphous data can also worsen the merging statistics. The
combination of files that had the lowest Rpim while also having a completeness above
98% was chosen as the composite dataset for each dose.
The Rpim metric provides a measure of the internal consistency of dataset, or a subset
of the data in a dataset. There are typically multiple observations of each reflection in
a dataset, as noted by the multiplicity of the dataset. It would be expected that the
intensity of a given reflection measured from two crystals will be similar after scaling if
those crystals are isomorphous. A lack of consistency within the dataset may be suggestive of data from non-isomorphous crystals being merged, which will have a negative
effect on the quality of the final electron density maps produced.
P
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Rpim is calculated as defined in Equation 2.3, where n is the number times that reflection
P
hkl is observed and hkl refers to the sum of all independent reflections. The modulus
of the difference between the ith observation of reflection hkl (Ii (hkl)) and the mean
intensity of reflection hkl (I(hkl)) is summed for all observations of reflection hkl to
P
produce i |Ii (hkl) − I(hkl)|. To prevent the Rpim from becoming artificially inflated
q
when there are highly redundant datasets
q
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decreases from 1 when a given reflection is observed twice and asymptotically
approaches zero as n increases. The differences between each observation and the mean
intensity weighted by the number of observations for the given reflection are summed
P
P
and divided by the intensity of every reflection recorded in the dataset ( hkl i Ii(hkl) ).
The larger the deviations of the intensity measurements from the mean intensity, the
greater the Rpim will be and the less internally consistent the dataset is.
1
n−1

The intensities in each of the merged composite files were converted into amplitudes
using the CCP4 program TRUNCATE [138]. Molecular replacement was performed
with MOLREP using the lysozyme structure 2VB1 from the PDB against the lowest dose
composite dataset, sweep 1 [130, 139]. Manual model building in COOT and refinement
using REFMAC were performed iteratively to fit the model to the electron density for
sweep 1, placement of water molecules was performed in COOT [85,131]. The REFMAC
refinement protocol used 10 cycles of Translation Libration Screw (TLS) refinement
followed by 10 cycles of restrained refinement. The sulphur atoms were not restrained to
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form disulphide bonds to allow the geometry of any disulphide bonds to refine without
restraints, consistent with the method described by Weik et al [140].
The structure factor amplitudes (F) and the standard deviations of the amplitudes
(SIGF) for each composite dataset were concatenated into a single multi-column mtz
file, together with the phases and figure of merit (FOM) for each amplitude from the
refined sweep 1 mtz, using the CCP4 program CAD. The amplitudes for each composite
dataset were all scaled against sweep 1 using the CCP4 program SCALEIT [141].
Isomorphous difference density maps were produced using FFT [142]. FFT was used
to subtract the structure factors from the lowest dose composite dataset (Fo1 ) from the
structure factors for the subsequent sweeps (Fon ). FFT then performs a Fourier transform on the Fon -Fo1 structure factors with the phases from the lowest dose composite
dataset to produce an isomorphous difference Fon -Fo1 electron density map.

2.8.2 AtPdx1.3-I320 Multi-Crystal Experiment
AtPdx1.3-I320 Crystallisation and Data Collection
Protein from two separate protein purifications was crystallised for use in the AtPdx1.3I320 multi-crystal experiment. Crystals were grown both in hanging drop and sitting
drop crystallisation plates at concentrations between 22 mg ml−1 and 55 mg ml−1 . The
crystallisation buffers contained 100 mM Tris pH 8.0, 200 mM - 400 mM sodium acetate
and 5% - 15% PEG 4000 (w/v). The exact crystallisation conditions used to produce
the crystals for the AtPdx1.3-I320 multi-crystal experiment are listed in the Appendix
Table .7. The protocol used to generate in the I320 intermediate in crystallo and to
cryocool the crystal is described in Section 2.6.1.
27 datasets were collected from 22 AtPdx1.3-I320 crystals mounted in loops at 100
K on December 15th , 2013 at ESRF beamline ID23-1. No test shots were collected
before collection of each 450 image dataset with an exposure time of 0.4 s per image,
0.2° oscillation per image and transmission of 15%. For five of the datasets only 300
images were collected, the other data collection parameters remained the same. The
flux was constantly measured during the experiment and varied between 4.0 x 1010
photonss−1 and 1.4 x 1011 photonss−1 . As the flux was recorded for each dataset,
the dose for each dataset was calculated using the flux measured at the time of data
collection. The beam size at the sample was 45 µm x 30 µm (Horizontal x Vertical),
with a Gaussian profile FWHM 40 µm x 30 µm (Horizontal x Vertical). As with the
lysozyme data collection, no test shots were taken to avoid absorption of X-rays before
the start of data collection.
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AtPdx1.3-I320 Multi-Crystal Data Processing
The dose absorbed by each crystal during data collection was calculated using RADDOSE3D, crystal dimensions were measured at the time of crystal mounting [133]. The input
parameters for the dose calculation are listed in Table 2.3; the diffraction weighted dose
for each dataset is listed in Appendix Table .6.
Input Parameters for AtPdx1.3-I320 Dose Calculations
Crystal Parameters
Crystal Size
Variable (See Appendix .6 )
Crystal Shape
Cuboid
Unit cell a, b, c (α,β,γ)
178Å, 178Å, 116Å (90, 90, 120)
Monomers per Unit Cell
36
Residues per Monomer
315
Number of Protein Heavy Atoms
19 Sulphur atoms
Solvent Fraction
0.5878
Beam Parameters
Beam Type
Gaussian
Full-Width Half Maximum (H x V)
40 µm x 30 µm
Rectangular Collimation (H x V)
45 µm x 30 µm
−1
Flux (photons s )
Variable
Incident Photon Energy (keV)
12.7
Data Collection Strategy
Number of Images
300 or 450
Oscillation per Image
0.2°
Total Oscillation
90°
Exposure Time per Image (s)
0.4
Total Exposure Time (s)
180.0
Transmission
15.03%
Table 2.3: Parameters for calculation of X-ray dose absorbed by AtPdx1.3-I320 crystals.
The dimensions of the crystals and flux were also input to RADDOSE-3D.
The solvent fraction of the AtPdx1.3-I320 crystals was calculated using the
Matthews Coefficient program in CCP4 [137].
Each dataset was indexed using XDS; integration was then performed individually on
15 sweeps of 30 images, the output INTEGRATE.HKL file from each sweep was output
to a separate folder; the script used to integrate the data is included in Appendix .9 and
provides a more detailed description of the processing protocol [106]. The diffraction
weighted dose for each dataset was divided by the number of images and multiplied by
30 to determine the diffraction weighted dose for a thirty image sweep in each dataset,
131.8 kGy. The mean 30 image DWD for all of the datasets was multiplied by the sweep
number to obtain the dose for each of the first ten sweeps. The mean 30 image DWD
for the 450 image datasets (118.7 kGy) was multiplied by the sweep number to calculate
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the dose for sweeps 11-15.
BLEND was then used to merge the integrated files for each of the sweeps of equivalent
dose, the script used to merge the data is in Appendix .9 [105]. BLEND uses the
CCP4 program POINTLESS to merge the intensities and outputs an unscaled mtz. The
unscaled mtz was input to AIMLESS to scale the data and convert the intensities to
amplitudes. The R3 space group has an internal symmetry with the a and b axes of the
unit cell having an equal length. It is therefore equally to valid to index the data in two
different ways; however, it is important that the dataset is internally consistent in which
index is chosen. To ensure that all sweeps in each multi-crystal dataset were indexed
the same the output mtz from the refinement of the Pdx1-R5P complex was used as a
reference to which all input data would be matched to [129].
Molecular replacement was performed with MOLREP using the single crystal AtPdx1.3I320 structure with and ligand atoms removed and the lowest dose composite dataset,
sweep 1 (132 kGy) [130]. Manual model building in COOT and refinement using REFMAC were performed iteratively to fit the model to the electron density for sweep
1, placement of water molecules was carried out in COOT [85, 131]. The REFMAC
refinement protocol used eight cycles of Translation Libration Screw (TLS) refinement
followed by five cycles of restrained refinement. Library files defining the geometry of
the I320 intermediate in REFMAC and COOT were generated using JLigand [132].
Isomorphous difference electron density maps were produced using the methods described in Section 2.8.1.
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2.8.3 Analysis of Radiation Induced Density Loss
A quantitative analysis of the effects of site-specific radiation damage on the electron
density maps for lysozyme and AtPdx1.3-I320 was performed using the Radiation Induced Density Loss (RIDL) scripts developed by Bury et al [102].
The RIDL scripts produce a series of isomorphous difference density (Fon -Fo1 ) maps using the MTZs, produced by TRUNCATE and AIMLESS for the lysozyme and AtPdx1.3I320 data respectively, which contain the structure factor amplitudes and associated
standard deviations. The protocol used to generate the maps is the same as previously
described for the lysozyme data using CAD, SCALEIT and FFT [102, 141, 142].
The structure of the protein, refined against the lowest dose dataset, is also input to the
RIDL scripts, which remove hydrogen atoms and alternate conformations. The unit cell
is divided into a number of equally sized cubes, named voxels; each voxel is assigned to
the atoms closest to it. The difference density maps are masked to the asymmetric unit,
and a list is made of the change in the electron density in each of the voxels associated
with each atom in the asymmetric unit. The most negative difference density value for
the voxels associated with a given atom is listed as the Dloss for that atom, in units of
electrons per cubic Ångstrom (e− Å3 ).
Repeating the process of assigning the difference density peaks to atoms for the difference
density maps at each dose makes it possible to plot the radiation induced density loss
for each atom against dose. Atoms that are displaced by site-specific radiation damage
would be expected to show negative difference density peaks at their original position,
with a positive correlation between absorbed dose and Dloss .
Dloss was plotted against diffraction weighted dose for a selection of atoms in lysozyme
and AtPdx1.3-I320 that were suspected of being susceptible to site-specific radiation
damage. A straight line was fitted to the data in MATLAB. A positive gradient indicates
that there is a positive correlation between dose and Dloss . The quality of the fit of the
straight line to the data was determined by calculating the R-square value for each fit.
An R-square value close to zero suggests that there is no correlation between dose and
radiation induced density loss, while an R-square close to 1 suggests that the relationship
between dose and density loss is modelled well by the straight line.
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2.9 Time-Resolved In Crystallo UV-Vis Spectroscopy
In Crystallo UV-Vis spectroscopy was performed on crystals and thin films of solvents
mounted in loops. Spectra were collected offline at the ESRF Cryobench (ID29S) and
online at ESRF beamline BM30; all In Crystallo UV-Vis spectroscopy was conducted at
100 K. The spectrophotometer was aligned so that the X-ray beam passed through the
focal spot of the spectrophotometer. A full description of the ESRF spectrophotometer
has been provided by von Stetten et al [143].
Spectra were collected from thin films of the solvents surrounding AtPdx1.3-I320 crystals
during exposure to X-rays as well as AtPdx1.3-I320 crystals in loops. A cryoloop was
dipped into a droplet of the solution; the cryoloop was then manually mounted onto the
BM30 goniometer under the cryostream at 100 K (Figure 2.3b). The loop was centred in
a position ensuring that the sample was completely within the 300 µm2 X-ray beam and
oriented to provide the best possible spectrum. The optimal orientation of the loop was
usually with the plane of the loop parallel to the direction of the X-ray beam (Figure
2.3a). The thickness of the cryo-cooled buffer solutions exceeded the depth of the loop
and was measured to be between 125 µm and 150 µm for most samples, using the on-axis
camera on the beamline.
The constituents of each buffer solution tested are listed in Table .12.
Non-essential lighting in the experimental hutch was turned off to minimise the amount
of stray light that entered the detector optics. The sample was translated out of the light
path of the spectrophotometer so that a reference spectrum could be taken; the crystal
was then translated back into position and collection of spectra was initiated. The hutch
was interlocked before the X-ray shutter was opened. The spectroscopy experiments were
performed in two beamtimes, a flux of the X-ray beam was measured to be 3.2 x 1010
photonss−1 at the first beamtime and 2.60 x 1010 photonss−1 at the second beamtime
when the beam current was 200 mA. The flux was measured by Dr Antoine Royant
(ESRF) at the start of each beamtime using a silicon pin diode, as described by Owen et
al [144]. The beam current was noted at the beginning of each X-ray exposure so that
the flux and the dose could be calculated for each sample; the flux at the sample position
scales linearly with the current in the synchrotron storage ring at ESRF beamlines using
bending magnets.
Spectra were collected with an integration time of 100 ms; five spectra were averaged to
reduce noise with a total acquisition time of 500 ms. Spectra were collected continuously
while the samples were exposed to X-rays, for a total of 15 minutes. The goniometer was
not rotated during the X-ray exposure. RADDOSE-3D was used to determine the dose
absorbed by the buffer solution during the entire exposure, and divided by the number
of seconds that the sample was exposed to X-rays to calculate the dose rate in units of
Gy s−1 .
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(b)

(a)

Figure 2.3: (a) Schematic of the experimental setup for simultaneous X-ray exposure and
collection of UV-Vis spectra. X-ray beam size 300 µm x 300 µm. UV-Vis focal
spot size ∼100 µm in diameter (b) The ESRF UV-Vis spectrophotometer
was mounted on beamline BM30 (ESRF), crystals and films of various buffer
solutions were mounted in cryoloops directly onto the goniometer and under
the cryostream (100 K).
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Input Parameters for Buffer Solution Dose Calculations
Sample Parameters
Sample Shape
Cuboid
Sample Size
150 µm x 300 µm x 300 µm
Unit cell a, b, c (α,β,γ)
100Å, 100Å, 100Å (90, 90, 90)
Monomers per Unit Cell
1
Residues per Monomer
1
Number of Solvent Heavy Atoms
Variable
Solvent Fraction
1.0
Beam Parameters
Beam Type
Top Hat
Rectangular Collimation (H x V)
300 µm x 300 µm
Flux (photons s−1 )
Variable (Table .12)
Incident Photon Energy (keV)
12.65
Data Collection Strategy
Number of Images
1
Oscillation per Image
0.0°
Total Oscillation
0.0°
Exposure Time per Image (s)
1
Total Exposure Time (s)
1.0
Transmission
100.00%
Table 2.4: Parameters for calculation of X-ray dose absorbed by buffer solutions per
second. The dimensions of the crystals and flux were also input to RADDOSE3D, The unit cell size was arbitrarily set to 100 µm3 . The concentrations of
elements in the buffers with a greater mass than oxygen were listed under the
Number of Solvent Heavy Atoms keyword; these included the protein sulphur
atoms from buffers containing protein their concentration was determined
by multiplying the protein concentration by the number of heavy atoms per
protein.
The samples tested were thin films of distilled water, 100% glycerol, 40% glycerol, 100%
MPD, 40% MPD and the glycerol-containing cryobuffer that was used to cryoprotect
AtPdx1.3 crystals used, as well as AtPdx1.3 K98A crystals and wild-type AtPdx1.3-I320
crystals. The composition of each sample and the corresponding dose rates are listed in
Appendix .10.
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2.9.1 Processing of Time-Resolved UV-Vis Spectroscopy Data
The spectra were saved as individual text files, all spectra from a single time series were
imported into MATLAB as a single three-dimensional array (Appendix .11). The first
column of the array contains the Wavelengths that the absorbance was measured at
while the second column contains the associated Absorbance values. Each page in the
array contains the Wavelength and Absorbance values for a single spectrum.
Each spectrum in the array was smoothed using a Savitzky-Golay filter, the role of the
filter is to reduce the amount of high-frequency noise in the spectra [145]. The SavitzkyGolay filter uses a similar concept to a moving average. To calculate the smoothed
absorbance values for the spectrum, it takes a window with a given number of data
points, fits a polynomial to the data using a Least Squares Minimisation procedure and
evaluates the polynomial at the central data point in the window to provide the smoothed
value [145]. The window then shifts by one data point to a longer wavelength to calculate
the smoothed value for the next absorbance value. For the time-resolved spectroscopy
data, a window of 20 data points (15.18 nm) was used with a second order polynomial
(Appendix .11). The smoothing procedure was implemented in MATLAB; smoothed
data values are written into the 3D array in column 3 of each page, see Appendix .11
for an example of a script used to smooth all of the spectra in a single time-resolved
experiment.
To account for any drift in the baseline of the spectra over the course of the experiment
each smoothed spectrum was normalised to set the absorbance at 900 nm, where no
signal is expected, to 0. The normalised spectra were saved in column four of the array
(Appendix .11).
To observe how the spectra changed over time difference spectra were produced, the first
smoothed normalised spectrum, collected before the start of the X-ray exposure was
subtracted from every subsequent spectrum (Appendix .11). Using difference spectra
removes any features that do not change over the course of the experiment from the
spectra. The difference spectra were written in column 5 of the array (Appendix .11).
All of the difference spectra in a single time series were plotted on a single threedimensional plot to allow visualisation of the evolution of the difference spectra against
time/dose.
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Modelling of Peaks in UV-Vis Difference Spectra as Gaussians
One of the problems with UV-Vis absorbance spectroscopy is that several peaks often
overlap. The observed spectrum is the product of the sum of the absorbance by each
peak at each wavelength, and it can be difficult to determine the characteristics of
each peak, such as the width, amplitude and λmax . This is also true of the difference
spectra produced in Section 2.9.1. To understand the rate at which each of the absorbing
species that are produced when the samples are irradiated it is necessary to separate the
spectrum into each of its pure components.
This is relatively simple when the composition of the sample is known, and spectra
are available each of the isolated components. In this case, a function can be fitted to
describe the absorbance by a known concentration of each of the isolated components;
in UV-Vis spectroscopy Gaussian functions are usually used to model peaks [146].
f (x) = Amax e−

(x−λmax )2
2σ 2

(2.4)

The Gaussian function is defined in Equation 2.4 where Amax is the maximum height
of the peak, λmax is the wavelength of maximum absorbance, and σ is√related to the
Full-Width Half Maximum of the peak (∆λ 1 ) by the equation ∆λ 1 = 2 2 ln 2σ. Once
2
2
the extinction coefficient (ε), the wavelength of maximum absorption (λmax ) and the
width of the peak at half of the maximum absorbance (∆λ 1 ) for each of the components
2
is known the concentration of each component can be fitted as a variable using a Least
Squares fitting procedure [147].
In the case of irradiation of AtPdx1.3 crystals and the individual buffer components, the
products of irradiation are unknown, and it is therefore not possible to collect spectra
of the isolated constituents of the sample. A Least Squares Minimisation algorithm has
been used to fit multiple Gaussian functions to complex difference spectra. An example
of a MATLAB script used to decompose a time-resolved series of difference spectra is
given in Appendix .11.
It is assumed that difference spectra have been produced and stored as a three-dimensional
array of time-resolved spectra as described in Section 2.9.1. The user must visually inspect the spectrum to determine the number of Gaussians that should be modelled and
input that as variable k in the processing script. The script uses a least squares minimisation algorithm to place k Gaussians on the spectrum, each with a λmax , σ and Amax .
The script can be used to model every spectrum in the time series to monitor how the
size of each peak changes over the course of the experiment. Working with difference
spectra simplifies the processing as fewer peak are present, for example, with spectra of
AtPdx1.3-I320 crystals the 280 nm protein peak and 320 nm intermediate absorbance
peak are absent, assuming that they do not change in response to irradiation.
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UV-Vis absorbance peaks are only truly symmetrical on an energy scale and should
theoretically be modelled on a frequency scale, which is directly proportional to energy
(Equation 1.15). The use of a wavelength scale, which is inversely proportional to
frequency, leads to asymmetric peaks [148]. Fitting of peaks using the Least Squares
Minimisation method was trialled on both the wavelength and wavenumber scale and
showed similar results, as the wavelength scale is conventionally used for presentation of
UV-Vis spectra it was used for this analysis.
Each time series of difference spectra was visually inspected to determine the number of
absorbance peaks that formed during the experiments. While there are more sophisticated methods for determining the number of peaks that there are in a spectrum, such
as using derivative spectroscopy which is more sensitive to less obvious peaks, visual
inspection is the simplest method [146].
In cases where peaks in the spectra appeared transiently, the Gaussian that was modelling that peak often shifted to other peaks. To prevent this from having an adverse
effect on the observed change in size for each of the peaks over the course of the series
the λmax of these peaks was restrained.
By integrating each of the Gaussians for each spectrum, it is possible to plot the change
in size for each of the peaks in response to irradiation.
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3 An Analysis of the Structure and Activity
of Wild Type AtPdx1.3
The aim of this chapter was to determine the crystal structure of Pdx1 at different stages
in the catalytic cycle by first crystallising the protein and then soaking the crystals with
substrates to reconstitute the reaction in crystallo. Previous work in the Tews group
had established that the A. thaliana protein AtPdx1.3 crystallised reproducibly and
was resilient to soaking with high concentrations of the Pdx1 substrates. It was first
checked that the biosynthetic reaction could be reconstituted with protein in solution,
before moving onto crystallographic experiments. The crystal structure of wild type
AtPdx1.3 is presented here in complex with R5P, in the I320 and I320/G3P intermediate
states and covalently bound to the product, PLP.

3.1 Spectra of wild-type AtPdx1.3 in native, I320 and PLP
bound states.
The enzymatic activity of AtPdx1.3 was measured for both I320 formation and PLP biosynthesis as described in Section 2.5. Spectra were collected before addition of substrates
to AtPdx1.3, after the I320 assay and after the PLP assay (Figure 3.1).
The spectrum of AtPdx1.3 before addition of substrates shows a strong absorbance
peak at 280 nm; this absorbance peak is observed in all proteins containing tryptophan
residues. Also visible is a slight shoulder at 320 nm and a small peak at 415 nm. The
shoulder at 320 nm shows that a small amount of the I320 intermediate co-purifies with
the protein, while the peak 415 nm indicates that the product also co-purifies with
AtPdx1.3. These absorbance peaks suggest that neither the I320 intermediate or the
product are separated from the protein during the size exclusion chromatography step of
the protein purification (Section 2.4), in keeping with previously published data on Pdx1
from other species [74]. It is possible to empty the enzyme active sites of I320 and PLP by
incubating Pdx1 with ammonium salts and G3P for three hours followed by dialysis [74].
However, attempts to free AtPdx1.3 of I320 and PLP resulted in precipitation of a
significant fraction of the protein, leaving too little soluble protein with which to perform
the subsequent enzyme assays.
After incubation with R5P and ammonia, AtPdx1.3 displays a more pronounced peak
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Figure 3.1: Spectra of AtPdx1.3 before addition of substrates (blue), after incubation
with R5P and ammonia salts (yellow), and after incubation of AtPdx1.3I320 with G3P (green).
at 320 nm, signalling accumulation of the AtPdx1.3-I320 intermediate (Figure 3.1). Although the 280 nm peak appears to increase, this is likely to be caused by the accumulation of the I320 species and the overlap of the 280 nm and 320 nm peaks. After
incubation of AtPdx1.3-I320 with G3P for one hour, there is an increase in absorbance
at 415 nm as has been previously described [149].
Interpretation of AtPdx1.3 spectra is complicated by the presence background scattering
that is often observed when protein aggregation takes place in the sample. The samples
were briefly centrifuged at 13,000 RPM in a benchtop centrifuge, to reduce the effect of
aggregation on the spectra; however, some aggregate remained.
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Figure 3.2: Spectra of AtPdx1.3 before addition of substrates (blue), after a one hour
incubation with R5P and ammonia salts (yellow), and one hour after addition of G3P to AtPdx1.3-I320 (green); after estimation and subtraction
of contribution to measured absorbance from Rayleigh scattering (Methods
Section 2.5.1).
Figure 3.2 shows the AtPdx1.3 spectra after the subtraction of the estimated contribution to the spectra from Rayleigh scattering, as described in Section 2.5.1. The increase
in absorbance at 320 nm as a result of the addition of R5P and ammonia to AtPdx1.3 becomes more apparent, as does the increase in absorbance at 415 nm when G3P is added
to AtPdx1.3-I320 (Figure 3.2). Despite being named I320, the λmax of AtPdx1.3-I320
is 312 nm in the corrected spectrum; this is similar to the B. subtilis Pdx1-I320 λmax of
315 nm [74].
The background subtraction introduces a couple of artefacts. These are the negative
absorbance values for the corrected spectrum of AtPdx1.3 before addition of substrates,
between 210 nm and 240 nm, and between 300 nm and 350 nm (Figure 3.2). Given
that it is not possible for a sample to have a negative absorbance it is clear that this
is an artefact of the background subtraction. The background correction is based on
two assumptions, if either assumption is not valid, the correction will produce errors.
The first assumption is that the only source of absorption between 500 nm and 700
nm is Rayleigh scattering; the second is that absorbance in the region of interest is
solely caused by the addition of Rayleigh scattering to absorbance by the sample. The
negative absorbance in the baseline corrected spectra suggests that the contribution of
light scattering to the spectra is being overestimated and that the failure of the first
assumption is the source of the error. Despite these artefacts, the corrected spectra
(Figure 3.2) are easier to interpret than the raw spectra (Figure 3.1).
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This experiment has shown that it is possible to reconstitute biosynthesis of PLP with
wild type AtPdx1.3, using R5P, ammonia salts and G3P as substrates, in solution.
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3.2 Wild Type AtPdx1.3 Activity Assays
The enzymatic activity of wild type AtPdx1.3 was measured by addition of R5P and
ammonia to the protein to form AtPdx1.3-I320 as described in the methods (Section
2.5). The change in absorbance at 315 nm was measured over the course of one hour.
The catalytic activity of the protein was calculated by fitting a straight line to the linear
phase of the reaction, which was taken to be the first 50 seconds after the beginning of
the measurement (Figure 3.3c). The gradient of the straight line is equal to the change in
absorbance per second, knowledge of the molar extinction coefficient of I320 (ε = 16,200
M−1 cm−1 ) and protein concentration allows the calculation of the enzyme activity in
units of nanomoles of I320 produced per milligram of AtPdx1.3 per minute [149].
The activity of wild type AtPdx1.3 for I320 production was 11.03 nmol mg−1 min−1 with
a standard deviation of 0.61 nmol mg−1 min−1 . The rate of I320 production observed
here is greater than that observed for B. subtilis Pdx1 which has an activity of ∼ 1
nmol mg−1 min−1 [74]. It is not possible to make a direct comparison between the rate of
activity AtPdx1.3 and BsPdx1 as the previous study used a ten-fold lower concentration
of R5P and used glutamine in the presence of BsPdx2 as a nitrogen source [74]. The
accumulation of the I320 intermediate plateaus after ∼400 seconds as all the active sites
of all of the Pdx1 proteins in the assays contain the I320 intermediate. AtPdx2 and
glutamine were not used as an ammonia source in these experiments as recombinant
expression and purification provided low yields of protein; the protein also had a low
stability, both at room temperature and when frozen in glycerol.
The assay of the PLP biosynthetic rate for wild type AtPdx1.3 showed a clear lag phase
in the first 120 seconds of the experiment for all replicates (Figure 3.3b). Lag phases
in enzyme assays are often indicative of co-operativity playing a role in the catalytic
mechanism, and the flexible C-terminus of Pdx1 has previously been assigned a role in
the closing of the active site of the neighbouring subunit during conversion of I320 to
PLP [61].
The linear phase of the reaction was taken to be between 200 and 300 seconds after
the start of the measurement (Figure 3.3d). A straight line was fitted to each set
of absorbance values between these time points; the gradient of the line was used to
calculate the specific activity of AtPdx1.3 for converting I320 to PLP in the presence of
G3P. Figures 3.3c and 3.3d demonstrate that formation of the I320 intermediate and PLP
occurs linearly in the time periods chosen, the R-square values for all wild type assays
were greater than 0.95. The extinction coefficient of PLP at 415 nm is 5,380 [74]. The
specific activity of AtPdx1.3 for conversion of I320 to PLP is 0.47 nmol mg−1 min−1 with
a standard deviation of 0.09 nmol mg−1 min−1 .
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Figure 3.3: (a) Change in absorbance at 315 nm when wild type AtPdx1.3 is incubated
with R5P and ammonia for one hour (triplicate). (b) Change in absorbance
at 415 nm when wild type AtPdx1.3-I320 is incubated with G3P for one hour
(triplicate). (c) Fit of a straight line (black) to the absorbance in the I320
assay. (d) Fit of a straight line (black) to the absorbance in the PLP assay.
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3.3 Crystal structures of wild type AtPdx1.3
The structure of the wild type AtPdx1.3 protein was solved in several different intermediate states to improve our understanding of the catalytic mechanism of Pdx1.
AtPdx1.3 was crystallised and soaked with substrates as described in Section 2.6. While
crystal structures of Pdx1 in the R5P and PLP bound states have been published [69,75],
the mechanism by which the biosynthetic reaction is transferred from the P1 site to the
P2 site was unknown. The structures presented in this section allow us to characterise
the intermediates between the R5P and PLP bounds states, and elucidate the mechanism
of intermediate transfer between the P1 and P2 sites.

3.3.1 AtPdx1.3-R5P
The AtPdx1.3-R5P structure was solved by Dr Ivo Tews using data collected from protein
crystals produced by Stefan Weber (unpublished). Several structures of Pdx1 have been
published of Pdx1 from highly divergent organisms, the structure of Pdx1 appears to be
highly conserved and the structure solved here for Arabidopsis thaliana Pdx1 appears to
be highly similar to those solved for other organisms (Figure 3.4).
The crystal structure shows that C1 of R5P binds covalently to the ε-nitrogen of the
lysine 98 (Figure 3.5). The phosphate group of R5P is bound in the P1 site, as is observed
in the published structures of PbPdx1 and GsPdx1 in complex with R5P [69, 75]. The
phosphate group is bound in the P1 site by hydrogen bonds to N-H groups on the
polypeptide backbone from residues Glycine 170, Glycine 231, Glycine 252 and Serine
253 (Figure 3.6).
The R5P in the soaking solutions is in the furanose form with the five carbon atoms
forming a closed ring (Figure 3.5, 1); Figure 3.5 shows the open form of R5P bound to
Pdx1. The opening of the furanose ring precedes the formation of the covalent complex
observed in the Pdx1-R5P structure (Figure 3.5), less than 1% of R5P in solution is
present in the open form, and it is unknown whether Pdx1 selectively binds the open
form or catalyses ring opening [150]. A possible mechanism for binding of R5P to Pdx1
is shown in Figure 3.7 and is based on the reaction mechanism proposed by Hanes et
al [76]. The isomer of R5P modelled as being bound to Pdx1 in the crystal structure is
compound 4 in Figure 3.7.
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Figure 3.4: Overlay of the structures of Pdx1 orthologs from Arabidopsis thaliana (yellow), Geobacillus stearothermophilus (green), Thermatoga maritima (cyan),
Bacillus subtilis (pink), Saccharomyces cerevisiae (light red), Plasmodium
berghei (dark blue).
The observation that the oxygen atoms on carbons 2, 3, and 4 remain bound to R5P in
the Pdx1-R5P complex is consistent with previous NMR experiments on the complex
formed between Pdx1 and 13 C labelled R5P [76]. The oxygen atom bound to carbon 1
is eliminated during formation of the C1-R5P bond. Residues Aspartate 41, Aspartate
119 and Serine 121 form hydrogen bonds with the covalently bound intermediate and
may participate in catalysing the formation of the Lys 98-R5P complex (Figure 3.5);
these residues have all been identified as catalytic residues in the P1 active site (Figure
1.9) [60]. The Pdx1-R5P complex was modelled as 4 rather than 3, as the published
NMR experiments on the Pdx1-R5P complex identified that the C2 oxygen is bound as
a ketone rather than as a secondary alcohol [76].
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Figure 3.5: Crystal structure of wild type AtPdx1.3 with R5P bound, at a resolution of
1.91 Å. The sidechains of Aspartate 41, Lysine 98, Aspartate 119 and Serine
121 are shown (carbon atoms forest, nitrogen atoms cyan, oxygen atoms red).
R5P binds to the protein and forms a covalent bond between C1 and Lys 98
(intermediate carbon atoms orange, oxygen atoms red, phosphorous atoms
purple). 2Fo-Fc electron density map is contoured around the lysine residue
98 and R5P intermediate at 1 σ.

Figure 3.6: The hydrogen bonds (red) between the P1 phosphate binding site and the
phosphate group of R5P. The nitrogen atoms of the peptide backbone, for
residues contributing to phosphate binding, are shown as blue spheres.
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Figure 3.7: Ribose 5-phosphate is typically observed in the closed ring form in solution
(1), before the formation of the Pdx1-R5P complex R5P isomerises to the
open chain form (2). The Lys 98 ε-NH2 - C1 imine bond is formed in a
dehydration reaction (3). R5P then tautomerises from the C2 hydroxyl form
to the ketone form while the ε-NH2 becomes protonated (4). This reaction
mechanism is based on the mechanism proposed by Hanes et al [76].
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3.3.2 AtPdx1.3-I320
The crystal structure of AtPdx1.3-I320 was first solved by Dr Volker Windeisen in the
Tews group (unpublished). Initial attempts to reconstitute I320 formation in crystallo
yielded crystals that were partially occupied in the I320 state and partially in the R5P
bound state; this conformational heterogeneity made interpretation of the electron density in the active site difficult. The structure presented here was a repeat of the initial
experiment, with the crystallisation and soaking protocols optimised to obtain a dataset
at a higher resolution and with reduced conformational heterogeneity.
UV-Vis spectra were collected from the crystals before data collection, to ensure that the
protein was in the I320 state (Figure 3.8). The spectra resembled those of AtPdx1.3 in
solution after an I320 assay (Figure 3.8), suggesting that most of the protein was in the
I320 state.
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Figure 3.8: UV-Vis spectrum of an AtPdx1.3-I320 crystal, the spectrum was smoothed
using a Savitsky-Golay filter in MATLAB (Appendix .11). The spectrum
was collected using the online microspectrophotometer at ESRF beamline
ID14-1.
The crystal structure shows that the intermediate remains covalently bound to Lys 98 via
C1 from R5P (Figure 3.9). As oxygen and nitrogen have similar atomic numbers, their
atomic scattering factors are also similar; this makes it difficult to discern whether C2
of the intermediate is bound to an oxygen atom or a nitrogen atom, purely based on the
X-ray diffraction data. In cases where the crystal diffracts to better than 1Å resolution,
it is possible to distinguish between carbon, nitrogen and oxygen by inspection of the
electron density alone, but it is not possible with the 1.7 Å AtPdx1.3-I320 dataset [151].
However, previous NMR experiments using 13 C labelled R5P and 15 N labelled ammonia
to reconstitute the Pdx1-I320 complex, have shown that nitrogen incorporation at the
C2 position precedes the formation of the I320 intermediate [76]. As the spectra of the
crystals indicated that I320 formation had occurred (Figure 3.8), the atom bound to C2
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has been modelled as nitrogen.
The published NMR experiment with 13 C labelled I320 identified that the C3 bound
oxygen is the only oxygen atom to remain from R5P [76]. Consistent with published mass
spectrometry experiments on the I320 intermediate, the phosphate group originating
from R5P is eliminated before I320 formation and is observed to remain bound in the
P1 site (Figure 3.9) [51]. Mass spectrometry experiments were used to determine that in
the transition from Pdx1-R5P to Pdx1-I320, the phosphate group is eliminated, nitrogen
incorporation occurs and two hydroxyl groups, observed here to be the C2 and C4
hydroxyl groups, are removed in dehydration reactions [51, 76].

Figure 3.9: Crystal Structure of wild type AtPdx1.3 solved at 1.7 Å. The sidechains
of Aspartate 41, Lysine 98, Serine 121 and Lysine 166 are shown in stick
format (carbon atoms forest, nitrogen atoms cyan, oxygen atoms red). The
covalent I320 intermediate links the two lysine side chains (carbon atoms
orange, nitrogen atoms blue, oxygen atoms red). 2Fo-Fc electron density
map is contoured around the lysine residues and I320 intermediate at 1 σ.
In contrast to previously proposed structures for the I320 intermediate, we observe that
Lysine 166 orients towards the intermediate and a covalent bond is formed between C5
of the intermediate and the Lysine 166 ε-NH2 (Figure 3.9). In the R5P bound state Lys
166 is oriented towards the P2 site rather than the P1 site, this conformational change
occurs as a result of a peptide flip between Lysine 166 and Glycine 167 on the β strand
6 (Figure 3.10a). The ability of Lys 166 to re-orient and participate in catalysis in the
P1 site was first proposed by Zhu et al on the basis that the residues either side of Lys
166 on β6 lack hydrogen bonds to adjacent strands [54].
The peptide flip appears to be coupled to the addition of ammonia to AtPdx1.3-R5P;
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Met 162 is one of the conserved methionine residues that line the transient tunnel that
ammonia is channelled through, and is located on strand β6 (Figure 3.10b). It is possible
that the passage of ammonia through the tunnel disrupts the conformation of the β6
strand via Met 162 and through this mechanism couples glutamine hydrolysis to the
conformational changes in Pdx1 required for I320 formation. A mutagenesis study by
Guedez et al identified the equivalent residue to Methionine 162 in Plasmodium Pdx1
as being important for coupling of the Pdx2 glutaminase activity to the biosynthesis of
PLP [69].

(b)

(a)

Figure 3.10: (a) The conformational changes that occur on strand β6 in the R5P (red
outline) - I320 (purple outline) transition. (b) Ammonia must pass from the
Pdx1 - Pdx2 interface site at the bottom of the (β/α)8 barrel, through the
hydrophobic tunnel gated by Methionine 92 and Methionine 162, to reach
the site of incorporation in I320.
The published NMR experiments showed that both C1 and C5 of I320 were bound to
nitrogen atoms; however, this was interpreted as being caused by the formation of an
off-pathway compound as a result of I320 cyclizing under the denaturing conditions used
for the experiment [76]. This crystal structure shows that the NMR data was collected
from an intact I320 complex and that the nitrogen atoms were those of the two lysine
side chains.
A summary of the reaction that occurs in the R5P - I320 transition is presented in
Figure 3.11. It is known that addition of ammonia to Pdx1-R5P triggers phosphate
elimination, dehydration at the C4 position and substitution of the C2 hydroxyl for an
amino group [51, 76]. The intermediate states that the reaction passes through between
the R5P and I320 states have not been structurally characterised; the use of site-directed
mutagenesis may allow the trapping of the enzyme in these intermediate states.
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Figure 3.11: The reaction scheme for the transition from the Pdx1-R5P state to the
Pdx1-I320 state.
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3.3.3 AtPdx1.3-I320/G3P
The structure of the AtPdx1.3-I320/G3P complex presented here was solved using data
collected by Dr Volker Windeisen and refined by Dr Yang Zhang (University of Cornell)
[127]. We observe that G3P binds in the P1 site and that the phosphate group of G3P
can displace the phosphate group eliminated from R5P during formation of the I320
intermediate. G3P binds covalently to the nitrogen atom of I320 that was incorporated
from ammonia during I320 formation (Figure 3.12).

Figure 3.12: Crystal structure of wild type AtPdx1.3 in the I320 state with G3P bound
at 1.90 Å resolution. The sidechains of Aspartate 41, Lysine 98 and Serine
121 are shown in stick format (carbon atoms forest, nitrogen atoms cyan,
oxygen atoms red). The I320 intermediate forms a covalent link between Lys
98 and Lys166 (I320 carbon atoms orange, oxygen atoms red, phosphorous
atoms purple, carbon atoms originating from G3P shown in yellow). 2FoFc electron density map is contoured around the covalent intermediate and
lysine residues 98 and 166 at 1 σ.
Until this structure was solved, it was unknown whether G3P bound to Pdx1 in the P1
or P2 site. The P1 site of Pdx1 is located in a similar position on the (β/α)8 barrel
as the active site for the archetypal (β/α)8 protein, Triose Phosphate Isomerase, which
binds G3P and catalyses its isomerisation to dihydroxyacetone phosphate [64].
There is also electron density in this structure for a ligand bound in the P2 site (Figure
3.13a & 3.13b). The electron density suggests that the molecule is phosphorylated; the
two compounds most likely to be binding in the P2 site are, therefore, R5P and G3P,
as they are both present in the soaking solutions. Refinement with G3P or R5P fitted
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into the density individually produced difference density peaks around the compounds,
suggesting that the models were not correct. Refinement with both R5P and G3P fitted
into the density, with occupancies of 0.66 and 0.34 respectively, produced no significant
difference density peaks. This suggests that the binding of these compounds in the P2 site
may be non-specific, and is primarily due to the affinity of the P2 site for the phosphate
groups. The observation that the furanose ring of R5P only hydrogen bonds to water
molecules, while the phosphate group forms several hydrogen bonds to the sidechains of
Arginine 154 and Arginine 155 on helix α6, and Lysine 204 from a neighbouring subunit,
supports this hypothesis (Figure 3.13c).

(a)

(b)

(c)

Figure 3.13: The P2 site in the Pdx1-I320/G3P structure shows electron density suggesting ligand binding. (a) R5P and (b) G3P were fitted into the density with
occupancies of 0.66 and 0.34 respectively. (c) The phosphate group of the
P2-bound R5P forms hydrogen bonds with the sidechains of Arginine 154,
Arginine 155 and Lysine 204 of a neighbouring subunit. Protein carbon
atoms forest, protein nitrogen atoms cyan, ligand carbon atoms orange, ligand oxygen atoms red, ligand phosphorous atoms purple. Electron density
displayed as a 2Fo-Fc map contoured at 1σ.
The observation that G3P binds in the P1 site and reacts covalently with I320 before the
Lysine 98 releases the intermediate is not consistent with the order of events presented
in the mechanism of PLP biosynthesis published by Hanes et al [76]. The electron
density for the covalent intermediate shows that the C1 bound oxygen atom of G3P is
retained at this stage in catalysis (Figure 3.12). This suggests that the formation of the
covalent bond between the C2 nitrogen of I320 and C1 of G3P occurs in a nucleophilic
addition reaction. A possible mechanism by which this may occur is presented in Figure
3.14. The aldehyde group of G3P (1) is protonated, either by the solvent or a catalytic
residue. After the protonated G3P binds in the P1 site, there is a nucleophilic attack
from the lone pair of the I320 C2 nitrogen to the C1 of G3P, resulting in the addition
of the two compounds and formation of 3. The charged nitrogen originating from I320
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is then deprotonated, either by the solvent or a catalytic residue to form 4, which is the
compound that has been modelled as the I320/G3P intermediate in Figure 3.12.
As C1 of G3P becomes C6 of PLP, which is not bound to a hydroxyl group, this group
must by eliminated before product formation. C2 of G3P becomes C5 of PLP, which
also lacks a hydroxyl group, this group must also be eliminated in the final steps of PLP
biosynthesis. Once the I320/G3P complex is formed, all of the atoms required to form
PLP are present; and only the release of the intermediate from Lysine 98, closure of the
pyridine ring and aromatisation have to take place before the product is formed.

Figure 3.14: A possible mechanism for the addition of G3P to the I320 intermediate to
form the Pdx1-I320/G3P intermediate (4).
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Enzyme assays show that in solution, the addition of G3P to AtPdx1.3-I320 triggers a
reduction in the magnitude of the I320 peak and an increase in absorbance at ∼415 nm
for PLP. The reason that it was possible to trap the enzyme in this state is unclear;
however, it is possible that the packing of the protein in the crystal lattice prevents
the conformational changes required for the transition from the I320/G3P bound to
the product state from taking place. It is known that the C-terminus of Pdx1, which is
disordered in crystal structures, interacts with the active site of the neighbouring subunit
and is required for conversion of I320 to PLP [60,61]. The C-terminus may be restricted
from adopting the conformation necessary for catalysis, by the crystal lattice, resulting
in the trapping of the I320/G3P intermediate.
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3.3.4 AtPdx1.3-PLP
The Pdx1-PLP complex has been studied previously with X-ray crystallography, NMR
and mass spectrometry. Mass spectrometry was used to identify Lysine 166 (Lysine
149 in B. subtilis) as the site of covalent binding of PLP by Pdx1 [60]. NMR experiments on Pdx1-PLP using 13 C labelled R5P to reconstitute the complex, identified that
the product remains bound to the ε-NH2 of the lysine residue by an imine bond [76].
However, the only published crystal structure of Pdx1 in complex with PLP showed
PLP bound in the P2 site without a covalent link to the protein [78]. The aim of this
experiment was to determine how PLP binds to AtPdx1.3.
Attempts to reconstitute the formation of PLP in crystallo, using R5P, ammonia and
G3P were unsuccessful; most likely because of the constraints imposed on the mobility of
the Pdx1 C-terminus by the crystal lattice. The structure of AtPdx1.3 in complex with
PLP was determined by performing crystallography experiments with AtPdx1.3 crystals
soaked with PLP, as described in Section 2.6.1. The experiment described here used a
protocol originally developed by Marco Strohmeier in the Tews group when reconstituting the Bacillus subtilis Pdx1-PLP complex (unpublished).
In addition to X-ray diffraction data, UV-Vis spectra were collected from AtPdx1.3 crystals after soaking with PLP. The UV-Vis spectrum shows an absorbance peak with
a λmax = 415 nm; PLP in the free form has an absorbance maximum at 388.5 nm,
while PLP covalently bound to protein has an absorption maximum at 415 nm (Figure
3.15) [76]. The spectrum, therefore, suggests that PLP is covalently bound to Pdx1 in
the crystal.
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Figure 3.15: UV-Vis spectrum of an AtPdx1.3 crystal after soaking with PLP and cryocooling to 100 K. The spectrum was smoothed using a Savitzky-Golay filter
(Section 2.9.1).
The structure shows that PLP binds covalently to Lysine 166, which has re-oriented
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towards the P2 site, published mass spectrometry experiments had previously identified
Lys 166 and the P2 site as the probable PLP binding site (Figure 3.16) [60]. The
phosphate group of PLP is anchored in the P2 site by hydrogen bonds to the sidechains
of residues Histidine 132 on helix α4, Arginine 154 and Arginine 155 on helix α6, and
the ε-NH2 of Lysine 204 from the neighbouring subunit on the opposite hexamer (Figure
3.17).

Figure 3.16: Crystal structure of wild type AtPdx1.3 solved at 1.61 Å. The sidechains of
Lysine 98 and Lysine 166 are shown in stick format (carbon atoms forest,
nitrogen atoms cyan). PLP is covalently bound to Lysine 166 (carbon
atoms originating from R5P orange, carbon atoms originating from G3P
yellow, nitrogen atoms blue, oxygen atoms red, phosphorous purple). 2FoFc electron density map is contoured around Lysine 166 and PLP at 1 σ.
Carbons 2, 2’, 3, 4 and 4’ of PLP originate from what were carbon atoms 1, 2, 3, 4,
and 5 of R5P respectively (Figure 3.19). Carbons 5, 5’, 6 and the phosphate group of
PLP originate from carbon atoms 2, 3 and 1 of G3P respectively (Figure 3.19). The
nitrogen atom is derived from ammonia which is produced by Pdx2-catalysed glutamine
hydrolysis. The bond between PLP and Lysine 166 is formed between the C4’ atom of
PLP, which was originally C5 of R5P, and the ε-NH2 of Lysine 166. As mentioned previously, the bond between Pdx1 and PLP has been characterised as an imine [76]. Pdx1,
therefore, forms an internal aldimine with PLP (Figure 1.2), with the same structure as
would be observed in a PLP-dependent enzyme.
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Figure 3.17: The phosphate group of PLP is coordinated by the sidechains of Histidine
132, Arginine 154, Arginine 155 in the P2 site, in addition to the sidechain
of Lysine 204 from a neighbouring subunit. Atoms coloured as described in
Figure 3.16.
While our structure of the Pdx1-PLP complex is in agreement with published mass
spectrometry and NMR data, it contrasts with that of Zhang et al where PLP was
observed to remain bound non-covalently in the Pdx1 P2 site (Figure 3.18a) [78]. Figure
3.18a shows the electron density surrounding PLP in the Zhang structure; there is an
absence of density around the C4’ hydroxyl group and continuous density from PLP
to Lysine 148 (equivalent to A. thaliana Lysine 166), this suggests that the position of
the ligand in the binding site may have been modelled incorrectly. Downloading the
coordinates and structures factors deposited in the PDB under accession code 3O05
allowed the refinement of the structure with the PLP modelled as covalently bound to
the lysine residue (Figure 3.18b).
The elimination of two molecules of water and the closure of the pyridine ring occur in the
I320/G3P - PLP transition. Given that several reactions must occur in this transition,
and that none of the intermediates between the two states have been characterised, it is
not possible to produce a detailed chemical mechanism for the transition that is based
on experimental evidence. Instead, a summary of the reaction is provided in Figure 3.19.
It is unknown whether ring closure and aromatisation occur in the P1 site or the P2 site,
but Figure 3.16 does show that the product remains covalently bound to the enzyme in
the P2 site. The structure that we observe for the Pdx1-PLP complex is represented
chemically in Figure 3.19 as intermediate 5, structurally in the sequences of wild type
structures presented in Figure 3.20d and as the final panel of the reaction schematic in
Figure 3.21.
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(a)

(b)

Figure 3.18: (a) The crystal structure of the Saccharomyces cerevisiae Pdx1-PLP complex as interpreted by Zhang et al [78]. (b) An alternative model for the
ScPdx1-PLP structure, the position of the PLP molecule was changed in
COOT and linked to the ε amino group of Lysine 148 followed by a single
round of restrained refinement in REFMAC [85,131]. Electron density contoured at 1 sigma. Lysine carbon atoms coloured green, nitrogen atoms
coloured blue, PLP phosphorous coloured purple, oxygen coloured red and
carbon coloured orange.
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Figure 3.19: A summary of the reaction that occurs during the conversion of the
I320/G3P intermediate (4) to the product, PLP (6). The intermediate
is released from Lysine 98 and two water molecules are released during closure of the pyridine ring and aromatisation to convert 4 to the Pdx1-PLP
complex observed in Figure 3.16 (5). The imine between Lys 166 and PLP
must be hydrolysed before the product can be released. The labelling of the
atoms in 4 and 5 relates to the original numbering in the substrates, the
labelling of the atoms in 6 relates to the numbering of the atoms in PLP.
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3.4 Discussion of wild type AtPdx1.3 results
The results presented in the chapter demonstrate that it is possible to reconstitute
the activity of AtPdx1.3 in solution, and to an extent, in crystallo. By integrating
the biochemical and structural data presented in this chapter, it has been possible to
characterise some of the intermediates of Pdx1-catalysed PLP biosynthesis. The four
structures presented in this chapter also clarify the mechanism by which Pdx1 transfers
reaction intermediates from the P1 site to the P2 site (Figure 3.20).
The key finding presented in the chapter is that the I320 intermediate is simultaneously
bound to both Lysine 98 and Lysine 166 (Figure 3.20b). The addition of ammonia to
AtPdx1.3-R5P appears to trigger the conformational change in strand β6 that results in
the reaction of Lys 166 with C5 of R5P and the elimination of the R5P phosphate group.
The dual linkage of the enzyme to the intermediate allows Pdx1 to maintain control of
the position of the atoms of the I320 intermediate once the phosphate of R5P has been
eliminated. The elimination of the R5P phosphate group must precede binding of G3P,
as the phosphate of G3P binds in the P1 site of Pdx1 and displaces the R5P phosphate
(Figure 3.21). Maintaining control of the position of the I320 intermediate ensures that
when G3P binds, the C2 nitrogen of I320 is in the correct position to react with the
aldehyde group of G3P.
The order of events that occur between the addition of G3P to I320 and the formation
of the product remain unknown. We do now know that release of the intermediate from
Lysine 98 occurs after the reaction of G3P with I320, but it is unknown whether release
from Lysine 98 precedes or follows ring closure and aromatisation. What is clear, is that
in the transition from the I320/G3P state to the product state, the phosphate group
from G3P must be released from the P1 site and the covalent bond to Lysine 98 must
be cleaved. The requirement to disrupt these interactions places an activation energy
barrier between the states and may be rate limiting.
We observe that PLP remains covalently bound to Pdx1 via an imine bond between C4’ of
PLP and the ε-NH2 of Lysine 166 (Figure 3.20d). The millimolar concentrations of PLP
present in the crystal soaking solutions ensured that the protein was fully occupied in the
PLP bound state. A significant fraction of the recombinantly expressed AtPdx1.3 also
purified with PLP bound to the protein (Figure 3.2), suggesting that there may be some
product inhibition of the enzyme.
The structures presented in this Chapter allow us to update the Pdx1 mechanism presented in the Introduction (Figure 1.5), to correct the structure of the Pdx1-PLP complex
and to fill in the gaps following the addition of ammonia and G3P to Pdx1-I320. A
schematic for this updated mechanism is presented in Figure 3.21.
Exchange of catalytic residues involved in PLP biosynthesis may enable trapping of further intermediates not accessible with the wild type protein. The experiments performed
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(a)

(b)

(c)

(d)

Figure 3.20: (a) The wild type AtPdx1.3-R5P structure (b) The wild type AtPdx1.3-I320
structure (c) The wild type AtPdx1.3-I320/G3P structure (d) The wild type
AtPdx1.3-PLP structure.
on variants of AtPdx1.3 with point mutations made to residues expected to contribute
to catalysis have been described in chapter 4.

Figure 3.21: The structural data presented in Chapter 3 allows an updated mechanism
for Pdx1 to be presented. R5P binds covalently to Lys98 in a condensation
reaction; the addition of ammonia causes Lys166 to reorient towards P1
and react with the carbohydrate to form I320; G3P binds in the P1 site and
reacts with I320; the I320/G3P intermediate is released by Lys98 allowing
the completion of PLP biosynthesis in the P2 site.
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3.5 Wild type AtPdx1.3 crystallographic statistics
Crystallographic Statistics for Wild Type AtPdx1.3 Structures
Protein Name (Dataset)
AtPdx1.3WT-R5P
AtPdx1.3WT-I320
(sw5-4)
(ma4-1)
Data Collection
ID14-1 (ESRF)
I04-1 (DLS)
23/06/2008
30/01/2012
Space group
R3
R3
Unit cell (Å)
176.7,176.7,114.6
178.5,178.5,116.3
Resolution (Å)
24.78-1.91 (1.94-1.91)
52.2-1.73 (1.76-1.73)
Rmerge
5.8 (41.6)
5.1 (39.1)
CC1⁄2
0.996 (0.812)
0.997 (0.841)
I⁄σ(I)
12.2 (2.7)
9.3 (1.9)
Completeness (%)
99.9 (100.0)
98.1 (99.7)
Multiplicity
3.9 (3.9)
2.9 (2.9)
Unique Reflections
106517 (5302)
148847 (7132)
Wilson B-factor (Å2 )
16.3
16.7
Rwork /Rfree
0.158/0.189
0.166/0.193
Number of atoms
Protein
8405
8548
Ligand
124
68
Water
859
1043
Ramachandran
Preferred
1100 (98.8%)
1092 (99.5%)
Allowed
13 (1.2%)
6 (0.5%)
Outliers
0 (0.0%)
0 (0.0%)
B-factors
Protein (Å2 )
29.4
22.8
2
Ligand (Å )
23.8
30.4
Water (Å2 )
32.5
33.9
RMS Deviations
Bond Lengths (Å)
0.006
0.006
Bond Angles (°)
0.800
0.805
Table 3.1: Table of crystallographic statistics for wild type AtPdx1.3-R5P and AtPdx1.3I320 structures
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Crystallographic Statistics for Wild Type AtPdx1.3 Structures
Protein Name (Dataset) AtPdx1.3WT-I320/G3P
AtPdx1.3WT-PLP
(vw47-2)
(ma17-3)
Data Collection
ID23-1 (ESRF)
ID14-1 (ESRF)
05/09/2009
04/12/2011
Space group
R3
R3
Unit cell (Å)
178.3,178.3,114.8
178.6,178.6,116.9
Resolution (Å)
44.57-1.90 (1.93-1.90)
50-1.61 (1.64-1.61)
Rmerge
11.5 (69.9)
4.7 (46.6)
CC1⁄2
0.977 (0.447)
0.998 (0.799)
I⁄σ(I)
6.1 (1.3)
9.0 (1.5)
Completeness (%)
99.4 (97.8)
100.0 (100.0)
Multiplicity
3.2 (3.0)
2.8 (2.8)
Unique Reflections
107077 (5240)
172020 (8994)
Wilson B-factor (Å2 )
26.9
15.7
Rwork /Rfree
0.184/0.226
0.148/0.170
Number of atoms
Protein
8164
8495
Ligand
156
144
Water
508
1123
Ramachandran
Preferred
1019 (98.5%)
896 (98.9%)
Allowed
13 (1.3%)
10 (1.1%)
Outliers
3 (0.3%)
0 (0.0%)
B-factors
Protein (Å2 )
32.6
25.6
2
Ligand (Å )
40.4
24.4
Water (Å2 )
36.6
37.3
RMS Deviations
Bond Lengths (Å)
0.027
0.006
Bond Angles (°)
2.33
0.796
Table 3.2: Table of crystallographic statistics for wild type AtPdx1.3-I320/G3P and
AtPdx1.3-PLP structures.

107

4 An Analysis of the Structure and Activity
of AtPdx1.3 Mutants
One of the aims of the work described in this thesis has been to characterise the structure
of AtPdx1.3 at different intermediate states in the catalytic cycle of the enzyme. The
protein must accumulate in a single intermediate state in the crystal for it to be possible
to determine the crystal structure. The structures described in Chapter 3 accumulated
in a single intermediate state by depriving the protein of specific substrates, ensuring
that the enzyme became trapped at a particular step in the reaction.
In order to elucidate the structure of additional intermediate states, it was decided to
select a few AtPdx1.3 residues that have been assigned as having a catalytic function,
and exchange them with similar residues to trap the enzyme at steps in the reaction that
the respective amino acids are required for. The effect of the point mutations on the
enzyme kinetics of Pdx1 was considered to be outside the scope of this project and has
been performed by Smith et al in their investigation into Geobacillus stearothermophilus
Pdx1 [75].
Although several point mutations were introduced into AtPdx1.3, only a few were characterised using biochemical assays and crystallography. The positions of the AtPdx1.3 variants characterised in this chapter are shown in Figure 4.1. The structures of wild type
AtPdx1.3 identified that Lysine 98, Aspartate 41 and Serine 121 in the P1 site interact
with R5P, I320 and I320/G3P (Figures 3.5, 3.9 & 3.12); exchange of these residues might
enable trapping of additional intermediate states in the steps preceding the addition of
G3P to I320.
Histidine 132 in the P2 site of AtPdx1.3 was identified as forming a hydrogen bond to
oxygen that links the pyridine ring of PLP to the phosphate group via an ester bond
(Figure 3.17). A reduction in the rate of PLP formation by the AtPdx1.3 H132N may
indicate that synthesis of PLP is completed in the P2 site.
The structures presented in Chapter 3 suggest that Lysine 166 is essential for the formation of the I320 intermediate (Figure 3.9). However, data in the literature suggest
that the exchange of Lysine 166 for arginine does not completely stop I320 formation,
but only reduces the rate of formation [74]. It was therefore decided to structurally
characterise the AtPdx1.3 K166R protein after incubation with R5P and ammonia.
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Figure 4.1: Positions of Pdx1 residues exchanged using site-directed mutagenesis.
The AtPdx1.3 mutants were expressed and purified using the same methods as for the
wild type protein. I320 and PLP enzyme assays were performed. Mutants that were
incapable of catalysing PLP biosynthesis were crystallised and soaked with substrates,
to determine the step in the reaction that catalysis is aborted and determine whether
the enzyme had become trapped in a previously unseen intermediate state not accessible
with the wild type protein.
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4.1 AtPdx1.3 D41N
Aspartate 41 (residue 24 in B. subtilis Pdx1), was identified as an essential amino acid
for catalysis of I320 formation, and therefore PLP biosynthesis, in the first investigation
into the nature of the I320 intermediate [74]. However, the exact role of Aspartate 41 in
the mechanism of I320 formation is unknown. It was decided to attempt to reconstitute
I320 formation in crystallo with the AtPdx1.3 D41N mutant, and to determine the
structure of the protein at the step in the reaction where catalysis was aborted. This
would inform us as to whether Aspartate 41 is required for the binding of R5P or for
the incorporation of ammonia, which must both occur before I320 forms.

Spectra of AtPdx1.3 D41N
The catalytic competency of AtPdx1.3 D41N was determined by collecting UV-Vis spectra of the protein after incubation with R5P and ammonia. Figure 4.1 clearly shows that
there is no change in the absorbance spectrum of AtPdx1.3 D41N after incubation with
R5P and ammonium sulphate. This was observed when the experiment was repeated
and is consistent with the 2% activity observed by Smith et al with the Geobacillus stearothermophilus Pdx1 protein mutated from aspartate to asparagine in the equivalent
position [75].
The absorbance at 315 nm reduced slightly over the first 50 seconds of the I320 assays
resulting in a calculated specific activity of -0.03 nmol mg−1 min−1 with a standard deviation of 0.03 nmol mg−1 min−1 . Relative to the wild type protein, this represents an
activity of -0.24% with a standard deviation of 0.23%. The slightly negative observed
activity may be caused by drift of the spectrophotometer rather than representing a real
decrease in absorbance at 315 nm. The activity of each of the AtPdx1.3 mutants for
I320 formation is listed in Table 4.3. The PLP assay was not performed as there was no
I320 present after one hour (Figure 4.1).
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Figure 4.2: Spectra of AtPdx1.3 D41N before (blue) and after a one hour incubation with
R5P and ammonium sulphate. Baseline correction for Rayleigh scattering
was performed as described previously (Section 2.5.1).
This experiment confirmed that residue Aspartate 41 is critical for the formation of
the AtPdx1.3I320 intermediate. However, the enzyme assay does not elucidate whether
the residue is required for binding of R5P, which has no spectroscopic signature, or for
incorporation of ammonia which must both occur for the formation of I320.

Structures of AtPdx1.3 D41N
The structure of AtPdx1.3 D41N in the native and R5P bound states was investigated
using X-ray crystallography following the observation that the mutant was incapable of
forming the I320 intermediate in solution. Attempts to form the I320 intermediate with
AtPdx1.3 D41N in crystallo were also unsuccessful.
Figure 4.3b shows that AtPdx1.3 D41N is capable of binding to R5P covalently, similarly
to the wild type protein. Aspartate 41 is therefore not essential for the binding of
R5P. This result contradicts a mass spectrometry experiment by Smith et al where it
was shown that incubation of GsPdx1 with R5P for 15 minutes did not result in a
covalent complex between Pdx1 and R5P [75]. An experiment that may be performed
to confirm that AtPdx1.3 D41N binds R5P covalently would be to collect mass spectra
of AtPdx1.3 D41N with and without incubating the protein with R5P, to determine
whether there is an increase in mass corresponding to binding of R5P.
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(a)

(b)

Figure 4.3: (a) Crystal structure of AtPdx1.3 D41N solved at 2.24 Å resolution in the
native state. (b) Crystal structure of AtPdx1.3 D41N solved at 2.18 Å resolution with R5P bound. The sidechains of Asparagine 41, Lysine 98 and
Lysine 166 are shown in stick format (carbon atoms forest, nitrogen atoms
cyan, oxygen atoms red) in both structures. R5P binds covalently to Lysine
98 in the P1 site (carbon orange, oxygen red, phosphorous purple). 2Fo-Fc
electron density is shown around Lysine 98 and the covalent intermediate,
contoured at 1σ.
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R5P binds in a similar conformation in both the D41N and the wild type structures
(Figure 4.4). As the wild type AtPdx1.3-R5P complex can be converted to the I320
intermediate by the addition of ammonia, it is likely that the substrate is oriented
correctly relative to the ammonia tunnel for the reaction with ammonia to occur in both
the wild type and D41N structures.
It is unclear what role Aspartate 41 plays in ammonia incorporation; it may participate
in acid-base catalysis that assists the leaving of the R5P C2 ketone group. However, the
sidechain of Aspartate 41 is only within hydrogen bonding distance of the C3 hydroxyl
group in both the wild type and mutant structures, so the mechanism by which it might
participate in acid-base catalysis is unclear (Figure 3.5 & 4.3b).

Figure 4.4: Overlay of R5P bound in the AtPdx1.3 D41N R5P structure (bold, red outline) and the wild type AtPdx1.3 structure (faded, black outline) Atoms
coloured as described in Figure 4.3b
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AtPdx1.3D41N crystallographic statistics
Crystallographic Statistics for AtPdx1.3 D41N Structures
Protein Name (Dataset)
AtPdx1.3 D41N Native
AtPdx1.3 D41N R5P
(ma237-2)
(ma240-1)
Data Collection
I02 (DLS)
I02 (DLS)
13/07/2015
13/07/2015
Space group
R3
R3
Unit cell (Å)
178.5,178.5,115.5
178.3,178.3,116.0
Resolution (Å)
89.26-2.24 (2.30-2.24)
46.37-2.18 (2.23-2.18)
Rmerge
10.2 (72.3)
5.4 (28.4)
CC1⁄2
0.995 (0.454)
0.997 (0.876)
I⁄σ(I)
6.1 (1.2)
8.8 (2.2)
Completeness (%)
95.0 (96.7)
99.4 (98.5)
Multiplicity
3.6 (3.3)
2.6 (2.4)
Unique Reflections
62682
71333
Wilson B-factor (Å2 )
35.6
28.6
Rwork /Rfree
21.88/25.33
17.32/20.25
Number of atoms
Protein
7903
8128
Ligand
0
108
Water
293
483
Ramachandran
Preferred
1041 (98.2%)
1058 (98.7%)
Allowed
18 (1.7%)
14 (1.3%)
Outliers
1 (0.1%)
0 (0.0%)
B-factors
Protein (Å2 )
49.1
39.4
2
Ligand (Å )
50.7
Water (Å2 )
40.2
39.7
RMS Deviations
Bond Lengths (Å)
0.013
0.016
Bond Angles (°)
1.690
1.824
Table 4.1: Table of crystallographic statistics for AtPdx1.3 D41N structures.
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4.2 AtPdx1.3 K98A
The K98A mutant has been well characterised in B. subtilis, where it has been observed
that the mutant is incapable of binding R5P covalently. The aim of the experiments
performed in this section was to attempt to solve the crystal structure of AtPdx1.3 K98A
in a state where R5P was bound non-covalently in the P1 site. Determining whether R5P
remained bound in the active site of AtPdx1.3 in the open or closed form would have
been informative in understanding whether Pdx1 catalyses ring opening and if Lysine
98 is required for that catalysis.

Spectra of AtPdx1.3 K98A
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Figure 4.5: Spectra of AtPdx1.3 K98A before (blue) and after a one hour incubation
with R5P and ammonium sulphate (yellow). Baseline correction for Rayleigh
scattering was performed as described previously (Section 2.5.1)
As expected, the AtPdx1.3 K98A mutant showed no activity for the production of I320
(Figure 4.5). Fitting a straight line to the absorbance at 315 nm over the first 50 seconds
of the I320 assay gave a specific activity of 0.31 nmol mg−1 min−1 , with a standard
deviation of 1.04 nmol mg−1 min−1 . The PLP assay was not performed.
Soaking of AtPdx1.3 crystals with R5P, using the same protocol as for the wild type
protein, was unsuccessful in producing a complex with R5P bound. This suggests that
residue K98 is essential for binding of R5P and that it is unlikely that R5P binds in
a stable, non-covalent complex with the millimolar concentrations of R5P used in the
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soaking experiment.

116

4.3 AtPdx1.3 S121A
Spectra of AtPdx1.3 S121A
The UV-Vis spectra of AtPdx1.3 S121A show that the mutant is capable of forming
the I320 intermediate and that after the addition of the third substrate, G3P, there is a
reduction in the I320 peak; however, there is no peak at 415 nm to signal production of
PLP (Figure 4.6a).
The specific activity of AtPdx1.3 S121A for I320 formation was measured in the same
way as described in Section 3.2 and is 0.88 nmol mg−1 min−1 with a standard deviation
of 0.15 nmol mg−1 min−1 . The rate of I320 formation by the S121A mutant is 7.97 % that
of the wild type, suggesting that although the residue is not essential for the formation
of I320, it is likely to be involved in catalysis. Interestingly, the absorbance at 315 nm
appears to increase for the first 1500 seconds at which point the absorbance decreases,
suggesting that the mutation may reduce the stability of the intermediate relative to
the wild type protein where I320 is stable in the protein for several days in the absence
of G3P. The wild type AtPdx1.3 I320 structure shows that the side chain of Serine 121
forms a hydrogen bond with the C3 oxygen of I320, this bond may be important for the
stability of the intermediate (Figure 3.9). Although the 320 nm peak was lower after the
PLP assay, the absorbance at 315 nm appeared to be decreasing during the I320 assay,
suggesting that reduction in the I320 peak may not have been caused by the addition of
G3P (Figure 4.6).
The absence of a peak at 415 nm after the PLP assay suggests that the S121A variant
lacks the capability to convert I320 to PLP (Figure 4.6a). Calculating the rate of PLP
biosynthesis by S121A, as described previously for the wild type protein, gives a specific
activity of 0.02 nmol mg−1 min−1 with a standard deviation 0.04 nmol mg−1 min−1 . This
is an activity of 4.84% relative to the wild type protein with a standard deviation of
8.82%. As two of the three showed slightly negative changes in absorbance, it is likely
that S121A is inactive for biosynthesis of PLP.
Serine 121, therefore, appears to accelerate the rate of I320 formation and is also essential for the conversion of I320 to PLP. These results suggest that I320 in the S121A
mutant may degrade into an off-pathway compound that does not convert into PLP. It
is unsurprising that catalytic residues in the P1 site, such as serine 121, are required for
the conversion of I320 to PLP as the addition of G3P occurs in the P1 site. Figure 3.9
shows that serine 121 forms a hydrogen bond to the oxygen atom of I320, this hydrogen
bond may be required to hold the intermediate in a position for G3P to react with the
nitrogen atom of I320.
Analysis of AtPdx1.3 S121A mutant at various time points after the start of the I320
assay by mass spectrometry may allow the formation of I320 to be tracked and for any
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Figure 4.6: (a) Spectra of AtPdx1.3 S121A before addition of substrates (blue), after a
one hour incubation with R5P and ammonium sulphate (yellow) and after
a further one hour incubation with G3P (green). Baseline correction for
Rayleigh scattering was performed as described previously (Section 2.5.1).
(b) I320 activity assay for AtPdx1.3 S121A, the experiment was repeated
three times, one representative assay is shown.
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products of I320 decomposition to be characterised. A mass spectrometry experiment
may also reveal whether the addition of G3P to I320 occurs in the S121A mutant, this
cannot be directly visualised using UV-Vis spectroscopy as the I320/G3P intermediate
has no known spectroscopic signature.
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4.4 AtPdx1.3 H132N
Spectra of AtPdx1.3 H132N
UV-Vis spectra of AtPdx1.3 H132N show that the mutant is both capable of forming the
I320 intermediate and catalysing PLP biosynthesis (Figure 4.7a). The specific activity of
AtPdx1.3 H132N for I320 formation is 13.47 nmol mg−1 min−1 with a standard deviation
of 1.13 nmol mg−1 min−1 ; this is 122.1% of the activity of the wild type, suggesting that
Histidine 132 is not involved in catalysis of I320 formation.
The rate of conversion of I320 to PLP by AtPdx1.3 H132N was 59.2% of that of the
wild type, suggesting that Histidine 132 plays a role in the catalysis of PLP biosynthesis.
The PLP assay was only performed twice for this variant due to a lack of protein. The
results of the PLP assays for each of the variants are presented in Table 4.4.
These assay results agree well with those of Smith et al, where the mutation of the
equivalent residue to Histidine 132 in G. stearothermophilus Pdx1 to glutamine resulted
in a 27% increase in I320 activity and a 22% reduction in the rate of PLP biosynthesis
[75]. The reason for the activity of this variant to be higher for I320 formation than
the wild type is not apparent; the residue is not close to R5P, I320 or the ammonia
tunnel linking Pdx1 and Pdx2. It is possible a smaller fraction of the protein co-purifies
with PLP bound in the P2 site than in the wild type, leaving Lysine 166 free to rotate
towards the P1 site during I320 formation. This hypothesis may be tested by comparing
the rates of I320 formation by the wild type and H132N variants after emptying of the
active sites by incubating the proteins with ammonia and G3P and performing dialysis
to remove the PLP.
Moccand et al have also shown that mutating the equivalent residues to Histidine 132
and Arginine 155, which are both in the P2 site of Pdx1, reduced the efficiency with
which B. subtilis Pdx1 catalyses the conversion of I320 to PLP [60]. The reduction in
the rate of PLP biosynthesis suggests that some part of catalysis occurs in the P2 site.
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Figure 4.7: (a) Spectra of AtPdx1.3 H132N before addition of substrates (blue), after a
one hour incubation with R5P and ammonium sulphate (yellow) and after
a further one hour incubation with G3P (green). Baseline correction for
Rayleigh scattering was performed as described previously (Section 2.5.1).
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4.5 AtPdx1.3 K166R
The role of Lysine 166 in catalysis of PLP biosynthesis has been the subject of extensive
investigation since the first experiments reconstituting Pdx1 activity in vitro [50]. Lysine
166 was initially identified as covalently binding to R5P; however, it has since been
shown that Lysine 98 is responsible for R5P binding [74]. Experiments reconstituting
I320 formation, with Lysine 166 exchanged for an arginine residue, have determined that
the mutant is capable of forming I320, although at a rate at least 12 times slower than
the wild type protein [74, 75].
In light of the wild type structure of AtPdx1.3 in the I320 state (Figure 3.9), it was
unclear how the formation of this intermediate would be possible with Lysine 166 exchanged for an arginine residue. It was therefore decided to crystallise AtPdx1.3 K166R
and soak the crystals with R5P and ammonia, to attempt to form the I320 intermediate
in crystallo.

Spectra of AtPdx1.3 K166R
Spectra were collected of AtPdx1.3 K166R in the native state and after the addition
of substrates, as described for the wild type protein earlier. Background scattering
appeared to have a stronger effect on the spectra of AtPdx1.3 K166R than the wild type
protein, as is visible in Figure 4.8. Relative to the background absorbance in each of the
K166R spectra the signal caused by absorption of light by the protein is weak (Figure
4.8a).
The attempt to subtract the background scattering from the spectra, using the protocol
described in Section 2.5.1, was partially successful. Figure 4.8b shows that the addition of
R5P and ammonia to AtPdx1.3 K166R causes the formation of a peak with a λmax =
332 nm (Figure 4.8b). The artefacts of the background subtraction observed in the
AtPdx1.3 K166R spectra are similar to those observed and described for the wild type
spectra (Figure 3.2).
To determine whether the K166R mutation has any effect on the absorbance spectra
of AtPdx1.3 in the I320 and PLP bound states, it is necessary to overlay the corrected
K166R spectra with those of the wild type protein (Figure 4.9).
Comparison of wild type AtPdx1.3 and AtPdx1.3 K166R after incubation with R5P
and ammonia show that there is a shift in the λmax of I320 from 312 nm in the wild type
protein to 332 nm for AtPdx1.3 K166R. This suggests that the chromophoric species
that is formed in AtPdx1.3 K166R has a different composition or conformation to the
I320 intermediate observed in the wild type protein. It is also clear that there is no
accumulation of a PLP upon addition of G3P to AtPdx1.3 K166R, the inability of
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Figure 4.8: (a) Raw spectra of AtPdx1.3 K166R before addition of substrates (blue),
after one hour incubation with R5P and ammonia salts (yellow), and one hour
after addition of G3P to AtPdx1.3-I320 (green). (b) Spectra after baseline
correction for Rayleigh scattering as described previously (Section 2.5.1).
Pdx1-K166R to form PLP has been documented previously [74].
To determine the precise effect of the AtPdx1.3 K166R mutation on I320 formation it
was necessary to solve the structure of AtPdx1.3 K166R after incubation with R5P and
ammonia, as has been described in the next section.
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Figure 4.9: (a) Spectra of wild type AtPdx1.3 (blue) and AtPdx1.3 K166R (red) after a
one hour incubation with R5P and ammonium sulphate. (b) Spectra of wild
type AtPdx1.3 (blue) and AtPdx1.3 K166R (red) after a one hour incubation
with R5P and ammonium sulphate followed by a one hour incubation with
G3P. Both sets of spectra were scaled by absorbance at 280 nm.
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Crystal Structures of AtPdx1.3 K166R
The crystal structure of AtPdx1.3 K166R was solved in the native state and after soaking
with R5P and ammonia. We observe that in the native state there is no substrate bound
to AtPdx1.3 K166R and that residue 166, which was mutated from lysine to arginine is
oriented towards the P2 site (Fig 4.10a).
Soaking of AtPdx1.3 K166R with R5P and ammonia results in a covalent complex
between the ε-NH2 of Lysine 98 and carbon 1 of the ribose as shown in Figure 4.10b.
UV-Vis spectra of AtPdx1.3K166R crystals were collected to ensure that the protein had
accumulated in the same intermediate state as observed when R5P and ammonia were
added to the protein in solution. An absorbance peak is observed at ∼335 nm, which is
consistent with the solution data (Figure 4.9).
The phosphate group from R5P remains bound to C5 in the P1 site (Figure 4.10b), a
published biochemical analysis of the Pdx1 reaction mechanism has shown that elimination of the phosphate group precedes the formation of the I320 intermediate [74]. The
intermediate that we observe in Figure 4.9 is, therefore, a pre-I320 intermediate state.
A comparison of the Ramachandran plots for wild type AtPdx1.3 in the R5P bound
and I320 states with that of AtPdx1.3 K166R in the pre-I320 state shows that addition
of ammonia to AtPdx1.3 K166R does trigger the peptide flip on strand β6 causing the
arginine residue to orient towards the P1 site (Figure 4.11b). However, the mutant is
unable to form the bridging I320 structure observed for the wild type due to the inability
of the arginine side chain to react with C5 of the pentose covalently. The phosphate
group of R5P appears to act as an anchor, ensuring that R5P is correctly positioned
for ammonia to react with the C2 atom and be incorporated into the I320 intermediate.
The phosphate group also ensures that C5 from R5P is in the correct position to react
with Lysine 166 when it orients towards P1.
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Figure 4.10: (a) Crystal structure of AtPdx1.3K166R in the native state solved at 2.4
Å. The sidechains of Lysine 98 and Arginine 166 are shown in stick format
(carbon atoms forest, nitrogen atoms cyan). A phosphate molecule is bound
in the P2 site (phosphorous purple, oxygen red). (b) Crystal structure of
AtPdx1.3 K166R in the pre-I320 state solved at 2.23 Å. The covalent intermediate is shown in stick format (carbon atoms orange, nitrogen blue, oxygen red, phosphorous purple). 2Fo-Fc electron density is contoured around
residue 98 and the covalent intermediate at 1σ.
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Figure 4.11: (a) Overlay of UV-Vis spectra collected from crystals of wild type AtPdx1.3I320 (yellow) and AtPdx1.3 K166R after soaking with R5P and ammonia
(purple). Spectra were normalised at 280 nm. (b) The transition from the
R5P bound state to the I320 intermediate is enabled by a peptide flip of
the Lys166-Gly167 peptide bond. The Ramachandran plot illustrates the
changes in backbone conformation between the wild type AtPdx1.3-R5P
complex (red) and the AtPdx1.3 K166R pre-I320 complex (green) which
has a similar backbone conformation on the β6 strand to the wild type
AtPdx1.3-I320 complex (purple). Threonine 165 shown as triangles, Lysine
166 squares and Glycine 167 circles.
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Crystallographic Statistics for AtPdx1.3 K166R Structures
Protein Name (Dataset)
AtPdx1.3 K166R
AtPdx1.3K166R-preI320
(ma46-1)
(ma54-1)
Data Collection
ID23-1 (ESRF)
ID23-1 (ESRF)
26/06/2013
27/06/2013
Space group
R3
R3
Unit cell (Å)
177.7,177.7,115.0
178.0,178.0,115.1
90,90,120
90,90,120
Resolution (Å)
92.12-2.40 (2.47-2.40)
92.23-2.23 (2.28-2.23)
Rmerge
0.137 (1.020)
0.094 (0.739)
1
CC ⁄2
0.962 (0.640)
0.990 (0.517)
I⁄σ(I)
4.2 (1.6)
7.2 (2.4)
Completeness (%)
92.2 (99.9)
99.7 (99.8)
Multiplicity
2.8 (2.8)
3.9 (3.8)
Unique Reflections
52535 (4548)
66508 (4475)
Wilson B-factor (Å2 )
35.6
30.2
Rwork /Rfree
22.30/26.66
19.30/23.38
Number of atoms
Protein
8053
8170
Ligand
20
68
Water
31
333
Ramachandran
Preferred
1032 (96.52%)
1063 (98.52%)
Allowed
35 (3.30%)
16 (1.48%)
Outliers
2 (0.19%)
0 (0.00%)
B-factors
Protein (Å2 )
24.99
43.31
Ligand (Å2 )
34.36
65.87
2
Water (Å )
18.41
40.16
RMS Deviations
Bond Lengths (Å)
0.004
0.015
Bond Angles (°)
0.843
1.830
Table 4.2: Table of crystallographic statistics for AtPdx1.3 K166R structures in the native and pre-I320 states.
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4.6 Summary of the Effect of Point Mutations on PLP
Biosynthesis
The observation that the H132N mutant has reduced activity for the conversion of I320
to PLP suggests that the P2 site is more than a product binding site and that some part
of the biosynthetic reaction does occur there. It is possible that ring closure and aromatisation occur after the bond between I320/G3P and Lysine 98 is cleaved, and Lysine
166 is allowed to re-orient towards the P2 site. Further characterisation of the I320/G3P
intermediate is dependent on identifying a mutation, or combination of mutations, that
can be made to Pdx1 to trap the enzyme in the I320/G3P state in solution.
The key finding in this chapter is the structure of the AtPdx1.3 K166R mutant in the
pre-I320 state. This structure demonstrates that the K166R variant is not capable
of synthesising the same I320 intermediate that is observed in the wild type protein
and illustrates how the Pdx1 enzyme maintains control of the substrate position in the
transition from the R5P state to the I320 and I320/G3P states. The pre-I320 structure
shows that the phosphate of R5P acts as a rigid anchor ensuring correct positioning
of R5P for ammonia incorporation and that the phosphate group is not released until
Lysine 166 reacts with C5 from R5P. Once the I320 is formed, bonded to both Lysine
98 and Lysine 166, the phosphate group from R5P may be displaced by G3P.
While Aspartate 41 plays a major role in the formation of I320, the exact function of the
residue has not been elucidated by the experiments described in this chapter, beyond
the observation that it is not essential for binding of R5P. Similarly, while Serine 121 is
responsible for enhancing the rate of I320 and is essential for PLP formation, the exact
catalytic function that the residue performs has not been clarified. A mass spectrometry
analysis of the product that forms during and after the I320 assay may be informative
in understanding whether the residue assists in maintaining the stability of the I320
intermediate.
Combining the information presented in chapters 3 and 4, it is possible to present an
updated chemical mechanism for Pdx1-catalysed PLP biosynthesis that is consistent
with the schematic presented in previous chapter (Figure 3.21). The proposed reaction
mechanism is presented in Figure 4.12, characterisation of the intermediate states not
trapped and characterised in this study may require the use of a different set of techniques to be captured. The use of time-resolved mass spectrometry may prove to be
an invaluable source of detailed chemical information about how the reaction proceeds
between the more stable intermediates that have been trapped here, this possibility is
explored further in the final discussion (Chapter 6).
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Figure 4.12: A reaction scheme for Pdx1 catalysed PLP biosynthesis is presented on the
basis of the structures presented in this thesis. Structures are presented
for the Pdx1-R5P complex (3) (Figure 3.5), a chromophoric preI320 intermediate (7) (Figure 4.10b), the Pdx1-I320 complex (9) (Figure 3.9), the
Pdx1-I320/G3P complex (10) (Figure 3.12), and the Pdx1-PLP complex
(16) (Figure 3.16).
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I320 Activity of AtPdx1.3 Mutants
AtPdx1.3 Mutant I320 Specific
Standard
% of Wild
Activity
Deviation
Type Activity
(nmol mg−1 min−1 ) (nmol mg−1 min−1 )
Wild Type
11.03
0.61
100 %
D41N
-0.03
0.03
-0.24 %
K98A
-0.31
1.04
-2.85 %
S121A
0.88
0.15
7.97 %
H132N
13.47
1.13
122.09 %
K166R
0.18
0.10
1.63 %

Standard
Deviation (%
Activity)
5.5 %
0.23 %
9.40 %
1.33 %
10.27 %
0.94 %

Table 4.3: The specific activity of AtPdx1.3 mutants for I320 formation.

Activity of AtPdx1.3 Mutants for PLP Biosynthesis
AtPdx1.3 Mutant PLP Specific
Standard
% of Wild
Activity
Deviation
Type Activity
(nmol mg−1 min−1 ) (nmol mg−1 min−1 )
Wild Type
0.47
0.09
100 %
S121A
0.02
0.04
4.84 %
H132N
0.28
0.04
59.16 %

Standard
Deviation (%
Activity)
18.27 %
8.82 %
7.52 %

Table 4.4: The specific activity of AtPdx1.3 mutants for conversion of I320 to PLP.
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5 Investigating the Effects of Radiation
Damage on the I320 Intermediate
The observation that AtPdx1.3-I320 formed a bridging structure between two active site
lysine residues was unexpected, as a structure of this kind had not been observed before.
In addition, compounds and cofactors bound to proteins by Schiff bases can be susceptible to site-specific radiation damage, as has been observed in the cases of phosphoserine
aminotransferase and bacteriorhodopsin [115, 116, 152]. This lead to the hypothesis that
the bridging structure may be an artefact caused by site-specific radiation damage. If
the I320 intermediate was damaged in a site-specific manner during data collection, this
would affect the electron density map and may mean that the bridging structure was
representative of a damaged state rather than being biologically relevant.
Given that the I320 intermediate is a chromophore, it would be expected that the spectra
of the crystals would change if radiation damage affected the chemical structure of the
compound. A prominent example of the use of UV-Vis spectroscopy to identify sitespecific radiation damage to the prosthetic group of a protein is the radiation-induced
isomerisation of rhodopsin in bacteriorhodopsin [115, 153].
UV-Vis spectra of AtPdx1.3-I320 crystals were collected online at ESRF beamline BM30
to determine whether X-ray irradiation resulted in damage to the I320 intermediate.
BM30 was chosen due to its top hat beam profile and large beam size which ensured
that the crystals were completely and evenly exposed to X-rays. Crystals were continuously exposed to X-rays without rotation of the goniometer, while UV-Vis spectra were
collected from the crystals.
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Figure 5.1: Spectra of AtPdx1.3-I320 crystal Ma150-1 before exposure to X-rays (blue),
and after a total of 800 seconds of X-ray exposure (red). The absorbed dose
was calculated to be 48.0 kGy using RADDOSE-3D.
Figure 5.1 shows that exposure of AtPdx1.3-I320 crystals to X-rays results in a change in
the UV-Vis spectrum of the crystal, the post-exposure crystal has a greater absorbance
at 320 nm. However, the background absorbance appears to increase, which makes it
difficult to interpret whether there is any real change in the amount or state of the I320
present in the crystal.
To identify the sources of the changes in the spectra a series of control experiments
were performed on the constituents of the buffer surrounding and within AtPdx1.3-I320
crystals, and on crystals of the AtPdx1.3 K98A mutant, which is incapable of forming
I320 (Section 5.1).
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5.1 Identifying the Source of the Radiation Induced Changes in
AtPdx1.3-I320 Spectra
It is clear that there are changes in the 200 nm - 450 nm region of spectra of AtPdx1.3I320 crystals when exposed to X-rays (Figure 5.1). The solvents surrounding the crystal
were exposed to X-rays, and the changes in the spectra were monitored as a function of
X-ray dose to determine whether solvent radiolysis was the source of the changes in the
spectra, rather than site specific damage to I320. Any of the constituents of the crystallisation buffer or cryoprotectant solutions may be affected by X-ray radiolysis, leading
to the generation of molecules that absorb light in the UV-Vis range and distortion of
the crystal spectra.

5.1.1 Irradiation of Water at 100 K
The major component of the solvent surrounding and within most protein crystals,
including those of AtPdx1.3, is water. Comparison of raw spectra collected from ice at
different doses shows few changes (Figure 5.2a). Subtracting the first spectrum collected
from each of the spectra collected during the X-ray exposure creates a set of difference
spectra; the changes in the spectra of water in response to irradiation are more clearly
visible in Figure 5.2b than Figure 5.2a with a clear peak forming at 270 nm. Rather
than overlaying all of the spectra to understand how the spectra change during X-ray
irradiation it is possible to plot all of the difference spectra on a single 3-dimensional
heat map (Figure 5.2c).
The most common products of the radiolysis of water are hydrogen radicals, hydroxyl
radicals, solvated electrons, hydroxide ions, hydronium ions, hydrogen gas and hydrogen
peroxide (Equation 5.1) [154]. Of the products of water radiolysis, the primary species
that absorbs light in the UV-Vis range is the hydroxyl radical (OH· ), which has an
absorption maximum at 280 nm in ice [155]. Water molecules, hydrogen peroxide and
hydroxyl ions do absorb light in the ultraviolet range, but all have absorption maxima
below 200 nm and so are not visible in this experiment [156,157]. The difference spectra
show a maximum change in absorbance of 0.025 absorbance units at ∼ 280 nm after a
100 kGy exposure, consistent with the findings of Ershov and Pikaev (Figure 5.2c) [155].
Given the small signal in the difference spectra of water before and after irradiation
at 100 K and the dilution of water by buffers and precipitants in the crystallisation
buffers it is unlikely that water radiolysis is a major source of the changes observed in
AtPdx1.3-I320 crystals.
H2 O + hv(X−ray) −−→ H· + OH· + e− + OH + H3 O+ + H2 + H2 O2

(5.1)

By fitting a Gaussian function to each of the difference spectra in the time series it is
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Figure 5.2: (a) UV-Vis absorption spectra of a thin film of water at 100 K before X-ray
exposure (blue), after absorbing 10 kGy (orange) and after absorbing 100
kGy (yellow).(b) Spectra of a thin film of water at 100 K immediately before
X-ray exposure (blue), after absorbing 10 kGy (orange) and after absorbing
100 kGy (yellow), with the spectrum of the film collected 100 seconds before
the beginning of irradiation subtracted. (c) 3-Dimensional plot showing the
change in the UV-Vis spectrum of water at 100 K in response to X-ray
irradiation.
possible to monitor how the size of the peak changes with dose and time. Figure 5.3 shows
that the size of the water radiolysis peak increases for the first 400 seconds (52 kGy) of
the X-ray exposure before reaching a plateau. After the X-ray shutter is closed at 1800
seconds the size of the peak decreases suggesting that the hydroxyl radicals recombine
to form non-chromophoric products. During the X-ray exposure, an equilibrium may be
reached with hydroxyl radical formation and recombination occurring at an equal rate.
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Figure 5.3: The peak observed in the water difference spectra had an absorption maximum at 270 nm and a peak sigma of 120 nm. The area under the peak is
plotted against time and dose.
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5.1.2 Irradiation of Glycerol at 100 K
Glycerol is used as a cryoprotectant in the buffers of the Pdx1 crystals, the role of the
cryoprotectant is to prevent the formation of crystalline ice around the crystal during
cryocooling. The diffraction of X-rays by multiple randomly oriented ice crystals has a
similar effect to that seen in powder diffraction experiments with Debye-Scherrer rings
present in the diffraction images; these can obscure diffraction from the protein crystal
and complicate data processing. In addition, the formation of ice crystals can disrupt
the lattice of the protein crystal and lead to a loss of diffraction. While diffraction is not
necessary for these spectroscopy experiments, the presence of ice on the samples also
reduces the quality of the spectra obtained, for this reason, the use of a cryoprotectant
is necessary.
Both 100% and 40% glycerol were exposed to X-rays to determine the effects of the Xrays on their UV-Vis spectra. Figure 5.4a shows the change in the UV-Vis absorbance
spectrum of 100% glycerol as a response to X-ray irradiation. Two peaks develop as
the absorbed dose increases, one with a λmax = 220 nm and one with a λmax = 510
nm (Figure 5.4b). The 40% glycerol difference spectra also have two peaks, although
the peak at 220 nm is relatively small compared to the 100% glycerol 220 nm peak and
the broad peak is shifted to a longer wavelength (λmax = 590 nm).
The broad peak between 300 nm - 700 nm has previously been observed when glycerol is
irradiated with X-rays and is attributed to the absorbance of light by solvated electrons
which are generated by the photoelectric effect [117, 158]. Interestingly the absorbance
at 530 nm increases for ∼ 25 seconds after exposure begins before appearing to decay,
despite the X-ray exposure continuing (Figure 5.4c). The decay of the solvated electron
peak has been observed previously, both in investigations into radiolysis of pure glycerol
and in cases where protein crystals were cryo-protected in glycerol [158, 159]. The reaction of the electrons with solvent molecules, causing the formation of anionic radical
species, has been identified as the cause of the decline in the solvated electron peak in
published pulse radiolysis experiments [160]. The rate of decay and extent to which
the absorbance returns to the baseline value was dependent on the composition of the
solvent that was irradiated in the previous experiments [160].
It is known from the literature that reducing the glycerol concentration causes the λmax of
the solvated electron peak to shift to longer wavelengths [117, 155]. McGeehan et al
showed that the λmax of the glycerol peak decreased approximately linearly as glycerol
concentration increased from ∼590 nm in 40% glycerol to ∼490 nm in 100% glycerol,
this finding is supported by similar results in a previous study by Ershov and Pikaev
and the results presented here [117, 155].
The absorbance peak at 230 nm increases continuously throughout the period of X-ray
irradiation (Figure 5.4c), previous pulse radiolysis experiments on glycerol showed an
increase in absorbance between 245 nm and 270 nm, due to generation of free-radicals
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Figure 5.4: Spectra were collected from 100% and 40% glycerol during irradiation at 100
K and are shown here at doses of 0 kGy (blue), 10 kGy (orange) and 100kGy
(yellow). (a) UV-Vis absorption spectra of a thin film of 100% glycerol. (b)
Difference spectra of a thin film of 100% glycerol. (c) 3-Dimensional plot
showing the change in the UV-Vis spectrum of 100% glycerol at 100 K in
response to X-ray irradiation. (d) UV-Vis absorption spectra of a thin film
of 40% glycerol. (e) Difference spectra of a thin film of 40% glycerol. (f) 3Dimensional plot showing the change in the UV-Vis spectrum of 40% glycerol
at 100 K in response to X-ray irradiation.
by X-ray radiolysis of glycerol [161]. The λmax of this peak was dependent on the pH of
the glycerol solution and shifted from ∼245 nm at pH 5.8 to ∼270 nm at pH 11.5 [161].
The product of glycerol radiolysis that has been identified as being primarily responsible
for this absorbance change is malondialdehyde [158, 161, 162]. Malondialdehyde is not
the final product of glycerol radiolysis as further exposure to X-rays causes it to be oxidised and form β-oxoacid which has an absorption maximum between 210 nm and 230
nm [162]. The proposed reaction mechanism for the conversion of glycerol to malondialdehyde is presented in Figure 5.6 and is based on Electron Spin Resonance studies of
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glycerol radiolysis [162–164].
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Figure 5.5: The peaks observed in the 100% glycerol difference spectra had absorption
maxima at 230 nm (a) and 530 nm (b). The peaks in the 40% glycerol
difference spectra had absorption maxima at 230 nm (c) and 590 nm (d).
The area under each peak is plotted against time and dose.
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Figure 5.6: The abstraction of a hydrogen atom from glycerol (1) by a hydroxyl radical produces a glycerol radical (2) and a molecule of water [164]. A water
molecule is spontaneously eliminated from the glycerol radical to form a dehydrated glycerol radical (3), this reaction may be acid catalysed [164]. A
hydrogen atom is transferred from one dehydrated glycerol radical to another this produces one molecule of 3-hydroxypropanal (4) and one molecule
of 3-hydroxyacrylaldehyde (5) [162]. 3-hydroxyacrylaldehyde reversibly tautomerises to malondialdehyde (6) which absorbs light in the UV-Vis range
(λmax 260 nm) [162].
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5.1.3 Irradiation of 2-Methyl-2,4-pentanediol (MPD) at 100 K
It has previously been identified that MPD, another commonly used cryoprotectant,
does not display a strong peak for solvated electrons during X-ray irradiation [117, 158].
If MPD could be substituted for glycerol as a cryoprotectant, this would be a method
for collecting spectra of AtPdx1.3-I320 without the effect on the spectra caused by the
generation of solvated photoelectrons as observed with glycerol (Figure 5.4c). This would
also be helpful in investigations into the effects of X-rays on proteins with a chromophore
such as haem and rhodopsin which have a λmax between 400 nm and 700 nm and have
been identified as being affected by site specific radiation damage through the use of in
crystallo UV-Vis spectroscopy [115, 165]. In the case of site specific radiation damage
to haem in myoglobin Hersleth et al had difficulty separating the effects of absorption
of light by solvated photoelectrons from the effects of radiation damage when glucose
and glycerol were used as cryoprotectants. The use of MPD as a cryoprotectant may
circumvent this problem [165].
While the solvated electron peak in irradiated glycerol does not strongly overlap with
the I320 peak or complicate interpretation of the spectra, the 220 nm peak does. If the
220 nm peak was absent in difference spectra of irradiated MPD there would be a clear
advantage to using MPD as a cryoprotectant in the experiments investigating the effect
of irradiation on the UV-Vis spectra of AtPdx1.3-I320 crystals.
Figure 5.7f shows that if there is any absorbance of light by solvated electrons between
400 nm - 700 nm in 100% MPD, as observed by Owen et al with 50% MPD, it has a
negligible effect on the spectra. However, the solvated electron peak is visible in the 40%
MPD data with a λmax ∼600 nm (Figure 5.7c). The magnitude of this solvated electron
peak is smaller than that observed in glycerol by a factor of ∼10.
A peak at ∼220 nm develops over the course of the experiment and may be caused by the
formation of a similar compound to the β-oxoacid that is generated by during glycerol
radiation; however, this cannot be confirmed without the use of EPR to analyse the
products of MPD irradiation. The determination of the compound responsible for the
absorbance peak ∼220 nm in irradiated glycerol was considered to be outside the scope
of this investigation. Due to the noisiness of the 40% MPD data, it was not possible to
produce a meaningful fit of the data to a Gaussian function; however, it was possible
for the 100% MPD data. Figure 5.8 shows a similar trend to that of the 100% glycerol
data with the rate of increase in the size of the 224 nm peak the greatest at the start of
irradiation.
As the peak ∼220 nm is present in the difference spectra of both glycerol and MPD,
there does not appear to be a clear advantage to using one instead of the other as a
cryoprotectant for the spectroscopy experiments investigating the effect of irradiation
on AtPdx1.3-I320 crystals.
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Figure 5.7: Spectra were collected from 40% and 100% MPD during irradiation at 100
K and are shown here at doses of 0 kGy (blue), 10 kGy (orange) and 100kGy
(yellow). (a) UV-Vis absorption spectra of a thin film of 40% MPD during
X-ray irradiation. (b) Difference spectra of a thin film of 40% MPD at 0
kGy, 10 kGy and 100 kGy. (c) 3-Dimensional plot showing the change in the
UV-Vis spectrum of 40% MPD at 100 K in response to X-ray irradiation.
(d) UV-Vis absorption spectra of a thin film of 100% MPD during X-ray
irradiation. (e) Difference spectra of a thin film of 100% MPD at 0 kGy, 10
kGy and 100 kGy. (f) 3-Dimensional plot showing the change in the UV-Vis
spectrum of 100% MPD at 100 K in response to X-ray irradiation.
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143

5.1.4 Irradiation of the AtPdx1.3-I320 Cryobuffer at 100 K
In addition to water and glycerol the cryobuffer that the AtPdx1.3-I320 crystals were
mounted in contained PEG 4000, sodium acetate and Tris. Comparison of the cryobuffer
spectra with those of 40% and 100% glycerol enables identification of peaks that develop
as a result of radiolysis of the buffers and precipitants used for crystallisation.
The spectra of the cryobuffer appear to be similar to that of the glycerol solutions, a
peak is visible at 220 nm, as is a second broad peak with a λmax ∼600 nm (Figure 5.9).
The shift in λmax of the solvated electron peak from 590 nm in 40% glycerol to 600
nm in the cryobuffer is likely to be caused by the concentration of glycerol in the buffer
being 20% lower. This result suggests that if the PEG 4000, sodium acetate and Tris
are being affected by the radiation, the products that they are forming do not absorb
light significantly in the UV-Vis range.

Figure 5.9: 3-Dimensional plot showing the change in the UV-Vis spectrum of the cryobuffer solution in response to X-ray irradiation.
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Figure 5.10: (a) UV-Vis absorption spectra of a thin film of the Pdx1 cryobuffer at 100
K before X-ray exposure (blue), after absorbing 10 kGy (orange) and after
absorbing 100 kGy (yellow). (b) Difference spectra of a thin film of cryobuffer solution immediately before X-ray exposure (blue), after absorbing
10 kGy (orange) and after absorbing 100 kGy (yellow). (c) Change in size
of the 230 nm peak during X-ray irradiation. (d) Change in size of 600 nm
peak during X-ray irradiation.
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5.1.5 Irradiation of AtPdx1.3 K98A crystals at 100 K
A control experiment was performed using crystals of the K98A mutant, to determine
whether the spectroscopic changes observed when AtPdx1.3-I320 crystals were irradiated
were caused by changes in the protein structure or damage to I320. The K98A mutant
was chosen as it has been shown to be incapable of forming a covalent complex with R5P
or catalysing I320 formation (Section 4.2). Any change in the spectra of these crystals
should, therefore, be attributable either to reaction products of solvent radiolysis or
damage to the protein itself.
It is expected that if the difference spectra show the same changes in the spectra as
the cryobuffer (Figure 5.9), then the only source of the changes in the spectra is solvent
radiolysis.
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Figure 5.11: (a) UV-Vis absorption spectra of an AtPdx1.3 K98A crystal at 100 K
before X-ray exposure (blue), after absorbing 10 kGy (orange) and after
absorbing 100 kGy (yellow). (b) Difference spectra of an AtPdx1.3 K98A
crystal immediately before X-ray exposure (blue), after absorbing 10 kGy
(orange) and after absorbing 100 kGy (yellow).
The difference spectrum of AtPdx1.3 K98A at 100 kGy shows three main features, a peak
at ∼235 nm with a shoulder at ∼310 nm, and a broad peak at ∼600 nm (Figure 5.11b).
Given that the solvent surrounding AtPdx1.3 K98A crystals contains 20% glycerol it is
likely that the 235 nm and 600 nm peaks are caused by glycerol radiolysis and generation
of solvated electrons.
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Figure 5.12: 3-Dimensional plot showing the change in the UV-Vis spectrum of the cryobuffer solution in response to X-ray irradiation.
As we know that the K98A mutant is incapable of forming the I320 intermediate, it is
possible to exclude site-specific radiation damage to I320 as a cause for the formation of
the 310 nm peak. The peak is absent in the difference spectra for the cryobuffer (Figure
5.10b) and is, therefore, likely to be formed as a result of damage to the protein. On
the basis of the results shown here, it is not possible to identify a particular amino acid
that is likely to be the source of the change in the spectra.
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5.1.6 Irradiation of AtPdx1.3-I320 crystals at 100 K
The raw spectrum of an AtPdx1.3-I320 crystal before irradiation appears as may be
expected; a strong peak at 220 nm caused by absorbance by the peptide backbone, a
second peak at 280 nm caused by absorption by the aromatic residues and a third peak
at 320 nm due to the presence of the I320 intermediate (Figure 5.13a, blue).
Similarly to the AtPdx1.3 K98A spectra, the difference spectra of AtPdx1.3-I320 during
irradiation also show an intense peak at ∼235 nm, due to glycerol radiolysis, a transient
solvated electron peak at ∼600 nm and a slight shoulder at 310 nm caused by an unknown
damage process involving the protein.
While these results suggest that radiation damage to the I320 intermediate does not
occur within the first 250 kGy of irradiation, the results are not entirely conclusive, as
any change in absorbance by the I320 intermediate may be obscured by the effects of
solvent radiolysis. To gain a greater understanding of whether site specific radiation
damage has an effect on the structure of the I320 intermediate, it was decided to solve
the structure at a dose below 200 kGy, which is the dose range in which these spectral
changes are taking place. Section 5.2 describes the experiments performed to solve the
AtPdx1.3-I320 structure at low dose improve our understanding of how the structure of
the protein changes in response to the absorption of X-rays.
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Figure 5.13: (a) UV-Vis absorption spectra of a wild type AtPdx1.3-I320 crystal at 100 K
before X-ray exposure (blue), after absorbing 10 kGy (orange) and after absorbing 100 kGy (yellow).(b) Difference spectra of an AtPdx1.3-I320 crystal
immediately before X-ray exposure (blue), after absorbing 10 kGy (orange)
and after absorbing 100 kGy (yellow). (c) 3-Dimensional plot showing the
change in the UV-Vis spectrum of the cryobuffer solution in response to
X-ray irradiation.
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5.2 Using Multi-Crystal Techniques to Investigate Radiation
Damage
The changes in the spectra of the AtPdx1.3-I320 crystals are taking place within the
first few hundred kilograys of X-ray exposure (Figure 5.13c). Radiolysis of solvent molecules such as glycerol or water is unlikely to be visible in the electron density maps for
AtPdx1.3-I320 as the vast majority of these molecules in the crystal are not present in
an ordered position that is consistent across unit cells. In contrast, any specific radiation
damage taking place in ordered components of the unit cell, such as the majority of the
amino acids in the protein and the ligands such as I320 will be visible as a change in the
electron density surrounding the damaged atoms.
It is necessary to solve the structure in a relatively undamaged state and compare that
structure to the damaged state to observe the effect that site-specific radiation damage
has on the protein structure. A complete dataset must be collected at a dose lower than
that at which the damage processes are completed to determine the protein structure in
a relatively undamaged state.
Given that most of the changes in the spectra appear to be taking place within the first
250 kGy of irradiation it was, therefore, necessary to collect a complete AtPdx1.3-I320
dataset at a dose lower than 250 kGy to compare to a higher dose dataset so that any
changes in the electron density could be identified. Attempts to collect a dataset from a
single crystal at a dose lower than 250 kGy were unsuccessful. It was, therefore, decided
to use multi-crystal merging techniques to construct a low dose dataset using the images
collected at a dose below 250 kGy to compare with another higher dose multi-crystal
dataset.
It was first decided to perform a positive control experiment using lysozyme, to ensure
that the protocol used here to construct the multi-crystal datasets worked. Lysozyme has
been investigated thoroughly as a model protein in the context of site-specific radiation
damage.

5.2.1 Multi-Crystal Lysozyme Data
The protocol used to produce the multi-crystal dataset for AtPdx1.3-I320 was based
on the methods used by Berglund et al to study the effects of radiation damage to
horseradish peroxidase, although different software packages were used (Section 2.8.1)
[98]. Lysozyme was chosen for the control experiment because it can be purchased
commercially, reproducibly crystallises to high resolution and contains four disulphide
bonds that are known to be damaged in a site-specific manner [166–168].
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Figure 5.14: The secondary structure of lysozyme is presented in cartoon format with the
eight cysteine residues that form the four disulphide bonds shown in stick
format. The structure was solved at 1.5 Å using multi-crystal data from
the first 100 images (10 degrees) of several data collections and molecular
replacement using PDB:2VB1 as a search model [139].
The diffraction weighted dose metric is used to determine the dose at which each image
is collected. DWD tends to increase as more images are collected, and crystal absorbs
more X-rays. The rate at which the DWD increases varies over the course of the data
collection, this is because the beam size is smaller than the crystal and in different orientations the ratio between unexposed regions and damaged regions of the crystal rotating
into the beam changes (Figure 5.15a). The DWD can also be lower for later images than
earlier images if the crystal is rotated into an orientation where the beam mostly passes
through regions of the crystal that were previously unexposed to X-rays (Figure 5.15a).
Despite using the same protocol to collect the lysozyme datasets, variations in the size
of the crystals resulted in datasets collected from different crystals being collected at
different dose rates (Figure 5.15b).
As it is difficult to determine the exact orientation of the crystal relative to the beam
at the start of the data collection it, was assumed that the largest face of the crystal
was perpendicular to the beam at the start of data collection. To calculate the dose
that each image was collected at, it was also assumed that the DWD increased at a
steady rate throughout the data collection. The doses stated for each of the lysozyme
isomorphous difference density maps are the average DWD for all the datasets included
in the multi-crystal datasets. The average DWD for the each of the datasets included
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in the multi-crystal analysis was 705 kGy, and the dose for each 100 image sweep was
20 kGy.
It is expected that data collected from cryocooled crystals beyond the Garman limit of
30 MGy is likely to be significantly affected by global radiation [95]. Global radiation
damage causes an increase in the disorder of the atoms in the crystal leading to a reduction in the intensity of reflections, with a more severe effect at higher resolutions. While
all of the datasets collected for the multi-crystal dataset are collected at a dose below
the Garman limit, it is possible to observe the effects of global radiation damage from
the start of data collection. Several metrics have been used in the literature to identify
the signs of global radiation damage in crystallographic datasets. A trend towards a
decrease in the signal to noise ratio (I⁄σ(I)) for reflections in the highest resolution shell
or an increase in the Wilson B-factor may be indicative of an increase in the disorder,
caused by global radiation damage; these metrics were used by Garman & Owen to
monitor global radiation damage in apoferritin crystals [169].
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Figure 5.15: (a) Plot of change in diffraction weighted dose during collection of X-ray
diffraction data from a lysozyme crystal. (b) Datasets were collected from
five lysozyme crystals, the diffraction weighted dose was calculated for a
single data collection from each crystal used. Two of the 16 datasets were
collected from crystals Lys 2 (black), one from Lys 6 (green), eight from
Lys 10 (magenta), two from Lys 11 (blue) and three from Lys 12 (red),
(Appendix .2).
There appears to be no strong correlation between dose and I⁄σ(I) ratio for the composite
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Figure 5.16: (a) The I⁄σ(I) ratio in the 1.53 Å -1.50 Å resolution shell (b) The Wilson
B-factor for each of the 36 multi-crystal lysozyme datasets plotted against
dose (MGy).
lysozyme datasets up to a dose of 3.5 MGy (Figure 5.16a). If there is a significant change
in the I⁄σ(I) ratio, it may be hidden by variation caused by using different combinations of
datasets to produce the composite maps at different doses. There does appear to be an
increase in the Wilson B-factor with DWD, as previously observed for lysozyme crystals
by Kmetko et al (Figure 5.16b) [170]. These results demonstrate that global radiation
damage does have an effect on the quality of the data measured from the onset of data
collection.
Isomorphous difference density maps (Fon -Fo1 ) maps were constructed to visualise the
effects of specific radiation damage at disulphide bonds in lysozyme. Positive peaks in
the difference maps have a higher electron density in the Fon map than the Fo1 map
and have gained electrons in response to absorption of X-rays by the crystal. Negative
peaks in the difference map have a lower electron density in the Fon map than the Fo1
map and have lost electrons in response to absorption of X-rays by the crystal.
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Figure 5.17: Isomorphous difference density maps for lysozyme. Difference density is
shown for each of the four disulphide bonds comparing the lowest dose
sweep (n=1) to sweeps 9, 18, 27 and 36 (for a full set of maps see Appendix
.4). The dose was calculated using RADDOSE-3D. Red peaks indicate
loss of electrons; green peaks indicate areas with increased electron density,
contoured at 3.0 sigma. Atomic positions of the sulphur atoms (yellow) are
shown for the refined structure of lysozyme in the lowest dose dataset. Bond
1: Cys 6 (left), Cys 127 (right). Bond 2: Cys 30 (left), Cys 115 (right).
Bond 3: Cys 64 (left), Cys 80 (right). Bond 4: Cys 76 (left), Cys 94 (right).
The isomorphous difference density maps show that as DWD increases there is a reduction in electron density at the atomic positions for the sulphur atoms in the disulphide
bond suggesting bond cleavage (Figure 5.17). After cleavage of the disulphide bonds,
the sulphur atoms shift into new positions; this is visible in the Fon -Fo1 maps, as the
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positive difference density peaks (Figure 5.17). This observation is consistent with the
process of X-ray induced disulphide bond cleavage in elastase [167]. In all four bonds, it
is clear that the fraction of the sulphur atoms in the disulphide bonded state decreases
with dose; in some cases, the atoms shift to a new conformation shown by the green
electron density peaks (Figure 5.17). The absence of peaks showing the new position
of the other sulphur atoms suggests that they are disordered and may occupy several
different positions not visible in these maps.
While Figure 5.17 clearly shows that site-specific radiation damage occurs at the disulphide bonds, it is difficult to quantify the rate at which the damage is occurring by
looking at the maps. Using the Dloss metric put forward by Bury et al, it is possible to
assign each negative difference density peak in a Fon -Fo1 map to the nearest atom [102].
The Dloss metric quantifies the radiation induced density loss (RIDL) occurring at each
atom, in units of electrons lost per cubic Angstrom (e − Å−3 ). Performing this analysis
with all of the sweeps in the dose series means that the degree of radiation induced density loss at each atom can be plotted against dose to determine the rate of site-specific
radiation damage.
The Fon -Fo1 maps and the quantitative analysis of radiation induced density loss, presented in Figure 5.18 shows that the disulphide bonds are not affected equally by radiation
damage. Previous investigations into the effect of radiation damage on the disulphide bonds of lysozyme have identified that some disulphide bonds are more sensitive
to X-rays than others, a phenomenon that has also been observed in acetylcholinesterase [97, 171].
The radiation induced density loss at bonds two and three appears to occur symmetrically, with negative difference peaks appearing on both sulphur atoms in both bonds
(Figure 5.17). This is reflected in the overlap of the scatter plots of Dloss plotted against
dose for both atoms in the two bonds (Figure 5.18b & 5.18c). The difference density
maps of lysozyme disulphide bond two (Cys30-Cys115) showing both sulphur atoms
moving away from each other are consistent with those published by Weik et al [171].
In contrast, for bonds one and four, there is a strong loss of density close to one sulphur,
while the other atom in the bond remains in the original position. This can be observed
in the Dloss scatter plots for the two bonds, where the radiation induced density loss
occurs faster for one atom than the other (Figure 5.18a & 5.18d).
The primary purpose of this experiment was to demonstrate that the protocol used
is suitable for identifying sites of specific radiation damage in protein crystals. The
isomorphous difference density maps clearly show similar effects to those observed in
previous studies of X-ray induced disulphide bond radicalisation and cleavage [97, 168,
171]. It should, therefore, be possible to identify whether or not the I320 intermediate
is damaged in a site-specific manner by using a similar protocol with AtPdx1.3-I320
crystals.

154

6
6
5

4

A!3 )
Dloss (e 8

A!3 )
Dloss (e 8

5

3

2

4
3
2

1

1

0

0
0

200

400

600

0

200

Dose (kGy)

(a)

600

(b)

3.5

7

3

6

2.5

5

A!3 )
Dloss (e 8

A!3 )
Dloss (e 8

400

Dose (kGy)

2
1.5

4
3

1

2

0.5

1
0

0
0

200

400

600

0

Dose (kGy)

200

400

600

Dose (kGy)

(c)

(d)

Figure 5.18: The loss of electron density close to the sulphur atoms of the lysozyme
cysteine residues is plotted against dose for the multi-crystal lysozyme data.
(a) Bond 1, Cys6 (blue), Cys127 (red). (b) Bond 2, Cys30 (blue), Cys115
(red). (c) Bond 3, Cys64 (blue), Cys80 (red). (d) Bond 4, Cys76 (blue),
Cys94 (red).
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Rate of RIDL around Disulphide Bonded Cysteines
Residue Rate (e − Å−3 kGy−1 )
R-square
Cys 6
5.2 ×10−3
0.65
−3
Cys 30
6.4 ×10
0.66
Cys 64
9.4 ×10−4
0.10
Cys 76
2.4 ×10−3
0.46
−3
Cys 80
2.5 ×10
0.43
Cys 94
7.0 ×10−3
0.83
Cys 115
4.4 ×10−3
0.39
−3
Cys 127
2.8 ×10
0.67
Table 5.1: The rate of radiation induced density loss was determined using a linear regression of Dloss against dose for each of the sulphur atoms in the disulphide
bonded cysteine residues. Linear regression and calculation of R-squared values was executed in MATLAB.
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Crystallographic Statistics for Lysozyme
Protein Name (Dataset)
Lysozyme
Lysozyme
(sweep 1, 20 kGy)
(sweep 36, 720 kGy)
Data Collection
I04 (DLS)
I04 (DLS)
Space group
P 43 21 2
P 43 21 2
Unit cell (Å)(a, b, c)
77.4, 77.4, 37.5
77.4, 77.4, 37.5
Resolution (Å)
38.65-1.50 (1.53-1.50) 38.65-1.50 (1.53-1.50)
Rmerge
15.4 (81.9)
36.3 (410.0)
1
CC ⁄2
0.993 (0.753)
0.988 (0.325)
I⁄σ(I)
19.3 (10.4)
19.2 (9.4)
Completeness (%)
99.9 (100.0)
99.9 (99.9)
Multiplicity
9.6 (9.9)
10.2 (10.4)
Unique Reflections
18683 (895)
18784 (895)
Wilson B-factor (Å2 )
9.6
10.1
Rwork /Rfree
16.55/20.24
17.04/20.71
Number of atoms
Protein
1007
1004
Ligand
0
0
Water
140
123
Ramachandran
Preferred
123 (98.4%)
123 (97.6%)
Allowed
2 (1.6%)
3 (2.4%)
Outliers
0 (0.0%)
0 (0.0%)
B-factors
Protein (Å2 )
9.3
9.1
Cysteine SG Atoms
6.98
8.56
(Å2 )
Water (Å2 )
23.0
23.7
RMS Deviations
Bond Lengths (Å)
0.036
0.035
Bond Angles (°)
2.852
3.022
Table 5.2: Table of crystallographic statistics for lysozyme structure solved at 1.5 Å using molecular replacement with PDB:2VB1 as a search model [139].
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5.2.2 Multi-Crystal AtPdx1.3-I320 Data
Multi-crystal datasets were constructed for AtPdx1.3-I320 using the same protocol described for lysozyme. Although the same protocol was used for collection of all datasets,
variations in the sizes of the crystals and changes in the flux over the period of the
beamtime resulted in each crystal absorbing a different dose. The dose listed for each
composite dataset is the average diffraction weighted dose for all of the sweeps of data
that were merged to construct the composite dataset. The doses calculated for the
individual datasets are listed in Appendix .6.
In the case of site-specific radiation damage to the I320 intermediate, it would be expected that a negative difference density peak would appear on one or more of the atoms in
the isomorphous difference maps presented in Figure 5.19. As the I320 intermediate in
each of the four chains has the same structure, and similar local environments, it would
also be expected that any changes in the electron density as the absorbed dose increases
would be consistent between the chains.
Although some peaks do appear in some of the isomorphous difference density maps,
they do not appear in the same position consistently at different doses or show any
trend to increase in magnitude with increasing dose (Figure 5.19). This suggests that
the peaks that are observed are not caused by site-specific radiation damage and may
instead result from noise in the electron density maps. As the same set of phases is used
for calculation of all of the electron density maps any peaks in the electron density maps
are caused by differences in the amplitudes of the structure factors, which are calculated
from the measured intensity values.
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Figure 5.19: Isomorphous difference density maps for AtPdx1.3-I320. Difference density
is shown for the I320 intermediate in each of the four chains within the
asymmetric unit of the AtPdx1.3-I320 crystals. The dose was calculated
using RADDOSE-3D. Red peaks indicate loss of electrons; green peaks indicate areas with increased electron density, contoured at 3.0 sigma. Atomic
positions of the I320 are shown for the refined structure for the lowest dose
dataset. Lysine 98 (left) and Lysine 166 (right) sidechains are shown in
stick format with carbon atoms coloured forest and the epsilon nitrogen
atom coloured cyan. Carbon atoms of the intermediate are coloured orange
with the C3 bound oxygen coloured red and the C2 bound nitrogen coloured
blue.
Figure 5.20 shows that none of the atoms in the I320 intermediate shows a positive
correlation between absorbed X-ray dose and Dloss over the first 1.4 MGy. There is no
significant change in Dloss when the average loss of electron density is calculated for all
atoms in I320 averaged for all four chains in the asymmetric unit (Figure 5.20j, green).
It can, therefore, be concluded that the peaks in the isomorphous difference density
maps close to I320 are caused by noise in the measurements of the intensities (Figure
5.19). It may be possible to reduce the amount of noise in the maps by cutting the
resolution of the data used for calculation of the maps more conservatively so that the
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⁄
for the data is higher. If the experiment was repeated, it would be beneficial to
collect more datasets than used in this analysis. The availability of more data to merge
allows for composite datasets with greater multiplicity to be constructed; datasets with
high multiplicity contain several observations for each unique reflection. The average
intensity for all of the merged intensities is calculated at the merging stage of data
processing. Each observed intensity is measured with an associated error; by averaging
multiple observations of a reflection, the random errors associated with each observation
are more likely to cancel each other out to a greater degree than if fewer reflections are
averaged. The availability of more data also makes it possible to discard datasets that
do not merge well, without compromising on the completeness of the composite datasets.
I σ(I)

The effects of specific radiation damage are visible around radiation-sensitive cysteine
sidechains. Figure 5.21 shows that the changes in the electron density around the side
chain of cysteine residue 146 in AtPdx1.3 are relatively consistent between the four
chains in the asymmetric unit (ASU). Not all of the cysteine residues in AtPdx1.3 are
radiation sensitive; residue 286 shows no signs of radiation damage in any of the chains
in the ASU (Appendix .8). The varying sensitivities of the cysteine residues is similar
to that observed with the disulphide bonds in lysozyme, different acidic residues in a
given protein have also been observed to decarboxylate at different X-ray doses [102].
The electron density maps for the cysteine residues act as a further control, demonstrating that the multi-crystal data collection protocol is capable to detecting site specific
radiation damage in AtPdx1.3-I320.

Figure 5.21: Isomorphous difference density maps for cysteine 146 of AtPdx1.3. Red
peaks indicate loss of electrons; green peaks indicate areas with increased
electron density, contoured at 3.0 sigma. Carbon atoms of Cys146 are
coloured green with the sulphur atom coloured yellow.
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Figure 5.20: The loss of electron density close to the atoms of the I320 intermediate is
plotted against dose for the multi-crystal AtPdx1.3-I320 data. (a) I320 C1;
(b) I320 C2; (c) I320 C3; (d) I320 C4; (e) I320 C5; (f) I320 N2; (g) I320
O3; (h) Lysine 98 ε-NH2 (i) Lysine 166 ε-NH2 (j) Average for all I320 atoms
including ε-NH2 atoms of Lysine 98 and 166. Chain A (blue); Chain B
(red); Chain C (yellow); Chain D (purple); Average (green).
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Rate of RIDL around AtPdx1.3-I320 atoms
Residue
Chain Rate (e − Å−3 kGy−1 ) R-square
I320 C1
A
-2.5 ×10−4
0.17
−4
B
-1.4 ×10
0.02
C
-3.2 ×10−4
0.09
D
-1.1 ×10−4
0.01
−4
I320 C2
A
-5.1 ×10
0.26
B
-3.7 ×10−4
0.09
−4
C
-4.8 ×10
0.32
D
×10−4
I320 C3
A
-5.6 ×10−4
0.51
B
5.6 ×10−5
0.01
C
-3.4 ×10−5
0.00
−4
D
2.5 ×10
0.12
I320 C4
A
-4.8 ×10−4
0.70
−4
B
-5.5 ×10
0.35
C
-2.7 ×10−4
0.08
D
-1.1 ×10−4
0.05
−4
I320 C5
A
-2.6 ×10
0.08
B
-2.8 ×10−4
0.32
−4
C
-2.9 ×10
0.13
D
-1.9 ×10−4
0.13
−4
I320 N
A
-1.3 ×10
0.04
B
-5.5 ×10−4
0.29
C
-1.6 ×10−4
0.07
−4
D
-6.8 ×10
0.39
I320 O
A
-7.0 ×10−4
0.46
−4
B
-6.0 ×10
0.11
C
-4.0 ×10−4
0.07
D
1.4 ×10−5
0.00
−4
Lys98 ε-NH2
A
-4.2 ×10
0.13
B
-7.7 ×10−4
0.77
−4
C
-9.3 ×10
0.75
D
-5.1 ×10−4
0.10
−4
Lys166 ε-NH2
A
-5.1 ×10
0.13
B
-4.4 ×10−5
0.00
C
-2.9 ×10−4
0.38
−5
D
-8.7 ×10
0.03
Table 5.3: The rate of radiation induced density loss was determined using a linear regression of Dloss against dose for each of the atoms in AtPdx1.3-I320. Linear
regression was performed in MATLAB and calculation of R-squared values
was performed in MATLAB.
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5.3 Summary of the Effects of Radiation Damage on
AtPdx1.3-I320
The primary aim of the experiments presented in the chapter has been to ascertain
whether the I320 intermediate is damaged by X-rays in a site-specific manner. To monitor the state of the intermediate, UV-Vis spectra were collected from AtPdx1.3-I320
crystals and simultaneously exposed to X-rays.
The use of UV-Vis spectroscopy to track site-specific radiation damage in protein crystals
has typically been limited to proteins containing chromophores with absorption maxima
at wavelengths longer than 400 nm. The spectra of these proteins are often truncated and
do not show the changes whether changes are occurring in the UV-Vis spectra below 300
nm. The reasoning for this is that the intensity of the halogen-deuterium light sources
used in these experiments is relatively weak below 300 nm resulting in excessive noise in
the UV region of the spectra. Figure 5.13a shows that it is possible to observe a clearly
defined peptide peak ∼220 nm. With an appropriate experimental setup, it is, therefore,
possible to collect spectra with usable information as far as the mid-UV region of the
spectrum, despite the low photon count.
The investigation into the effects of irradiation on AtPdx1.3-I320 has been dependent on
being able to interpret changes in the UV region of the spectra of the protein crystals.
The effect of random noise on the spectra below 300 nm was relatively simple to treat
with the use of smoothing procedures such as Savitzky-Golay filters on the data. The
issue of solvent radiolysis, particularly in samples containing MPD and glycerol, had a
far more severe effect on the interpretability of the spectra. The peaks that formed were
often several larger than those for the protein and I320 intermediate and overlapped
with them significantly.
An attempt was made to develop a procedure to track the development of the solvent
radiolysis peaks and subtract them from the spectra of AtPdx1.3-I320. This proved to be
difficult, as the parameters defining the peaks such as the absorption maxima, the rate
of formation and the peak height at which the change in absorbance saturated varied
between the crystal spectra and the spectra of the pure glycerol, MPD and cryobuffers.
It was, therefore, not possible to constrain any of the parameters of the peaks in the
least squares fitting of the Gaussians, or to be confident that if allowed to refine freely
the Gaussians that were fitted to the crystal spectra would not also engulf any peaks
that were caused by damage to the protein but were overlapped by the solvent radiolysis
peaks.
Rather than attempting to subtract the effect of solvent radiolysis from the spectra after
the experiment, it may have been simpler to adjust the experiment. It was necessary to
perform the spectroscopy experiment at 100K, as this is the temperature that collection
of the X-ray diffraction data was performed at, and the effects of radiation damage are
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highly dependent on temperature. It was also necessary to use a protocol that prevented
the formation of crystalline ice around the sample; in this case, it has been shown that
there are significant disadvantages to using glycerol or MPD as cryoprotectants. Any
future investigations into the effect of X-ray irradiation on the absorption spectra of
protein samples in the UV range may trial the usage of high concentrations of inorganic
salts such as cryoprotectants rather than alcohols, as described by Rubinson et al [172].
Given that it is not necessary for the crystals to diffract in these experiments it is not a
problem if the using salts causes a reduction in the order of the crystals. If glycerol or
MPD are the only cryoprotectants that prevent ice formation, it would be advisable to
use the minimum concentration required. The concentration of cryoprotectant required
to prevent ice formation can be reduced by keeping the air above the liquid nitrogen
used for cryocooling circulating. This increases the rate of cooling as the crystal does
not pass through a layer of cold air before reaching the liquid nitrogen and reduces ice
formation [173]. This would allow the investigator to characterise the effects of radiation
damage on AtPdx1.3-I320 crystals without the artefacts caused by solvent radiolysis.
The test case of lysozyme has been used to demonstrate that the protocol for dividing
datasets collected from multiple crystals into sweeps with a set number of images and
merging sweeps of equivalent dose can be used to construct multi-crystal datasets at a
series of different doses. The changes in the electron density within the unit cell have
been visualised using isomorphous difference density maps (Figure 5.17). Use of the
scripts developed by Bury et al allowed for the quantification of the radiation induced
density loss around each of the sulphur atoms in the disulphide bonds (Figure 5.1) [102].
The use of multi-crystal merging techniques to obtain highly redundant datasets has
been applied to sulphur SAD (single-wavelength anomalous dispersion) to obtain accurate intensity measurements from relatively weakly diffracting crystals [174]. The use of
multi-crystal merging for these experiments for these experiments allows the investigator to collect highly redundant data before site-specific radiation damage reduces the
anomalous signal from the cysteine and methionine residues. This experiment, using
lysozyme demonstrates that the effects of site specific radiation damage at disulphide
bonds begin within the first 40 kGy of data collection.
Using the same protocol with AtPdx1.3-I320 crystals showed no signs of site-specific
radiation damage, despite the spectra of AtPdx1.3-I320 crystals changing significantly
in response to irradiation with X-rays. The structure of the I320 intermediate solved
at a low dose (132 kGy), shows a continuous bridge of electron density between Lys 98
and Lys 166. Plotting the radiation induced density loss at each of the atoms in the
I320 intermediate against dose showed no significant density loss at any atomic position
(Figure 5.20). This shows that none of the atoms in the I320 intermediate shift position
between the doses of 132 kGy and 1320 kGy. The conclusion from this set of experiments
is that the structure of the I320 intermediate is not an artefact of radiation damage and
that solvent radiolysis causes the changes in the spectra of the protein crystals.
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6 Conclusions
The primary aim of this project was to improve our understanding of the reaction mechanism of the Pdx1 enzyme by determining the structure of the protein as the enzyme
progresses through the catalytic cycle. Combining the crystal structures of AtPdx1.3
obtained during this investigation with structures from other members of the Tews group
and published data it is possible to produce an updated mechanism for Pdx1 that better
explains how the enzyme transfers intermediates between the P1 and P2 sites.
AtPdx1 is observed to bind R5P in the P1 active site with a covalent link between
the ε nitrogen of the Lysine 98 side chain and C1 of R5P, as has been observed in
other Pdx1-R5P structures (Fig 3.5) [69, 75]. The channelling of ammonia through the
hydrophobic tunnel in the center of Pdx1 causes a change in the conformation of the β6
strand. This causes Lysine 166 to re-orient away from the P2 site and towards the P1
site. This conformational change has been observed in both the wild type protein and
the AtPdx1.3 K166R mutant. Formation of the I320 intermediate is dependent on the
reaction between C5 of the carbohydrate intermediate and the side chain of Lys166; in
the case of the AtPdx1.3 K166R mutant, this could not occur, enabling the trapping of a
pre-I320 intermediate state. Despite nitrogen incorporation taking place, the phosphate
group originating from R5P was not eliminated showing that the side chain of Lysine
166 is necessary for this step in the reaction. The structure of the AtPdx1.3-I320/G3P
intermediate produced by Dr Volker Windeisen demonstrates that G3P binds in the P1
site of Pdx1, leading to the release of the intermediate and transfer of the reaction to
the P2 site.
The use of covalent tethers by enzymes to transfer intermediates is prevalent in biosynthetic pathways that have evolved to perform multi-step reactions. Prominent examples
include the polyketide synthase pathways (PKS), non-ribosomal polypeptide synthases
(NRPS) and fatty acid synthase (FAS) [175–177]. Similarly to these enzymes, Pdx1 uses
the covalent tethers to prevent diffusion of reaction intermediates out of the active site.
The structures presented here demonstrate that the Pdx1 enzyme is also able to maintain precise control of the reaction by binding to the reaction intermediates covalently.
In contrast to the pathways mentioned previously, Pdx1 binds to intermediates directly
by forming imine bonds between active site lysine residues and the intermediates, rather
than via prosthetic groups. The relay mechanism employed by Pdx1 transfers the intermediates between the P1 and P2 sites within a subunit, whereas the PKS, NRPS, and
FAS enzymes use their longer tethers to transfer intermediates between subunits.
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Despite the progress that has been made into understanding the mechanism of PLP
biosynthesis, the complete story has not been uncovered. The steps between the addition
of G3P to I320 and the product state are uncharacterised. In particular, the mechanism
by which the I320/G3P intermediate is released is unknown. If the release is dependent
on large scale conformational changes involving the C-terminus of Pdx1, then it may not
be possible to characterise these steps in the reaction using X-ray crystallography.
Due to the large size of the Pdx1 protein in the dodecameric form (molecular weight
∼400 kDa), solving the atomic structure of the whole protein in different intermediate
states is beyond the reach of solution state NMR. The advances in single molecule cryoelectron microscopy may allow for this technique to be used to solve the structure of
Pdx1; the smallest protein structure solved using cryo-EM is β-galactosidase, which has
a molecular weight of 464 kDa, at 2.2 Å resolution [178]. However, the use of cryo-EM
would remain dependent on being able to trap the enzyme in specific intermediate states.
Suitable mutants for trapping the enzyme between the I320 and the product states have
not been identified.
Rather than using structural methods dependent on trapping in a particular intermediate
state to investigate the I320 - PLP transition, time-resolved mass spectrometry may be
used to monitor the enzyme reaction [179]. The experiment would require reconstitution
of the Pdx1-I320 intermediate in solution and addition of G3P using rapid mixing; mass
spectra are then collected with millisecond time resolution with the aim of observing
transient, pre-steady state intermediates. Each of the steps in the transition from I320
to PLP should have a signature mass change, for example, the condensation reaction that
occurs during ring closure would be expected to eliminate a molecule of water, which
would be observed as a decrease in the mass of the protein by 18 Daltons. Following
the appearance and disappearance of the intermediate states would provide information
that could be integrated with existing data to propose a detailed chemical mechanism
for the I320 - PLP transition.
The radiation damage investigation in Chapter 5 reached the conclusion that X-rays
do not damage the I320 intermediate in a site specific manner. The primary problem
with using UV-Vis spectrometry to monitor site specific damage in the UV region of
the spectrum has been identified as the generation of chromophoric products of solvent
radiolysis. It has been observed that the absorption maxima and rate of peak formation
are dependent not only on dose but also the sample thickness and concentrations of
particular solvents, such as glycerol. It is, therefore, not possible to calculate a model
for the effects of solvent radiolysis on individual buffer components that is valid for the
spectra of more complex samples such as protein crystals. This is the main barrier
to being able to subtract the effects of solvent radiolysis from the UV-Vis spectra of
crystals. Future radiation damage investigations using spectroscopy in the UV region of
the spectrum may benefit from optimising the cryobuffer to exclude glycerol, MPD and
other constituents which decompose into chromophoric compounds.
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7 Appendix
.1 Molecular Biology
.1.1 pET-21a-d(+) Vector Map

Figure .1: A map of the key features of the pET-21-a-d(+) (Novagen) vector. The
AtPdx1.3 gene was inserted into the vector between the NdeI and XhoI restriction sites in the multiple cloning site (MCS) and was expressed with a
hexa-histidine tag at the C-terminus. The pET-21-a-d(+) vector contains
an ampicillin resistance gene (amp). Leaky expression of the inserted gene
is prevented by the lac repressor protein encoded by the lacI gene; the lac
repressor protein prevents transcription of genes inserted in the MCS by T7
RNA polymerase in the absence of lactose or isothiopropylgalactoside (IPTG).
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.1.2 AtPdx1.3 Nucleotide and Protein Sequence

Figure .2: The nucleotide and primary protein sequences of AtPdx1.3. In addition to
the protein sequence there is an additional C-terminal Glu-His-His-His-HisHis-His tag.
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.1.3 Mutagenesis Primers
AtPdx1.3 D41N Forward
5’-GGTGGTGTTATCATGAATGTCGTCAACGCCGAGC-3’
AtPdx1.3 D41N Reverse
5’-GCTCGGCGTTGACGACATTCATGATAACACCACC-3’
AtPdx1.3 K98A Forward
5’-CGATTCCGGTGATGGCTGCAGCTAGGATTGGTCATTTC-3’
AtPdx1.3 K98A Reverse
5’-GAAATGACCAATCCTAGCTGCAGCCATCACCGGAATCG-3’
AtPdx1.3 S121A Forward
5’-GGAATCGATTACATCGATGAGGCCGAGGTTTTGACTC-3’
AtPdx1.3 S121A Reverse
5’-GAGTCAAAACCTCGGCCTCATCGATGTAATCGATTCC-3’
AtPdx1.3 H132N Forward
5’-TTTGACTCTTGCTGATGAAGATCATAACATCAACAAGCATAATTTCC-3’
AtPdx1.3 H132N Reverse
5’-GGAAATTATGCTTGTTGATGTTATGATCTTCATCAGCAAGAGTCAAA-3’
AtPdx1.3 K166R Forward
5’-GATGATTAGGACCAGAGGTGAAGCTGGAAC-3’
AtPdx1.3 K166R Reverse
5’-GTTCCAGCTTCACCTCTGGTCCTAATCATC-3’
Bases that were changed to introduce mutations into the AtPdx1.3 gene are highlighted
in red.
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.2 Doses absorbed by each lysozyme crystal
Crystal
Name
Lys 2
Lys 6
Lys 10
Lys 11
Lys 12

Crystal Dimensions
(µm)
300 300 200
100 60 60
450 220 130
150 100 80
150 100 80

Datasets
Collected
2
1
8
2
3

Dose per Dataset
(kGy)
460
1153
569
930
930

Table .1: Dose Calculations for lysozyme crystals used in multi-crystal analysis. 16 datasets were collected from 5 crystals, using the same data collection protocol. The
diffraction weighted dose for each dataset was calculated using RADDOSE-3D
(see Table 2.3 for input parameters). The average DWD for all lysozyme datasets was calculated to be 705 kGy by adding the doses for each datasets and
dividing by the number of datasets. The average DWD for all datasets was
divided by the number of images and multiplied by 100 to find the dose for
each 100 image sweep to be 19.6 kGy.
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.3 Crystallographic Statistics for Multi-Crystal Lysozyme Data
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Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c) (Å)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )
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Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c) (Å)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )

Crystallographic Statistics for Lysozyme Composite Datasets 1-4
Sweep 1 (20 kGy)
Sweep 2 (40 kGy)
Sweep 3 (60 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.4, 77.4, 37.5
77.3, 77.3, 37.4
77.4, 77.4, 37.5
38.65-1.50(1.53-1.50) 37.43-1.50(1.53-1.50) 37.47-1.50(1.53-1.50)
15.4 (81.9)
31.1 (329.6)
36.1 (512.4)
0.993 (0.753)
0.991 (0.808)
0.963 (0.009)
19.3 (10.4)
19.9 (12.2)
21.4 (12.7)
99.9 (100.0)
99.9 (100.0)
99.8 (99.6)
9.6 (9.9)
11.0 (11.2)
10.3 (10.6)
18683 (895)
18722 (892)
18755 (891)
9.6
9.8
10.0
Crystallographic Statistics for Lysozyme Composite Datasets 5-8
Sweep 5 (100 kGy)
Sweep 6 (120 kGy)
Sweep 7 (140 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.4, 77.4, 37.5
77.4, 77.4, 37.4
77.4, 77.4, 37.4
37.46-1.50(1.53-1.50) 37.43-1.50(1.53-1.50) 38.69-1.50(1.53-1.50)
38.7 (481.8)
14.6 (79.6)
14.5 (78.8)
0.970 (0.472)
0.994 (0.900)
0.995 (0.961)
24.3 (13.2)
19.4 (12.2)
20.1 (12.9)
99.9 (99.8)
99.8 (99.6)
99.8 (99.8)
10.2 (10.4)
9.0 (9.4)
8.9 (9.2)
18794 (897)
18723 (892)
18715 (890)
9.4
9.8
9.7

Sweep 4 (80 kGy)
I04 (DLS)
P 43 21 2
77.4, 77.4, 37.5
38.71-1.50(1.53-1.50)
13.4 (80.3)
0.993 (0.966)
13.4 (6.6)
99.6 (99.8)
9.1 (9.3)
18660 (898)
9.6
Sweep 8 (160 kGy)
I04 (DLS)
P 43 21 2
77.4, 77.4, 37.4
38.70-1.50(1.53-1.50)
15.8 (94.1)
0.994 (0.962)
17.4 (10.2)
99.8 (100.0)
8.3 (8.5)
18702 (892)
9.8

Table .2: Table of crystallographic statistics for composite lysozyme datasets 1-8.

Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c) (Å)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )
174

Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )

Crystallographic Statistics for Lysozyme Composite Datasets 9-12
Sweep 9 (180 kGy)
Sweep 10 (200 kGy) Sweep 11 (220 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.5, 77.5, 37.5
77.4, 77.4, 37.4
77.3, 77.3, 37.4
37.46-1.50(1.53-1.50) 38.68-1.50(1.53-1.50) 38.66-1.50(1.53-1.50)
32.2 (391.5)
10.5 (25.0)
24.1 (173.4)
0.990 (0.641)
0.994 (0.970)
0.988 (0.924)
18.2 (9.5)
21.5 (9.9)
9.0 (4.4)
98.7 (99.6)
99.7 (99.8)
99.9 (100.0)
8.9 (9.1)
7.5 (7.9)
10.3 (10.5)
18776 (902)
18649 (889)
18732 (885)
9.5
9.7
9.8
Crystallographic Statistics for Lysozyme Composite Datasets 13-16
Sweep 13 (260 kGy) Sweep 14 (280 kGy) Sweep 15 (300 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.3, 77.3, 37.4
77.3, 77.3, 37.4
77.3, 77.3, 37.5
38.66-1.50(1.53-1.50) 38.67-1.50(1.53-1.50) 37.49-1.50(1.53-1.50)
21.6 (157.0)
23.9 (198.8)
27.6 (267.7)
0.991 (0.230)
0.990 (0.860)
0.979 (0.236)
19.1 (10.1)
19.1 (10.4)
9.9 (3.9)
99.9 (99.9)
99.9 (100.0)
99.7 (99.9)
10.2 (10.6)
10.1 (10.5)
10.3 (10.5)
18720 (890)
18747 (902)
18684 (893)
10.0
9.8
10.1

Sweep 12 (240 kGy)
I04 (DLS)
P 43 21 2
77.4, 77.4, 37.4
38.69-1.50(1.53-1.50)
19.7 (139.0)
0.993 (0.937)
11.5 (5.6)
99.0 (100.0)
10.5 (10.7)
18532 (892)
9.8
Sweep 16 (320 kGy)
I04 (DLS)
P 43 21 2
77.4, 77.4, 37.5
38.70-1.50(1.53-1.50)
40.0 (460.9)
0.956 (0.023)
19.7 (10.2)
99.9 (99.9)
9.4 (9.6)
18786 (897)
10.1

Table .3: Table of crystallographic statistics for composite lysozyme datasets 9-16.

Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c) (Å)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )
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Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c) (Å)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )

Crystallographic Statistics for Lysozyme Composite Datasets 17-20
Sweep 17 (340 kGy) Sweep 18 (360 kGy) Sweep 19 (380 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.4, 77.4, 37.5
77.4, 77.4, 37.4
77.4, 77.4, 37.4
37.46-1.50(1.53-1.50) 37.42-1.50(1.53-1.50) 38.67-1.50(1.53-1.50)
43.4 (521.6)
14.6 (51.0)
34.7 (329.0)
0.978 (0.901)
0.992 (0.925)
0.986 (0.899)
20.7 (11.7)
18.8 (11.0)
19.2 (11.3)
99.9 (100.0)
99.7 (100.0)
99.9 (100.0)
10.0 (10.5)
8.9 (9.1)
10.1 (10.2)
18795 (897)
18653 (895)
18716 (898)
9.5
9.9
9.8
Crystallographic Statistics for Lysozyme Composite Datasets 21-24
Sweep 21 (420 kGy) Sweep 22 (440 kGy) Sweep 23 (460 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.4, 77.4, 37.5
77.5, 77.5, 37.5
77.5, 77.5, 37.5
37.45-1.50(1.53-1.50) 38.73-1.50(1.53-1.50) 37.45-1.50(1.53-1.50)
15.0 (83.1)
16.2 (109.9)
17.2 (124.4)
0.994 (0.882)
0.994 (0.777)
0.995 (0.810)
21.1 (11.9)
21.4 (11.1)
21.1 (11.1)
99.8 (99.5)
99.6 (99.9)
99.9 (99.6)
9.6 (10.1)
9.7 (9.8)
9.6 (9.8)
18726 (891)
18691 (901)
18793 (901)
10.4
10.4
10.3

Sweep 20 (400 kGy)
I04 (DLS)
P 43 21 2
77.4, 77.4, 37.5
37.46-1.50(1.53-1.50)
32.0 (355.4)
0.990 (0.074)
20.3 (11.7)
99.9 (100.0)
9.6 (9.7)
18782 (897)
10.2
Sweep 24 (480 kGy)
I04 (DLS)
P 43 21 2
77.4, 77.4, 37.4
37.44-1.50(1.53-1.50)
17.9 (129.6)
0.994 (0.741)
22.1 (11.1)
99.7 (99.3)
9.6 (10.1)
18731 (889)
10.6

Table .4: Table of crystallographic statistics for composite lysozyme datasets 17-24.

Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c) (Å)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )
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Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c) (Å)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )

Crystallographic Statistics for Lysozyme Composite Datasets 25-28
Sweep 25 (500 kGy) Sweep 26 (520 kGy) Sweep 27 (540 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.4, 77.4, 37.4
77.5, 77.5, 37.5
77.5, 77.5, 37.5
38.72-1.50(1.53-1.50) 38.75-1.50(1.53-1.50) 37.46-1.50(1.53-1.50)
18.8 (146.6)
24.2 (215.8)
21.2 (165.9)
0.993 (0.392)
0.991 (0.324)
0.993 (0.916)
23.4 (11.7)
20.9 (11.5)
17.8 (9.8)
99.8 (99.6)
99.9 (100.0)
99.8 (100.0)
9.5 (9.9)
10.2 (10.4)
10.3 (10.6)
18759 (899)
18837 (910)
18786 (901)
10.5
10.5
10.3
Crystallographic Statistics for Lysozyme Composite Datasets 29-32
Sweep 29 (580 kGy) Sweep 30 (600 kGy) Sweep 31 (620 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.5, 77.5, 37.5
77.3, 77.3, 37.4
77.3, 77.3, 37.5
38.74-1.50(1.53-1.50) 38.67-1.50(1.53-1.50) 38.67-1.50(1.53-1.50)
19.3 (153.6)
21.0 (156.0)
23.4 (199.2)
0.993 (0.905)
0.992 (0.529)
0.992 (0.503)
15.6 (7.5)
9.7 (4.5)
16.6 (8.2)
100.0 (100.0)
99.0 (99.8)
99.9 (99.8)
9.6 (10.0)
10.5 (10.8)
10.1 (10.5)
18846 (906)
18491 (888)
18751 (897)
10.0
10.5
10.1

Sweep 28 (560 kGy)
I04 (DLS)
P 43 21 2
77.5, 77.5, 37.5
38.74-1.50(1.53-1.50)
19.3 (139.2)
0.994 (0.877)
17.3 (8.8)
100.0 (100.0)
10.3 (10.6)
18828 (904)
10.5
Sweep 32 (640 kGy)
I04 (DLS)
P 43 21 2
77.4, 77.4, 37.5
38.69-1.50(1.53-1.50)
31.9 (349.6)
0.970 (0.197)
18.5 (8.1)
99.9 (100.0)
10.0 (10.4)
18774 (894)
10.1

Table .5: Table of crystallographic statistics for composite lysozyme datasets 25-32.
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Sweep Number (Dose)
Data Collection
Space group
Unit cell (a, b, c) (Å)
Resolution (Å)
Rmerge
CC1⁄2
I⁄σ(I)
Completeness (%)
Multiplicity
Unique Reflections
Wilson B-factor (Å2 )

Crystallographic Statistics for Lysozyme Composite Datasets 33-36
Sweep 33 (660 kGy) Sweep 34 (680 kGy) Sweep 35 (700 kGy)
I04 (DLS)
I04 (DLS)
I04 (DLS)
P 43 21 2
P 4 3 21 2
P 4 3 21 2
77.3, 77.3, 37.4
77.4, 77.4, 37.4
77.4, 77.4, 37.5
37.44-1.50(1.53-1.50) 38.72-1.50(1.53-1.50) 37.49-1.50(1.53-1.50)
39.5 (480.1)
15.4 (85.0)
39.1 (509.1)
0.934 (0.017)
0.993 (0.903)
0.985 (0.772)
22.3 (9.0)
18.7 (9.3)
18.7 (9.9)
99.7 (100.0)
99.6 (99.5)
99.9 (100.0)
10.0 (10.4)
8.1 (8.4)
10.2 (10.6)
18661 (895)
18709 (895)
18792 (892)
10.1
10.9
10.3

Sweep 36 (720 kGy)
I04 (DLS)
P 43 21 2
77.4, 77.4, 37.5
37.47-1.50(1.53-1.50)
36.3 (410.0)
0.988 (0.325)
19.2 (9.4)
99.9 (99.9)
10.2 (10.4)
18784 (895)
10.1

Table .6: Table of crystallographic statistics for composite lysozyme datasets 33-36.
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.4 Isomorphous Difference Density Maps for Multi-Crystal
Lysozyme Data
Fo-Fo Maps for Multi-Crystal Lysozyme Data Bond 1

Figure .3: Isomorphous Difference Density Maps at 20 kGy intervals for the Cys 6 (right)
- Cys 127 (left) disulphide bond. Red peaks indicate loss of electrons, green
peaks indicate areas with increased electron density, contoured at 3.0 σ and
-3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal Lysozyme Data Bond 2

Figure .4: Isomorphous Difference Density Maps at 20 kGy intervals for the Cys 30 (left)
- Cys 115 (right) disulphide bond. Red peaks indicate loss of electrons, green
peaks indicate areas with increased electron density, contoured at 3.0 σ and
-3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal Lysozyme Data Bond 3

Figure .5: Isomorphous Difference Density Maps at 20 kGy intervals for the Cys 64 (left)
- Cys 80 (right) disulphide bond. Red peaks indicate loss of electrons, green
peaks indicate areas with increased electron density, contoured at 3.0 σ and
-3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal Lysozyme Data Bond 4

Figure .6: Isomorphous Difference Density Maps at 20 kGy intervals for the Cys 76 (left)
- Cys 94 (right) disulphide bond. Red peaks indicate loss of electrons, green
peaks indicate areas with increased electron density, contoured at 3.0 σ and
-3.0 σ respectively.
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.5 Crystallisation conditions for AtPdx1.3-I320 experiment
Crystal Name(s)
Ma92-1, Ma93-4
Ma99-4
Ma101-5
Ma102-1, Ma102-3
Ma103-3, Ma103-5, Ma104-1
Ma104-4, Ma104-5, Ma105-1
Ma105-2, Ma105-4, Ma105-5
Ma106-2, Ma106-3
Ma109-3, Ma109-4
Ma109-5

Crystallisation Conditions
100 mM Tris pH 7.8, 350 mM Sodium
pH 5.5, 5% PEG 4000 (w/v))
100 mM Tris pH 7.8, 300 mM Sodium
pH 5.5, 10.2% PEG 4000 (w/v))
100 mM Tris pH 7.8, 200 mM Sodium
pH 5.5, 15% PEG 4000 (w/v))
100 mM Tris pH 7.8, 200 mM Sodium
pH 5.5, 8.6% PEG 4000 (w/v))
100 mM Tris pH 7.8, 200 mM Sodium
pH 5.5, 11.8% PEG 4000 (w/v))
100 mM Tris pH 7.8, 400 mM Sodium
pH 5.5, 11.8% PEG 4000 (w/v))
100 mM Tris pH 7.8, 400 mM Sodium
pH 5.5, 10.2% PEG 4000 (w/v))
100 mM Tris pH 7.8, 400 mM Sodium
pH 5.5, 7% PEG 4000 (w/v))
100 mM Tris pH 7.8, 200 mM Sodium
pH 5.5, 8.6% PEG 4000 (w/v))
100 mM Tris pH 7.8, 200 mM Sodium
pH 5.5, 10.2% PEG 4000 (w/v))

Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate
Acetate

Table .7: Crystallisation conditions for crystals used in multi-crystal AtPdx1.3-I320 experiment. With the exception of Ma92-1 and Ma93-4 all crystals were grown
in 96 well sitting drop crystallisation plates with a 1 µl : 0.5 µl ratio of protein
to buffer, protein concentration 22.5 mg ml−1 . Ma92-1 and Ma93-4 were grown
in a 24 well hanging drop vapour diffusion plate, with a 1 µl : 1 µl ratio of
protein to buffer mix, protein concentration 55 mg ml−1 .
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.6 Calculated Doses for AtPdx1.3-I320 Datasets
Dataset
Name
Ma92-1 1
Ma92-1 2
Ma92-2 1
Ma92-2 2
Ma92-2 3
Ma92-3 1
Ma93-4 1
Ma99-4 1
Ma101-5 1
Ma102-1 1
Ma102-3 1
Ma102-3 2
Ma103-3 1
Ma103-3 2
Ma103-5 1
Ma104-1 1
Ma104-4 1
Ma104-5 1
Ma105-1 1
Ma105-2 1
Ma105-4 1
Ma105-5 1
Ma106-2 1
Ma106-3 1
Ma109-3 1
Ma109-4 1
Ma109-5 1

Crystal Dimensions
(µm)
80 20 20
80 20 20
100 50 50
100 50 50
100 50 50
80 80 40
250 100 30
60 60 30
80 50 30
60 60 30
50 50 40
50 50 40
80 80 50
80 80 50
80 50 50
60 50 50
80 50 50
80 60 50
60 40 20
100 80 30
80 80 40
80 60 40
200 150 50
150 120 50
80 40 40
80 80 20
100 100 50

Flux
(photons s−1 )
8.0 x 1010
8.0 x 1010
9.6 x 1010
9.6 x 1010
9.6 x 1010
1.4 x 1011
8.2 x 1010
4.0 x 1010
9.0 x 1010
9.0 x 1010
3.2 x 1010
3.2 x 1010
5.9 x 1010
5.9 x 1010
8.6 x 1010
8.3 x 1010
4.5 x 1010
6.5 x 1010
8.3 x 1010
7.8 x 1010
7.8 x 1010
7.9 x 1010
9.6 x 1010
7.6 x 1010
7.9 x 1010
7.2 x 1010
6.9 x 1010

Number of
Images
450
300
300
300
300
300
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450
450

Dose (MGy)
2.18
1.62
1.73
1.73
1.73
2.65
1.71
1.13
2.27
2.55
0.95
0.95
1.50
1.50
2.15
2.31
1.13
1.65
2.37
1.87
1.98
2.01
1.89
1.60
2.01
1.85
1.62

Table .8: Dose calculations for AtPdx1.3-I320 crystals used in the multi-crystal analysis.
27 datasets were collected from 22 crystals, using the same data collection
protocol, aside from five of the datasets where 300 images were collected, rather
than 450. The diffraction weighted dose was calculated for each dataset using
RADDOSE-3D (see Table 2.3 for input parameters), divided by the number
of images in the dataset, and multiplied by 30 to determine the dose for a
30 image wedge for each dataset. The mean dose for the first 10 sweeps was
calculated using the doses for all datasets while the mean doses for sweeps 1015 were calculated using only the doses for the 450 image datasets. The dose
for each of the first 10 sweeps is 132 kGy, the dose for each of sweeps 11-15 is
119 kGy.
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.7 Crystallographic Statistics for Multi-Crystal AtPdx1.3-I320
Data
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Crystallographic Statistics for AtPdx1.3-I320 Composite Datasets 1-3
Sweep Number (Dose)
Sweep 1 (132 kGy)
Sweep 2 (264 kGy)
Sweep 3 (396 kGy)
Space group
R3
R3
R3
Unit cell (a, b, c) (Å)
178.5, 178.5, 116.3
178.5, 178.5, 116.3
178.5, 178.5, 116.3
Resolution (Å)
46.46-2.30 (2.36-2.30)
44.46-2.30 (2.36-2.30)
44.46-2.30 (2.36-2.30)
Rmerge
33.9 (204.2)
38.0 (272.9)
40.9 (251.0)
Rpim
18.6 (107.5)
26.2 (193.2)
28.1 (176.0)
1
CC ⁄2
92.3 (22.0)
91.4 (16.0)
88.1 (17.2)
I⁄σ(I)
3.5 (1.3)
3.6 (1.3)
3.7 (1.4)
Completeness (%)
98.8 (98.8)
98.4 (98.3)
98.1 (98.0)
Multiplicity
4.6 (4.5)
4.6 (4.4)
4.6 (4.4)
Unique Reflections
60658 (4504)
60392 (4479)
60217 (4467)
Wilson B-factor (Å)
24.5
24.5
23.7
Crystallographic Statistics for AtPdx1.3-I320 Composite Datasets 4-6
Sweep Number (Dose)
Sweep 4 (528 kGy)
Sweep 5 (660 kGy)
Sweep 6 (792 kGy)
Space group
R3
R3
R3
Unit cell (a, b, c) (Å)
178.5, 178.5, 116.3
178.5, 178.5, 116.3
178.5, 178.5, 116.3
Resolution (Å)
46.46-2.30 (2.36-2.30)
46.46-2.30 (2.36-2.30)
41.21-2.30 (2.36-2.30)
Rmerge
34.1 (269.4)
38.3 (323.0)
32.9 (293.3)
Rpim
23.3 (189.8)
26.2 (225.5)
22.7 (208.7)
CC1⁄2
92.2 (15.6)
88.0 (6.2)
93.1 (10.7)
I⁄σ(I)
3.4 (1.2)
3.4 (1.2)
3.9 (1.3)
Completeness (%)
98.4 (98.4)
97.9 (97.9)
98.5 (98.6)
Multiplicity
4.6 (4.5)
4.6 (4.5)
4.6 (4.5)
Unique Reflections
60402 (4483)
60091 (4463)
60433 (4488)
Wilson B-factor (Å2 )
25.9
26.7
26.7
Table .9: Table of crystallographic statistics for composite AtPdx1.3-I320 datasets 1-6.
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Crystallographic Statistics for AtPdx1.3-I320 Composite Datasets 7-9
Sweep Number (Dose)
Sweep 7 (924 kGy)
Sweep 8 (1.056 MGy)
Sweep 9 (1.188 MGy)
Space group
R3
R3
R3
Unit cell (a, b, c) (Å)
178.50 178.50 116.3
178.50 178.50 116.3
178.50 178.50 116.3
Resolution
46.46-2.30 (2.36-2.30)
44.62-2.30 (2.36-2.30)
44.62-2.30 (2.36-2.30)
Rmerge
36.9 (332.1)
43.3 (382.9)
46.7 (267.6)
Rpim
25.8 (237.6)
30.8 (279.6)
32.9 (194.5)
CC1⁄2
90.8 (7.8)
86.1 (7.4)
80.2 (6.7)
I⁄σ(I)
3.6 (1.2)
3.4 (1.2)
3.2 (1.1)
Completeness (%)
99.0 (99.1)
99.3 (99.0)
99.0 (98.6)
Multiplicity
4.5 (4.4)
4.5 (4.4)
4.5 (4.4)
Unique Reflections
60754 (4518)
60937 (4512)
60768 (4492)
2
Wilson B-factor (Å )
25.2
23.3
25.2
Crystallographic Statistics for AtPdx1.3-I320 Composite Datasets 10-12
Sweep Number (Dose)
Sweep 10(1.320 MGy)
Sweep 11 (1.306 MGy)
Sweep 12 (1.424 MGy)
Space group
R3
R3
R3
Unit cell (a, b, c)
178.50 178.50 116.3
178.7, 178.7, 116.3
178.7, 178.7, 116.3
Resolution (Å)
44.62-2.30 (2.36-2.30)
44.66-2.30 (2.36-2.30)
44.66-2.30 (2.36-2.30)
Rmerge
30.3 (223.7)
39.5 (355.0)
37.6 (378.4)
Rpim
20.9 (158.9)
29.2 (268.4)
27.5 (281.6)
1
CC ⁄2
94.7 (13.2)
82.3 (7.5)
89.3 (3.5)
I⁄σ(I)
3.5 (1.1)
3.3 (1.1)
3.1 (0.8)
Completeness (%)
99.3 (99.3)
97.4 (97.5)
96.9 (96.9)
Multiplicity
4.5 (4.5)
3.8 (3.4)
3.8 (3.7)
Unique Reflections
60940 (4526)
59930 (4676)
59603 (4647)
2
Wilson B-factor (Å )
26.1
21.0
23.3
Table .10: Table of crystallographic statistics for composite AtPdx1.3-I320 datasets 7-12.

Crystallographic Statistics for AtPdx1.3-I320 Composite Datasets 13-15
Sweep Number (Dose)
Sweep 13 (1.543 MGy)
Sweep 14 (1.662 MGy)
Sweep 15 (1.781 MGy)
Space group
R3
R3
R3
Unit cell (a, b, c) (Å)
178.7, 178.7, 116.3
178.7, 178.7, 116.3
178.7, 178.7, 116.3
Resolution (Å)
44.66-2.30 (2.36-2.30)
46.48-2.30 (2.36-2.30)
44.66-2.30 (2.30-2.36)
Rmerge
34.1 (3.127)
39.2 (407.1)
47.8 (586.4)
Rpim
25.0 (232.3)
29.5 (314.5)
34.4 (434.4)
1
CC ⁄2
91.6 (5.2)
84.5 (3.6)
78.5 (3.2)
I⁄σ(I)
3.3 (1.0)
3.4 (1.0)
3.1 (0.9)
Completeness (%)
96.8 (96.5)
97.8 (97.9)
96.7 (97.1)
Multiplicity
3.8 (3.7)
3.8 (3.6)
3.8 (3.7)
Unique Reflections
59516 (4627)
60144 (4474)
59493 (4659)
2
Wilson B-factor (Å )
22.9
25.3
27.2
188

Table .11: Table of crystallographic statistics for composite AtPdx1.3-I320 datasets 13-15.

.8 Isomorphous Difference Density Maps for Multi-Crystal
AtPdx1.3-I320 Data
Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Chain A

Figure .7: Isomorphous Difference Density Maps for the I320 intermediate in chain A
of AtPdx1.3-I320. Lysine 98 (left) is linked by the carbon atoms 1-5 (left to
right, orange) of I320 to lysine 166 (right), the C2 nitrogen is shown in blue
and the C3 oxygen is shown in red. Red peaks indicate loss of electrons, green
peaks indicate areas with increased electron density, contoured at 3.0 σ and
-3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Chain B

Figure .8: Isomorphous Difference Density Maps for the I320 intermediate in chain B
of AtPdx1.3-I320. Lysine 98 (left) is linked by the carbon atoms 1-5 (left to
right, orange) of I320 to lysine 166 (right), the C2 nitrogen is shown in blue
and the C3 oxygen is shown in red. Red peaks indicate loss of electrons, green
peaks indicate areas with increased electron density, contoured at 3.0 σ and
-3.0 σ respectively.

190

Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Chain C

Figure .9: Isomorphous Difference Density Maps for the I320 intermediate in chain C
of AtPdx1.3-I320. Lysine 98 (left) is linked by the carbon atoms 1-5 (left to
right, orange) of I320 to lysine 166 (right), the C2 nitrogen is shown in blue
and the C3 oxygen is shown in red. Red peaks indicate loss of electrons, green
peaks indicate areas with increased electron density, contoured at 3.0 σ and
-3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Chain D

Figure .10: Isomorphous Difference Density Maps for the I320 intermediate in chain D
of AtPdx1.3-I320. Lysine 98 (left) is linked by the carbon atoms 1-5 (left to
right, orange) of I320 to lysine 166 (right), the C2 nitrogen is shown in blue
and the C3 oxygen is shown in red. Red peaks indicate loss of electrons,
green peaks indicate areas with increased electron density, contoured at 3.0
σ and -3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Cysteine 57

Figure .11: Isomorphous Difference Maps for cysteine 57 in chain A of AtPdx1.3-I320.
Cys 57 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .12: Isomorphous Difference Maps for cysteine 57 in chain B of AtPdx1.3-I320.
Cys 57 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Figure .13: Isomorphous Difference Maps for cysteine 57 in chain C of AtPdx1.3-I320.
Cys 57 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .14: Isomorphous Difference Maps for cysteine 57 in chain D of AtPdx1.3-I320.
Cys 57 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Cysteine 144

Figure .15: Isomorphous Difference Maps for cysteine 144 in chain A of AtPdx1.3-I320.
Cys 144 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .16: Isomorphous Difference Maps for cysteine 144 in chain B of AtPdx1.3-I320.
Cys 144 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Figure .17: Isomorphous Difference Maps for cysteine 144 in chain C of AtPdx1.3-I320.
Cys 144 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .18: Isomorphous Difference Maps for cysteine 144 in chain D of AtPdx1.3-I320.
Cys 144 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Cysteine 146

Figure .19: Isomorphous Difference Maps for cysteine 146 in chain A of AtPdx1.3-I320.
Cys 146 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .20: Isomorphous Difference Maps for cysteine 146 in chain B of AtPdx1.3-I320.
Cys 146 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Figure .21: Isomorphous Difference Maps for cysteine 146 in chain C of AtPdx1.3-I320.
Cys 146 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .22: Isomorphous Difference Maps for cysteine 146 in chain D of AtPdx1.3-I320.
Cys 146 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Cysteine 246

Figure .23: Isomorphous Difference Maps for cysteine 246 in chain A of AtPdx1.3-I320.
Cys 246 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .24: Isomorphous Difference Maps for cysteine 246 in chain B of AtPdx1.3-I320.
Cys 246 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Figure .25: Isomorphous Difference Maps for cysteine 246 in chain C of AtPdx1.3-I320.
Cys 246 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .26: Isomorphous Difference Maps for cysteine 246 in chain D of AtPdx1.3-I320.
Cys 246 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Fo-Fo Maps for Multi-Crystal AtPdx1.3-I320 Cysteine 286

Figure .27: Isomorphous Difference Maps for cysteine 286 in chain A of AtPdx1.3-I320.
Cys 286 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .28: Isomorphous Difference Maps for cysteine 286 in chain B of AtPdx1.3-I320.
Cys 286 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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Figure .29: Isomorphous Difference Maps for cysteine 286 in chain C of AtPdx1.3-I320.
Cys 286 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.

Figure .30: Isomorphous Difference Maps for cysteine 286 in chain D of AtPdx1.3-I320.
Cys 286 shown in stick format with yellow sphere representing the sulphur
atom. Red peaks indicate loss of electrons, green peaks indicate areas with
increased electron density, contoured at 3.0 σ and -3.0 σ respectively.
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.9 Bash Scripts for Processing of Multi-Crystal X-ray
Diffraction Data
Bash Script using XDS to Index and Integrate Multi-Crystal Data

1

#Script to run XDS on all of the Pdx1 I320 datasets

2
3

#Search for all files ending with 0001.cbf in the 151213 folder and the
paths to the ori1.dat text file. Search through ori1 for test images
and remove them from the list of files

4
5
6

find /Volumes/SOTONTEWS/ESRF/151213/ -name "*0001.cbf" > ori1.dat
sed -i.bak '/test/d' ./ori1.dat #remove test images

7
8
9

#Make xds directory
mkdir xds

10
11

12
13

#Count the number of different datasets that are listed in ori1 and save
as variable b
b=`wc ori1.dat | awk '{print $1}'`
echo There are $b datasets

14
15

16

#k is the number of images per sweep, can be changed depending on
acceptable dose
k=30

17
18

19

#c will be the variable used as a counter that increases with each loop
iteration
c=1

20
21
22
23
24

while [ $c -le $b ]
do
#d is the directory that each dataset is in
d=$(dirname `awk "FNR == $c" ori1.dat`)

25
26
27

#ca is c written as a three digit number, if c is 12, ca is 012.
ca=`printf "%03d" $c`

28
29
30

#e is the file pattern for the dataset with the image number cut off
e=`awk "FNR == $c" ori1.dat | rev | cut -c 9- | rev`

31
32
33

#Keep track of which dataset becomes which wedge in xds I320 log file
echo Wedge $ca is $d >> xds I320.log

34
35
36
37
38

####### GREP Data Collection Parameters form Image Header#######
head -40 $e"0001.cbf" > header.txt
###$WL is wavelength variable
WL=$(head -40 header.txt | grep "Wavelength" | awk -F" " '{print $3}')

39
40

###$DIS is detector distance variable
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41

42

DIS=`grep -e 'Detector distance' header.txt | cut -c 21- | rev | cut c 4- | rev`
DISa=$(echo "scale=5; $DIS*1000" | bc -l)

43
44

mkdir xds/wedge $ca

45
46
47

48

###$BMX and $BMY define the beam origin for the detector
BMX=`grep -e 'Beam xy' header.txt | cut -c 12- | rev | cut -c 19 -| rev
`
BMY=`grep -e 'Beam xy' header.txt | cut -c 21- | rev | cut -c 10- |
rev`

49
50
51

###List the file names of all images in dataset in ori2.dat text file
ls $e*cbf > ori2.dat

52
53
54
55
56

#Count how many are in the current dataset
f=`wc ori2.dat | awk '{print $1}'`
echo There are $f images in dataset $c >> xds I320.log
echo There are $f images in dataset $c

57
58

59
60

#Divide the number of images in the dataset by the number of images per
sweep to calculate the number of sweeps that can be obtained from the
dataset, save as variable g
g=$(echo "$f/$k" | bc)
echo Wedge $ca will have $g sweeps

61
62
63
64
65
66
67
68

#Sweep number counter will be $h
h=1
while [ $h -le $g ]
do
ha=`printf "%03d" $h`
mkdir xds/wedge $ca/sweep $ha
touch xds/wedge $ca/sweep $ha/XDS.INP

69
70
71

i=$(( ($k * ( $h - 1 )+1) ))
echo Start image is number $i

72
73
74

j=$(( $k * $h ))
echo Final image number is $j

75
76

#If this is the first sweep of the dataset first run XDS indexing using
multiple spot ranges. Make sure the x geo corr.cbf and y geo corr.cbf
are in the correct directory. If data is collected using a detector
that is not a PILATUS 6M-F the trusted regions, and other detector
parameters will need to be changed. Change unit cell parameters and
resolution shell depending on protein / estimated quality of data.

77
78
79
80
81
82
83
84

if [ $h -eq 1 ]
then
################## START WRITING XDS.INP INDEXING #####################
echo JOB= XYCORR COLSPOT INIT IDXREF>> xds/wedge $ca/sweep $ha/XDS.INP
echo DATA RANGE= 1 300
>> xds/wedge $ca/sweep $ha/XDS.INP
echo SPOT RANGE= 1 20
>> xds/wedge $ca/sweep $ha/XDS.INP
echo SPOT RANGE= 100 120
>> xds/wedge $ca/sweep $ha/XDS.INP
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85
86
87
88
89
90

91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

107
108

109
110

111

112
113
114

115
116
117
118
119
120

121
122

123

124
125
126

127
128

echo SPOT RANGE= 200 220
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo BACKGROUND RANGE= 1 20
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo !masking non sensitive area of Pilatus>> xds/wedge $ca/sweep $ha/XDS.
INP
echo UNTRUSTED RECTANGLE=487 495 0 2528>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=981 989 0 2528>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=1475 1483 0 2528>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=1969 1977 0 2528>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 195 213>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 407 425>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 619 637>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 831 849>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1043 1061>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1255 1273>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1467 1485>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1679 1697>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1891 1909>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 2103 2121>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 2315 2333>>xds/wedge $ca/sweep $ha/XDS.INP
echo TRUSTED REGION=0.0 1.41 !Relative radii limiting trusted
>> xds/
wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
!correction tables to compensate the misorientations of the modules
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
X-GEO CORR= /Volumes/SOTONTEWS/ESRF/151213/RAW DATA/ma94-5/w2/
process//x geo corr.cbf >> xds/wedge $ca/sweep $ha/XDS.INP
echo
Y-GEO CORR= /Volumes/SOTONTEWS/ESRF/151213/RAW DATA/ma94-5/w2/
process//y geo corr.cbf >> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo SECONDS=600
>> xds/wedge $ca/sweep $ha/XDS.INP
echo MINIMUM NUMBER OF PIXELS IN A SPOT=3 >> xds/wedge $ca/sweep $ha/XDS.
INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo !STRONG PIXEL= 3.0
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo OSCILLATION RANGE= 0.2000 >> xds/wedge $ca/sweep $ha/XDS.INP
echo X-RAY WAVELENGTH= $WL
>> xds/wedge $ca/sweep $ha/XDS.INP
echo NAME TEMPLATE OF DATA FRAMES= $e"????.cbf !CBF" >> xds/wedge $ca/
sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo !STARTING ANGLES OF SPINDLE ROTATION=0 180 10>> xds/wedge $ca/
sweep $ha/XDS.INP
echo !TOTAL SPINDLE ROTATION RANGES=60 180 10>>xds/wedge $ca/sweep $ha/XDS
.INP
echo
>>xds/wedge $ca/sweep $ha/XDS.INP
echo DETECTOR DISTANCE= $DISa
>>xds/wedge $ca/sweep $ha/XDS.INP
echo DETECTOR= PILATUS MINIMUM VALID PIXEL VALUE=0.0 OVERLOAD=1048500>>xds
/wedge $ca/sweep $ha/XDS.INP
echo
>>xds/wedge $ca/sweep $ha/XDS.INP
echo SENSOR THICKNESS=0.32
>>xds/wedge $ca/sweep $ha/XDS.INP
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133
134

135

136
137
138
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140
141
142
143

144
145
146
147

148

149

150
151
152

echo ORGX= $BMX ORGY= $BMY
>>xds/wedge $ca/sweep $ha/XDS.INP
echo NX= 2463 NY= 2527
>>xds/wedge $ca/sweep $ha/XDS.INP
echo QX= 0.1720 QY= 0.1720
>> xds/wedge $ca/sweep $ha/XDS.INP
echo VALUE RANGE FOR TRUSTED DETECTOR PIXELS= 7000 30000
>> xds/
wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo DIRECTION OF DETECTOR X-AXIS= 1.0 0.0 0.0>>xds/wedge $ca/sweep $ha/
XDS.INP
echo DIRECTION OF DETECTOR Y-AXIS= 0.0 1.0 0.0>>xds/wedge $ca/sweep $ha/
XDS.INP
echo ROTATION AXIS= 1.0 0.0 0.0>>xds/wedge $ca/sweep $ha/XDS.INP
echo INCIDENT BEAM DIRECTION= 0.0 0.0 1.0>>xds/wedge $ca/sweep $ha/XDS.INP
echo FRACTION OF POLARIZATION= 0.99>>xds/wedge $ca/sweep $ha/XDS.INP
echo POLARIZATION PLANE NORMAL= 0.0 1.0 0.0>>xds/wedge $ca/sweep $ha/XDS.
INP
echo !AIR= %.8f
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo SPACE GROUP NUMBER= 146
>> xds/wedge $ca/sweep $ha/XDS.INP
echo UNIT CELL CONSTANTS= 178.64 178.64 116.63 90 90 120
>> xds/
wedge $ca/sweep $ha/XDS.INP
echo INCLUDE RESOLUTION RANGE= 50.0 2>> xds/wedge $ca/sweep $ha/XDS.INP
echo !STRICT ABSORPTION CORRECTION=TRUE>>xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo "REFINE(INTEGRATE)= BEAM ORIENTATION CELL"
>> xds/
wedge $ca/sweep $ha/XDS.INP
echo
!== Default value recommended
>> xds/wedge $ca/sweep $ha/XDS.
INP
echo
!DELPHI= %.3f
>> xds/wedge $ca/sweep $ha/XDS.
INP
echo
MAXIMUM NUMBER OF PROCESSORS= 8 >> xds/wedge $ca/sweep $ha/XDS.INP
echo
!MAXIMUM NUMBER OF JOBS= 16
>> xds/wedge $ca/sweep $ha/XDS.INP
###########################END XDS INDEXING FILE
###########################

153
154
155
156
157
158
159
160

#Change directory to same directory as XDS input file
cd xds/wedge $ca/sweep $ha/
#Run XDS indexing procedures
xds par
#Return to starting directory
cd fi

161
162
163
164

165
166
167
168
169

if [ $h -gt 1 ]
then
#If this is not the first sweep in the dataset then copy the output files
from the indexing run to the folder for the new sweep rather than rerunning the indexing for each sweep.
cp xds/wedge $ca/sweep 001/*cbf
xds/wedge $ca/sweep $ha/
cp xds/wedge $ca/sweep 001/SPOT.XDS
xds/wedge $ca/sweep $ha/
cp xds/wedge $ca/sweep 001/GXPARM.XDS
xds/wedge $ca/sweep $ha/
cp xds/wedge $ca/sweep 001/XPARM.XDS
xds/wedge $ca/sweep $ha/
fi

170
171

#See above indexing procedure, run the integration procedure in XDS

206

172

173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196

197
198

199
200

201

202
203
204

205
206
207
208
209
210

211
212

213

214
215

#################### START WRITING XDS.INP INTEGRATION
####################
echo
JOB= DEFPIX INTEGRATE > xds/wedge $ca/sweep $ha/XDS.INP
echo
DATA RANGE= $i $j
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
SPOT RANGE= $i $j
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
BACKGROUND RANGE= $i $j
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=487 495 0 2528>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=981 989 0 2528>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=1475 1483 0 2528>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=1969 1977 0 2528>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 195 213>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 407 425>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 619 637>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 831 849>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1043 1061>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1255 1273>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1467 1485>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1679 1697>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 1891 1909>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 2103 2121>>xds/wedge $ca/sweep $ha/XDS.INP
echo UNTRUSTED RECTANGLE=0 2464 2315 2333>>xds/wedge $ca/sweep $ha/XDS.INP
echo TRUSTED REGION=0.0 1.41 !Relative radii limiting trusted >>xds/
wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
!correction tables to compensate the misorientations of the modules
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
X-GEO CORR= /Volumes/SOTONTEWS/ESRF/151213/RAW DATA/ma94-5/w2/
process//x geo corr.cbf >> xds/wedge $ca/sweep $ha/XDS.INP
echo
Y-GEO CORR= /Volumes/SOTONTEWS/ESRF/151213/RAW DATA/ma94-5/w2/
process//y geo corr.cbf >> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo SECONDS=600
>> xds/wedge $ca/sweep $ha/XDS.INP
echo MINIMUM NUMBER OF PIXELS IN A SPOT= 3>> xds/wedge $ca/sweep $ha/XDS.
INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo !STRONG PIXEL= 3.0
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo OSCILLATION RANGE= 0.200
>> xds/wedge $ca/sweep $ha/XDS.INP
echo X-RAY WAVELENGTH= $WL
>> xds/wedge $ca/sweep $ha/XDS.INP
echo NAME TEMPLATE OF DATA FRAMES= $e"????.cbf !CBF">> xds/wedge $ca/
sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo !STARTING ANGLES OF SPINDLE ROTATION= 0 180 10>> xds/wedge $ca/
sweep $ha/XDS.INP
echo !TOTAL SPINDLE ROTATION RANGES= 60 180 10>> xds/wedge $ca/sweep $ha/
XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
DETECTOR DISTANCE= $DISa >> xds/wedge $ca/sweep $ha/XDS.INP
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echo

DETECTOR= PILATUS MINIMUM VALID PIXEL VALUE= 0.0 OVERLOAD= 1048500
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo SENSOR THICKNESS=0.32
>> xds/wedge $ca/sweep $ha/XDS.INP
echo ORGX= $BMX ORGY= $BMY
>> xds/wedge $ca/sweep $ha/XDS.INP
echo NX= 2463 NY= 2527
>> xds/wedge $ca/sweep $ha/XDS.INP
echo QX= 0.1720 QY= 0.1720
>> xds/wedge $ca/sweep $ha/XDS.INP
echo VALUE RANGE FOR TRUSTED DETECTOR PIXELS= 7000 30000
>> xds/
wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo DIRECTION OF DETECTOR X-AXIS= 1.0 0.0 0.0 >> xds/wedge $ca/sweep $ha/
XDS.INP
echo DIRECTION OF DETECTOR Y-AXIS= 0.0 1.0 0.0 >> xds/wedge $ca/sweep $ha/
XDS.INP
echo ROTATION AXIS= 1.0 0.0 0.0
>> xds/wedge $ca/sweep $ha/XDS.INP
echo INCIDENT BEAM DIRECTION=0.0 0.0 1.0>>xds/wedge $ca/sweep $ha/XDS.INP
echo FRACTION OF POLARIZATION= 0.99 >> xds/wedge $ca/sweep $ha/XDS.INP
echo POLARIZATION PLANE NORMAL=0 1 0 >> xds/wedge $ca/sweep $ha/XDS.INP
echo !AIR= %.8f
>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo SPACE GROUP NUMBER= 146
>> xds/wedge $ca/sweep $ha/XDS.INP
echo UNIT CELL CONSTANTS=178.6 178.6 116.6 90 90 120>>xds/wedge $ca/
sweep $ha/XDS.INP
echo INCLUDE RESOLUTION RANGE= 50 2 >> xds/wedge $ca/sweep $ha/XDS.INP
echo !STRICT ABSORPTION CORRECTION=TRUE>> xds/wedge $ca/sweep $ha/XDS.INP
echo
>> xds/wedge $ca/sweep $ha/XDS.INP
echo "REFINE(INTEGRATE)= BEAM ORIENTATION CELL">> xds/wedge $ca/sweep $ha/
XDS.INP
echo !== Default value recommended
>> xds/wedge $ca/sweep $ha/XDS.INP
echo !DELPHI= %.3f
>> xds/wedge $ca/sweep $ha/XDS.INP
echo MAXIMUM NUMBER OF PROCESSORS= 8
>> xds/wedge $ca/sweep $ha/XDS.
INP
echo
!MAXIMUM NUMBER OF JOBS= 16
>> xds/wedge $ca/sweep $ha/XDS.INP
######################END XDS INTEGRATION FILE
##############################
#Change directory to location of XDS input file
cd xds/wedge $ca/sweep $ha/
#Run XDS
xds par
#Return to original directory
cd #Increment sweep counter
(( h ++ ))
done
#Increment wedge / dataset number
(( c ++ ))
done
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Bash Script Using BLEND to Scale and Merge Multi-Crystal Data

1
2
3
4

#Script to run all sweeps through blend in analysis and synthesis mode
#Load modules for blend R and ccp4 before running script
#Counter for the sweep number
a=1

5
6
7

#Total number of sweeps is b
b=15

8
9
10
11
12
13
14
15
16

while [ $a -le $b ]
do
echo Working on sweep $a
aa=`printf "%03d" $a`
mkdir blendsweep $aa
cd blendsweep $aa
#Find all folders named sweep $aa, if a=1 then find sweep 001
find /dls/mx-scratch/matt/Pdx1BLEND/xds 160718/integratedfiles -name "
*sweep $aa" | sort > ori1.dat

17

echo All sweep $a folders found

18
19

sed -e 's/$/\/INTEGRATE.HKL/' -i ori1.dat

20
21

echo BLEND analysis mode initiated for sweep $a
#Analysis Keyword file contains the commands RESO HIGH =2.3, RADFRAC
=0. See BLEND documentation for more info.
blend -a ori1.dat < /dls/mx-scratch/matt/Pdx1BLEND/xds 160718/blend/
analysis keywords.dat > blend analysis.log

22
23

24

25

echo BLEND analysis mode complete for sweep $a

26
27

echo BLEND synthesis mode initiated for sweep $a
#Synthesis keyword file contains the command RESO HIGH =2.3. See BLEND
documentation for more info.
blend -s 1000 1.0 < /dls/mx-scratch/matt/Pdx1BLEND/xds 160718/blend/
synthesis keywords.dat > blend synthesis.log

28
29

30

31

echo BLEND synthesis mode complete for sweep $a

32
33

cd ../

34
35

#Increment to the next sweep
(( a ++ ))

36
37
38

done
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.10 Buffer constituents for Radiation Damage Investigations
Buffer Name

Buffer Constituents

Water
40% Glycerol
100% Glycerol
40% MPD
100% MPD
Pdx1 Glycerol
Buffer

Distilled Water
40% Glycerol (v/v)
100% Glycerol (v/v)
40% MPD (v/v)
100% MPD (v/v)
5.5% PEG 4000 (w/v),400 mM Sodium Acetate, 100 mM Tris (pH
8.0), 20% Glycerol (v/v)
WT
150 µM WT AtPdx1.3, 150 mM PoAtPdx1.3 pro- tassium Chloride, 37.5 mM Tris pH
tein film
8.0, 20% Glycerol (v/v)
AtPdx1.3 D41N 222 µM AtPdx1.3 D41N, 150 mM
protein film
Potassium Chloride, 37.5 mM Tris
pH 8.0, 20% Glycerol (v/v)
GB3 protein 1.13 mM GB3 protein in GB3 Buffer
film
GB3 buffer
25 mM Bis Tris (pH 6.5), 100mM
Sodium Chloride,
0.05% Sodium Azide, 0.5 mM Tris(2carboxyethyl)phosphine (TCEP)

Flux (photons
s−1 )
2.7x1010
2.1x1010
3.1x1010
2.3x1010
2.9x1010
2.8x1010

Dose Rate
(Gy s−1 )
130
101
149
111
139
156

2.5x1010

140

2.5x1010

140

2.4x1010

115

2.3x1010

120

Table .12: Constituents of the buffer solutions exposed to X-rays as UV-Vis spectra
were collected. The average dose in the exposed area is used when referring
to spectroscopy data. The beam parameters for the dose calculation are listed
in Table 2.4
.
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.11 MATLAB Code for Processing UV-Vis Spectroscopy Data
Script for Importing Spectra as a 3D Array

1
2
3

%This script will import all UV-Vis spectra with the ".txt" extension and
%file pattern"Glycerol R2" and load them in order into a 3-D array called
%"Glycerol R2".

4
5
6

%Tell the script which folder to look for the spectra in
myFolder = '/Users/matt/Dropbox/Pdx1project/PhD/Spectroscopy/ESRFSpec/
mx1733/Moritz/Matt/glycerol100run2';

7
8
9
10

11
12
13

%Error message will show if the myFolder directory cannot be found
if ~isdir(myFolder);
errorMessage = sprintf('Error: The following folder does not exist:\n%s'
, myFolder);
uiwait(warndlg(errorMessage));
return;
end

14
15
16
17

%Reads the pattern for the files with .txt extension
filepattern = fullfile(myFolder, 'glycerol100r2 1800s*.txt');
specfiles = dir(filepattern);

18
19
20
21
22

for k = 1:length(specfiles);
baseFilename = specfiles(k).name;
fullFilename = fullfile(myFolder, baseFilename);
fprintf (1, 'Now reading %s\n', fullFilename);

23
24
25
26
27
28
29

30
31

32
33
34
35
36
37

%Import data from text file
delimiter = '\t';
startRow = 20;
formatSpec = '%s%s%[ˆ\n\r]';
fileID = fopen(fullFilename,'r');
dataArray = textscan(fileID, formatSpec, 'Delimiter', delimiter, '
HeaderLines' ,startRow-1, 'ReturnOnError', false);
fclose(fileID);
%% Convert the contents of columns containing numeric strings to
numbers.
% Replace non-numeric strings with NaN.
raw = repmat({''},length(dataArray{1}),length(dataArray)-1);
for col=1:length(dataArray)-1
raw(1:length(dataArray{col}),col) = dataArray{col};
end
numericData = NaN(size(dataArray{1},1),size(dataArray,2));

38
39
40

41
42

for col=[1,2]
% Converts strings in the input cell array to numbers. Replaced nonnumeric
% strings with NaN.
rawData = dataArray{col};
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43
44

45
46

47
48
49

for row=1:size(rawData, 1);
% Create a regular expression to detect and remove non-numeric
prefixes and
% suffixes.
regexstr = '(?<prefix>.*?)(?<numbers>([-]*(\d+[\,]*)+[\.]{0,1}\d*[
eEdD]{0,1}[-+]*\d*[i]{0,1})|([-] * (\d+[\,]*) *[\.]{1,1}\d+[eEdD
]{0,1}[-+]*\d*[i]{0,1}))(?<suffix>.*)';
try
result = regexp(rawData{row}, regexstr, 'names');
numbers = result.numbers;

50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71

72

% Detected commas in non-thousand locations.
invalidThousandsSeparator = false;
if any(numbers==',');
thousandsRegExp = 'ˆ\d+?(\,\d{3}) *\.{0,1}\d*$';
if isempty(regexp(thousandsRegExp, ',', 'once'));
numbers = NaN;
invalidThousandsSeparator = true;
end
end
% Convert numeric strings to numbers.
if ~invalidThousandsSeparator;
numbers = textscan(strrep(numbers, ',', ''), '%f');
numericData(row, col) = numbers{1};
raw{row, col} = numbers{1};
end
catch me
end
end
end
%% Replace non-numeric cells with NaN
R = cellfun(@(x) ~isnumeric(x) && ~islogical(x),raw); % Find non-numeric
cells
raw(R) = {NaN}; % Replace non-numeric cells

73
74
75

%% Create output variable
Glycerol R2(:,:,k)= cell2mat(raw);

76
77
78

79

%% Clear temporary variables
clearvars i k filename delimiter startRow formatSpec fileID dataArray ans
raw col numericData rawData row regexstr result numbers
invalidThousandsSeparator thousandsRegExp me R;
end
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Script for Smoothing Spectra using a Savitzky-Golay Filter

1
2

%Script to smooth all absorbance values in the 3D array Glycerol R2 using
%a Savitzky-Golay Filter

3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

%'a' is a variable that will increase until it is equal to the number of
%pages in the Glycerol R2 3D array, at that point the loop will exit
a=1;
while a<=size(Glycerol R2, 3)
%Write absorbance values to temporary array 'y' column 1
y(:,1)=Glycerol R2(:,2,a);
%Perform smoothing with a window of 20 and a polynomial order of 2
%write smoothed values to 'y' column 2
y(:,2)=smooth(y(:,1),20,'sgolay',2);
%Write smoothed values to 3D array, column 3, page 'a'
Glycerol R2(:,3,a)=y(:,2);
%Loop
a=a+1;
%Clear temporary variables
clearvars a y;
end

Script for Normalising all Spectra in Series at 900 nm

1
2
3
4
5
6
7
8

9
10
11
12
13
14

%Script to internally normalise the spectra at 900 nm where no signal
%expected.
%'a' is a variable that will increase until it is equal to the number
%pages in the Glycerol R2 3D array
a=1;
while a<=size(Glycerol R2, 3)
%Subtract the smoothed absorbance value at 899.53 nm spectrum 'a'
%every smoothed absorbance value in spectrum 'a' and write values
to
%column forur of the 3D array.
Glycerol R2(:,4,a)=(Glycerol R2(:,3,a)-Glycerol R2(912,3,a));
a=a+1;
end
%Clear temporary variables
clearvars a
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Script to Produce Difference Spectra

1
2
3
4
5
6
7
8
9
10
11
12
13
14

%Script to subtract initial spectrum in a series from every subsequent
%spectrum.
%'a' is a variable that will increase until it is equal to the number of
%pages in the Glycerol R2 3D array
a=1;
while a <= size(Glycerol R2, 3)
%Subtract the first smoothed and normalised spectrum collected
%(in column 4) from every other smoothed and normailsed specrum in the
%array
Glycerol R2(:,5,a)=Glycerol R2(:,4,a)-Glycerol R2(:,4,1);
a=a+1;
end
%Clear temporary variables
clearvars a;
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Script Fit Two Gaussians to Difference Spectra
Function to Least Square Fit Two Gaussians

1
2
3
4
5
6
7
8
9
10
11
12
13
14

%This Fit2Gaussians function can be called by a script to fit two
%Gaussians to a UV-Vis spectrum.
function [fitresult, gof] = createFit(Ma150 1 0wav, Ma150 1 0abs)
%CREATEFIT(MA150 1 0WAV,MA150 1 0ABS)
% Create a fit.
%
% Data for 'untitled fit 1' fit:
%
X Input : Ma150 1 0wav
%
Y Output: Ma150 1 0abs
% Output:
%
fitresult : a fit object representing the fit.
%
gof : structure with goodness-of fit info.
%
% See also FIT, CFIT, SFIT.

15
16

%

Auto-generated by MATLAB on 26-Nov-2014 11:42:04
Matts lab book 3, 27/11/14.

Edited since, see

17
18
19
20

%% Fit: 'untitled fit 1'.
[xData, yData] = prepareCurveData( Ma150 1 0wav, Ma150 1 0abs );

21
22
23

24
25
26
27
28
29
30
31

% Set up fittype and options.
ft = fittype( '(d/(e*(sqrt(pi/2))))*exp(-2*(x-f)*(x-f)/(e*e))+(h/(k*(sqrt(
pi/2))))*exp(-2*(x-l)*(x-l)/(k*k))+n', 'independent', 'x', 'dependent'
, 'y' );
opts = fitoptions( 'Method', 'NonlinearLeastSquares' );
opts.Display = 'Off';
%Restrain upper and lower bounds for each of the variables
opts.Lower = [0 70 220 0 225 508 0];
opts.StartPoint = [2 23.4 220 1 233 510 0];
opts.Upper = [Inf 80 Inf 240 235 512 0];
% Fit model to data.
[fitresult, gof] = fit( xData, yData, ft, opts )

32
33
34
35
36

37
38
39
40

41

% Plot fit with data.
%figure( 'Name', 'Ma151-1' );
%h = plot( fitresult, xData, yData );
%legend( h, 'Ma150 1 0abs vs. Ma150 1 0wav', 'untitled fit 1', 'Location',
'NorthEast' );
% Label axes
%xlabel( 'Wavelength (nm)', 'Interpreter','none' );
%ylabel( 'Absorbance', 'Interpreter','none' );
%title( 'Ma151-1 0 fit of Gaussians on Exponential Background','
Interpreter','none' )
%grid on
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Script to Least Square Fit Two Gaussians

1
2

%This script calls the Fit2Gaussians function to fit two Gaussians
%to all of the spectra in a time-resolved series of difference spectra.

3
4
5
6
7
8
9

a=1;
GaussCoeff glycerol r2(1:6,1:7,1:size(glycerol100r2, 3))=zeros;
while a<=size(glycerol100r2, 3);
%while a<=100;
testx=glycerol100r2(1:982,1,a);
testy=glycerol100r2(1:982,5,a);

10
11
12

Fit2gaussians(testx, testy);
%Writes coefficient parameters to Coeff 3d matrix line 1

13
14

GaussCoeff glycerol r2(1,:,a)=coeffvalues(ans);

15
16

17

%Writes 95% confidence lower and upper bounds to lines 2 and 3 of
Coeff
GaussCoeff glycerol r2(2:3,:,a)=confint(ans);

18
19

20

%Converts confidence bounds to standard error and writes to row Coeff
4
GaussCoeff glycerol r2(4,:,a)=(((GaussCoeff glycerol r2(3,:,a))-(
GaussCoeff glycerol r2(2,:,a)))/3.92);

21
22
23
24

25

26
27
28

%Makes row 5 the co-efficient minus the Standard Error and row 6 the
%coefficient plus the Standard Error
GaussCoeff glycerol r2(5,:,a)=(GaussCoeff glycerol r2(1,:,a))-((
GaussCoeff glycerol r2(4,:,a)));
GaussCoeff glycerol r2(6,:,a)=(GaussCoeff glycerol r2(1,:,a))+((
GaussCoeff glycerol r2(4,:,a)));
%FitOutPut(a,:)=coeffvalues(ans);
a=a+1;
end;

29
30
31
32
33
34
35
36

figure
clearvars r
r(:,1)=GaussCoeff glycerol r2(1,4,:);
plot((1:size(GaussCoeff glycerol r2, 3))/2,r(:,1))
r(:,1)=GaussCoeff glycerol r2(1,1,:);
hold on
plot((1:size(GaussCoeff glycerol r2, 3))/2,r(:,1))
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Performing Rayleigh Scattering Background Correction
Rayleigh Fit Function

1
2

%This function is called by the Rayleigh Fit Script to perform the
%actual fitting.

3
4
5

%Read in array "WL" as xData and array "Abs" as yData
[xData, yData] = prepareCurveData( WL, Abs );

6
7
8
9
10

% Set up fittype and options.
%Fit a polynomial to the data using a non linear least squares method.
ft = fittype( 'power2' );
opts = fitoptions( 'Method', 'NonlinearLeastSquares' );

11
12
13
14
15

%Variable 'a' is allowed to float, corresponds to c1 in Equation 2.2
%Power (variable 'b') is fixed as -4, as in Rayleigh Equation 2.2
%Variable 'c' is allowed to float give the linear offset of the curve on
%the y-axis. Variable 'c' corresponds to c2 in Equation 2.2.

16
17
18
19
20

opts.Display = 'Off';
opts.Lower = [-Inf -4 -Inf];
opts.StartPoint = [1 -4 0];
opts.Upper = [Inf -4 Inf];

21
22

% Fit model to data.

23
24

[fitresult, gof] = fit( xData, yData, ft, opts );
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Rayleigh Fit Script

1
2
3
4
5

%This script will call the Rayleigh Fit Function to fit the Rayleigh
%equation to a region of the spectrum where only background scattering
%is expected, evaluate the equation across the entire spectrum and
%substract the contribution from Rayleigh scattering from all observed
%absorbance values

6
7
8
9

%'y' is a variable that will increase until it is equal to the number of
%pages in the WT I320 1 array
y=1;

10
11
12

v=1; %Upper wavelength bound (1 is 900nm)
w=301; %Lower wavelength bound (301 is 600nm)

13
14

while y<=size(WT I320 1, 3)

15
16
17

%Write one matrix for the wavelength range to fit the Rayleigh equation to
%and one matrix for the absorbance values.

18

WL=WT I320 1(v:w,1,y);
Abs=WT I320 1(v:w,2,y);

19
20
21
22

%Call Rayleigh Fit function to fit the absorbance data

23

Rayleigh Fit(WL,Abs);

24
25
26

%Save the fitted co-efficients as variables a, b and c.

27

Coeff=coeffvalues(ans);
a=Coeff(1,1);
b=Coeff(1,2);
c=Coeff(1,3);

28
29
30
31
32
33
34
35

%Evaluate the curve describing the contribution of Rayleigh Scattering
%to the observed absorbance across the entire spectrum and write to
%column 3 of 'WT I320 1'

36

WT I320 1(:,3,y)=((a*(WT I320 1(:,1,1).ˆb))+c);

37
38
39
40
41

%Subtract the calculated Rayleigh scattering contribution from the
%observed absorbance across the entire wavelength range and write
%to column 4.

42

WT I320 1(:,4,y)=WT I320 1(:,2,y)-WT I320 1(:,3,y);

43
44

y=(y+1);

45
46
47

end
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Calculate Initial Rate of Enzyme Activity

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

%Script to convert gradient from linear fit of spectroscopy data to an
%enzyme activity in nanomoles per milligram of protein per minute.
%%%%%%%%%%%%%%%%%%%%%%%%%%%USER INPUT%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%Tell me the extinction co-efficient of the chromophore being monitored
%I320 =16200
%PLP=5380
ExtinctionCoeff=16200;
%Tell me the protein concentration in the assay (micromolar) This is
%reduced from 20 micromolar in the I320 assay to 16 micromolar in the PLP
%assay due to addition of G3P
ProteinConc=20;
%What is the molecular weight of the protein (Daltons)
MW=33216;
%Tell me what the assay volume was (microlitres). 300 microlitres in I320,
%375 in PLP assay
AssayVolume=300;
%%%%%%%%%%%%%%%%%%%%%%%%%%%%END OF USER INPUT%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%First order polynomial (linear) fit to data in y1 to x1 independent
%variable.
p= polyfit (x1,y1,1);
absec=p(1,1);
abmin=absec*60;

23
24
25
26
27

%The absorbance change per minute divided by the the extinction
%co-efficient gives the change in the molar concentration of the
%chromophore per minute
ConcChangeMin=abmin/ExtinctionCoeff;

28
29
30

%(Moles = conc * vol), change assay volume to litres
AssayVolume(1,2)=(AssayVolume(1,1)*(10ˆ-6));

31
32
33

%Calculate number of moles of chromophore produced per minute
MolesperMin=ConcChangeMin*AssayVolume(1,2);

34
35
36
37
38
39
40
41
42
43
44

%Convert protein concentration in micromolar to mg per ml
ProteinConc(1,2)=(ProteinConc(1,1))*10ˆ-6; %Molar
ProteinConc(1,3)=(ProteinConc(1,2))*MW; %mgperml or g/l
ProteinConc(1,4)=(ProteinConc(1,3))*AssayVolume(1,2); %Grams of protein
%per assay
ProteinConc(1,5)=(ProteinConc(1,4)*1000); %mg of protein per assay
%Divide the moles of choromophore produced in the assay by the mg of
%protein in the assay to get the enzyme activity in terms of
%nanomoles of chromophore produced per mg of protein per minute.
%Multiplying by 10ˆ9 converts from moles to nanomoles.

45
46
47
48
49
50

%Determine the r-square for the fit
yfit = polyval(p,x1);
yresid = y1 - yfit;
SSresid = sum(yresid.ˆ2);
SStotal = (length(y1)-1) * var(y1);
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51

rsq = 1 - SSresid/SStotal;

52
53
54
55
56
57

Activity=((MolesperMin/ProteinConc(1,5))*(10ˆ9));
%Clear up variables generated by script
clearvars p abmin absec AssayVolume ConcChangeMin
clearvars ExtinctionCoeff MolesperMin MW ProteinConc
clearvars yfit yresid SSresid SStotal
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