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Abstract

Diabetes mellitus is a disease characterised by defective action and secretion of insulin. The 

morbidity and mortality associated with diabetes mellitus is largely attributed to its complications, 

which develop through pathways upregulated during hyperglycaemia. This research aims to 

structurally characterise two enzymes, namely fructosamine-3-kinase-related protein (FN3K-RP) 

and /„yo-inositol oxygenase (MIOX), which are separately implicated in these pathways.

FN3K-RP has been shown to phosphorylate ketosamine intermediates, which are formed when 

sugars bind irreversibly to proteins through non-enzymatic glycation reactions. These 

intermediates can progress to form irreversible advanced glycation endproducts (AGEs) which are 

implicated in diabetic complications. FN3K-RP, therefore, regenerates glycated proteins, 

providing a pathway that prevents the onset of AGEs. FN3K-RP was recombinantly expressed in 

insect cells and found to be soluble, dimeric and active towards glycated lysozyme, however 

FN3K-RP crystallisation was unsuccessful.

MIOX is a di-iron oxygenase that regulates the levels of wyo-inositol (MI) and D-c/n'ro-inositol 

(DCI), which mediate insulin action as components of endogenous inositol phosphoglycans. 

Reduced MI and DCI levels are associated with insulin resistance. MIOX breaks down MI and 

DCI to form D-glucuronic acid, and MIOX is upregulated during hyperglycaemia, possibly 

resulting in the inositol depletion observed during diabetes. As MIOX inhibition may restore 

inositol levels, it has become an attractive drug target. Recombinant MIOX was expressed in both 

eukaryotic and prokaryotic expression systems, but only MIOX obtained from the latter system 

crystallised. Its crystal structure (PDB code: 2HU0) was determined at 2.0 A resolution, and the 

final model, with an Rfree of 25.8%, contained residues 28-285, 155 water molecules, two Fe(III) 

ions, znyo-inositol and a formate ion. The MIOX structure reveals a mostly helical fold, with the di

iron centre formed between two pairs of helices, similar to other di-iron enzymes. MIOX is shown 

to be evolutionarily related to the HD-domain family. The MI substrate is bound in bidentate 

fashion to one of the iron atoms and is covered by a highly conserved O-loop. This active-site 

structure allows the likely binding site for oxygen to be identified, giving new insights into the 

unique mechanism of MIOX, and provides a platform for structure-guided ligand design.
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Chapter One

Introduction

1.1 Scope of this chapter

This chapter provides the scientific background of two enzymes, mpo-inositol oxygenase 

and ffuctosamine-3-kinase related protein, and their implicated roles in diabetes mellitus. 

The field of structural biology, in particular X-ray crystallography, and structure-guided 

ligand design are discussed to prepare the reader for the thesis proposal in Section 1.6.

1.2 Diabetes mellitus

1.2.1 Prevalence of diabetes mellitus and impaired glucose tolerance

Normal insulin signalling is required for a range of biological processes, including growth 
and development, and glucose, fat and protein metabolism1. Diabetes mellitus, 

characterised by defective action and/or secrection of insulin, is a disease attributed to a 

combination of both environmental factors and genetic disposition. Based on aetiology, 

diabetes mellitus is classified into two distinct forms, namely Type 1 diabetes mellitus 

(insulin-dependent diabetes mellitus; IDDM) and Type 2 diabetes mellitus (non-insulin- 

dependent diabetes mellitus; NIDDM).

Diabetes mellitus is of scientific and medical interest due to its high prevalence in society, 

the complexity of the disorder and its financial cost to governments . The most recent 

Diabetes Atlas (2003) confirms that diabetes is currently the fourth or fifth leading cause of 

mortality in developed countries and is now reaching epidemic proportions in various 

developing countries3. Furthermore, it is now accepted that impaired glucose tolerance 

(IGT), a condition that often precedes NIDDM, is a rapidly growing problem often 

resulting in the development of cardiovascular disease. In 2003, 5.1% (194 million) of the 

worldwide adult population (20-79 yrs) had diabetes, with a further 8.2% (314 million) 

believed to have IGT3. In New Zealand, the prevalence of diabetes is ~ 4 %, but it is three 

times higher in the Maori and Pacific Island populations (see

1



http://www.moh.govt.nz/diabetes). These numbers are expected to rise significantly by 

2025.

NIDDM accounts for ~ 90% of the two major types of diabetes in developed countries, and 

an even higher proportion in developing countries3. The increased NIDDM prevalence in 

the last few decades is thought to be due to altered cultural and social environments, 

dietary changes, reduced physical activity and increased urbanization. These changes are 

believed to account for the increased rates of obesity, associated with insulin resistance. 

When comparing such countries as China (2-3%) and Nauru (> 40%), there is a significant 

variation of NIDDM prevalence amongst different ethnic groups3.

1.2.2 Prevalence of diabetic complications

Following the discovery of insulin in 1921, the long-term complications arising from high 

serum glucose levels, or hyperglycaemia, now represent the major health concern of 

diabetics. Where these were previously seen as mild ailments linked with aging, they are 

now recognised as a significant cause of premature morbidity and mortality. Tissues 

affected by diabetic complications include the brain (cerebrovascular disease), gums, 

(periodontal disease), heart (cardiovascular disease), eyes (retinopathy), kidney 

(nephropathy), liver (renopathy), nerves (neuropathy) and limbs (peripheral vascular 

disease, ulceration and gangrene).

Various pathologies including blindness, renal failure and limb amputation seen in 

developed countries are most often attributed to diabetes3. As highlighted in Figure 1.1, a 

study showed that by the age of 50, approximately 30% of diabetics have three types of 

complications4. Of these, the most prevalent complication is coronary heart disease, which 

claims the lives of 70-80% of diabetic patients.

The various mechanisms causing diabetic complications are complex and at best, only 

partially understood. It is known that the toxic effects of chronic hyperglycaemia 

significantly contribute to the progression of these complications, which will be further 

discussed in Section 1.3.
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Figure 1.1 Prevalence of diabetic complications

A) Prevalence of multiple complications versus age. B) Prevalence of different types of 
complications versus age. Figures taken from Morgan et al., 20004

1.2.3 Financial cost

The annual worldwide healthcare cost of diabetes mellitus is estimated at a minimum of 

US$153 billion, of which diabetic complication management accounts for approximately 

half of this expenditure3. In New Zealand, the annual healthcare cost associated with 

diabetes mellitus is conservatively estimated at NZ$250 million, and is likely to rise to $1 

billion by 2021 (see http://www.diabetes.org.nz/news/2006/06/diabetes_new_ze_4.html). 

Worldwide, this cost is predicted to rise to US$400 billion by 2025. As such, reducing the 

effects of the disease has been targeted as "one of 13 immediate action priority objectives" 

of the NZ Ministry of Health (see http://www.moh.govt.nz/diabetes). These statistics do 

not take into account the indirect cost of the disease; for example, loss of production. As a 

result, diabetes mellitus and its complications will continue to pose a financial burden to 

countries until prevention and/or better therapies are developed.

1.2.4 Summary

Although the complications arising from diabetes mellitus can be partially avoided through 

lifestyle choices and careful control of serum glucose levels, there is an urgent need to 

develop new therapeutics to appose these devastating pathologies. The visible escalation 

of NIDDM, IGT and their associated complications in both developed and developing 

countries will continue to claim lives until this disease can be cured or properly regulated. 

This rationalises intense investigation into new therapies alternative to insulin 

administration to treat and prevent diabetes mellitus and its complications.
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1.3 Diabetic complications

1.3.1 Chronic hyperglycaemia leads to diabetic complications

All forms of diabetes mellitus are shown to result in hyperglycaemia, the underlying 

consequence of insulin deficiency and/or response5. A number of large clinical studies 

have shown that hyperglycaemia can lead to various microvascular complications (e.g. 

blindness, nephropathy and neuropathy)6’ 7 and macrovascular complications (affecting 

arteries supplying the heart, brain and extremities)5.

Currently, there are four known biochemical pathways linking hyperglycaemia to diabetic 

complications including the polyol pathway, the advanced glycation end-product (AGE) 
formation pathway, the protein kinase C (PKC) pathway, and the hexosamine pathway5. 

Specific inhibitors of these pathways are able to partially improve a number of diabetic 

abnormalities in both cell culture and animal models ’ ’ ’ ’ ’ , yet fail to normalise

these pathologies in diabetic patients14. As such, it has been suggested that a combinatorial 

approach with multiple targets may effectively alleviate diabetic complications14. Recently 

superoxide overproduction in the electron-transport chain was shown to increase the flux 
of all four pathways, thus defining a common causative link15,16.

1.3.2 Superoxide overproduction

During hyperglycaemia, the increased flux of glycolysis and the tricarboxylic acid cycle 

generates excessive levels of NADH and FADH2, which enter the mitochondrial electron 

transport chain to supply electrons by oxidative phosphorylation. The high level of 

NADH/FADH2 results in a high membrane potential (Apn+) across the mitochondrial inner 

membrane, subsequently inhibiting electron transport at complex III5. This prolongs the 

half-life of ubiquinone which reduces O2 to superoxide, thus increasing the levels of 

superoxide in the mitochondria.

As depicted in Figure 1.2, superoxide overproduction in mitochondria results in a 66% 

inhibition of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which catalyzes the 

conversion of glyceraldehyde-3-P to 1,3-diphosphoglycerate in the glycolytic pathway15. 

This pathway inhibition leads to a rise in upstream metabolites, which induces an increased
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flux of the four pathways of glucose over-utilisation, each leading to the complications 

arising from diabetes mellitus15,16.

[ Glycolysis

Glucose

Glucose-6-P"

Fructose-6-P '

Glyceraldehyde-3-P 
NAD+>

NADU*7 GAPDHI

Biochemical Pathways 
Leading To Diabetic Complications

1,3-Diphosphoglycerate ©I

I
♦
I

♦
I

Figure 1.3 Increased fluxes offour pathways leading to diabetic complications

The four pathways leading to diabetic complications are induced by increased levels of 
metabolites in the glycolytic pathway. Inhibition of GAPDH (small black box) by increased 
levels of Of (green sphere) leads to a blockage of the glycolytic pathway, leading to an 
increase in the upstream metabolites, which drive the four pathways causing diabetic 
complications. Figure adapted from Brownlee, 2001s.

There is intense investigation into how these four pathways lead to diabetic complications 

and this is rapidly expanding our understanding of these processes. Of these four 

pathways, the AGE pathway and the polyol pathway will be discussed further to provide a 

background for two enzymes implicated in diabetes mellitus and its complications, which 

forms the basis of this thesis.

1.3.3 The polyol pathway

Under normal conditions, only a small amount of glucose is metabolised through the 

polyol pathway, shown in Figure 1.4. Hyperglycaemia, however, results in an increased
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flux in this pathway, driven by the increased activity of aldose reductase (ALR2) to 

compensate for excessive glucose. ALR2, which requires NADPH as a cofactor, converts 

glucose into sorbitol. Much of this sorbitol is then further metabolized by sorbitol 
dehydrogenase (SDH) to form fructose, with the conversion of NAD+ to NADH14. As 

various enzymes, including glutathione reductase, require NADPH, the consumption of 

this cofactor by ALR2 may impair reduced glutathione (GSH) levels and lead to oxidative 

stress14. Similarly, the subsequent decrease in the cytostolic NAD+/NADH ratio caused by 

increased activity of SDH is thought to stimulate other pathways leading to diabetic 

complications.

Figure 1.4 The polyol pathway

The polyol pathway leads to an increased concentration of sorbitol and fructose. Increased 
levels of glucose (yellow circle) and sorbitol are associated with decreased levels of myo
inositol and D-chiro inositol but the exact mechanism of this clearance is still unclear, as 
represented by the question mark. Diagram adapted from Brownlee, 200Is
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17Transgenic mice that over-express ALR2 display reduced levels of GSH in the lenses , 

whereas a hyperglycaemia-induced ALR2 knockout mouse model did not show lowered 

GSH content in the sciatic nerve5.

In order to further characterise these enzymes, the crystal structures of both ARL2 and 

SDH19 have been solved. Furthermore, a range of inhibitors for both enzymes have been 

developed in order to probe the outcome of enzyme inhibition within this pathway in 

diabetes mellitus. ALR2 inhibitors have been reported to delay and/or prevent the 

progression of a number of diabetic complications ’ ’ ’ . However, the lack of efficacy 

and the presence of side effects due to the paralleled aldehyde reductase inhibition have 
prevented the clinical use of these inhibitors24. Inhibition of SDH has been shown to lead 

to pathological damage, including cataracts, retinopathy and neuropathy ’ ’ ’ , most

likely due to a build up of sorbitol. As such, it has been suggested that a synergistic 

approach, using high specificity ARL2 inhibitors and SDH activators could effectively 

minimise these detrimental metabolites that accumulate during diabetes mellitus .

1.3.3.1 Inositols

Increased sorbitol and glucose levels are also associated with decreased levels of myo- 

inositol (MI) and D-chiro inositol (DCI) during diabetes mellitus ’ ’ ’ , as depicted in

Figure 1.4. Importantly, deficiency of these inositols is implicated in insulin resistance34’
35

Of the nine isomers of hexahydroxycyclohexanes, myo-inositol (MI) accounts for almost 

all of the naturally occurring inositols in living tissues . Depending on the inositol 

epimer, an equatorial or axial hydroxyl group is present at each position of the 6-carbon 

inositol ring, found in the chair conformation. Of the inositols discussed in this thesis, MI 

displays equatorial hydroxyls at each carbon except C2, which is axial. DCI, which here is 

numbered according to MI, is identical to MI with the exception that the C3 hydroxyl is 

instead in the axial position. L-c/zzro inositol (LCI), the enantiomer of DCI, contains axial 

hydroxyls at C2 and C3. The structures of these inositols are illustrated in Figure 1.5.
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OH

D-chiro inositol

L-chiro inositol

Figure 1.5 Chemical structures of MI, DCI andLCI

MI and DCI are the only known physiological substrates of MIOX. Throughout this thesis, 
DCI is numbered according to MI numbering, for clarity’. Therefore, MI and DCI differ at 
C3, where the hydroxyl group is equatorial in MI and axial in DCI. LCI is the enantiomer of 
DCI, where the two axial hydroxyl groups are at C2 and C3 of LCI, as for DCI.

Inositols participate in a range of intracellular regulation including membrane structure,

signal transduction and osmoregulation35. Various inositol transporters have been 
36’ 37’ 38identified which channel these inositols into Hep5 A liver cells ’ ’ .
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Synthesis of MI is seen in mammals, plants, bacteria and fungi and arises from cyclization 

of glucose-6-P, utilising two enzymes39. The first enzyme, MI-l-P synthase, converts 

glucose-6-phosphate to form MI-1-phosphate through an intermediate, inosose 1- 

phosphate40. The second enzyme, MI monophosphatase, converts MI-1-phosphate to MI. 

Catabolism of MI and DCI to form D-glucuronic acid (DGA) is governed by one enzyme, 

myo-inositol oxygenase (MIOX), which will be further discussed in Section 1.4.4. In order 

to regulate inositol levels in yeast, these enzymes are controlled in an inverse manner, such 

that during inositol catabolism, the biosynthetic enzymes are down-regulated, and vice 

versa41. It is possible, although not yet detected, that a similar inositol regulatory 

mechanism exists in mammalian tissues. The mechanism of MI conversion into other 

inositol epimers remains unclear; however, there has been some evidence suggesting a 

pathway converting MI into DCI in rat tissue42.

As discussed below, both MI and DCI are components within membrane-bound lipid 

complexes that act as intracellular insulin mediators.

1.3.3.2 Inositol phosphoglycans (IPGs) are insulin mediators

Glycosyl-phospatidylinositols (GPIs) are molecules with a general structure comprising 

lipid-phosphate-inositol-glycan and have been detected in plants, bacteria, yeast, parasitic 

protozoa and mammalian cells43’44 ’ 45. Whereas many GPIs are seen to anchor proteins on 

the cell surface and are important in a wide variety of cellular functions, other GPIs act as 
precursors of inositol phosphoglycans (IPG) which are important insulin mediators46. In 

healthy individuals, insulin secreted from the pancreas interacts with the insulin receptor, 

leading to the activation of phosphatidylinositol-specific phospholipase C (Ptdlns-PLC)46. 

This enzyme hydrolyses the membrane-bound GPIs which are released as free extracellular 

IPGs47. These are believed to pass through specific active membrane channels into the 

cytoplasm to phosphorylate numerous insulin-sensitive enzymes, leading to glucose 

metabolism47. The IPGs are the only known molecules that mimic the short- and long

term effects of insulin in both intact cells and cell-free assays46. To emphasise the role of 

both IPGs, specific antibodies of these mediators were shown to block insulin response . 

Importantly, although MI is the most abundant inositol found in mammalian tissues, DCI 

was found to be the most common inositol found in IPGs49’50.
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Diabetic tissues have depleted levels of these inositols when compared to healthy 

individuals35’ 51; 52; 53. This observed inositol depletion is believed to cause insulin 

resistance through the impaired ability to form IPGs without these cyclitols. Accordingly, 

administration of certain inositols have been shown to improve insulin sensitivity in 

hyperglycaemia-induced streptozotocin (STZ) rats and in spontaneously induced insulin- 

resistant rhesus monkeys54. In a different study, a similar response was also seen in 

patients with polycystic ovary syndrome, characterised by insulin resistance and 

hyperinsulinaemia55.

To study the importance of IPGs as insulin mediators, they have been purified from 
diabetic and non-diabetic tissues using anion-exchange chromatography51. One mediator, 

which eluted at pH 2.0 contained DCI; this “pH 2.0 IPG” mediator activates pyruvate 
dehydrogenase (PDH) phosphatase and glycogen synthase, leading to glycogenesis42. The 

second, which eluted at pH 1.3 contained MI; this “pH 1.3 IPG” mediator stimulates 

glucose uptake through inhibition of cyclic AMP-dependent protein kinase (PKA) and 

adenylate cyclase42. The bioactivity of the pH 2.0 IPG (measured by PDH phosphatase 

stimulation) in Type 2 diabetic tissues was shown to be at least 50% reduced when 

compared to controls51. This trend was conserved when analysing the IPGs from 

haemodialysate, urine and muscle. This is in contrast to pH 1.3 IPG bioactivity (measured 

by inhibition of cAMP kinase), which was unchanged between diabetics and controls.

Further to this, a study was undertaken to compare alterations in IPG bioactivity in 
response to glucose ingestion in both a NIDDM and a control group34. In the latter group, 

there was no change in pH 1.3 IPG bioactivity, yet a 120% rise in bioactivity of the pH 2.0 

IPG was evident following a 75 g glucose consumption. This is in contrast to the NIDDM 

group which showed no bioactivity alteration of either IPG type in response to glucose. 

This is in agreement with the discovery that administration of either type of IPGs resulted 

in a glycogenic effect in STZ rats .

This evidence suggests that reduced levels of inositols, especially DCI, could prevent IPG 

activity resulting in insulin resistance. The bold contrast between the physiologically low 

tissue levels of DCI and its apparent abundance in IPGs suggests that insulin signalling is 

especially sensitive to DCI depletion. The current predicament is to interpret the 

mechanism of inositol depletion during hyperglycaemia.
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1.3.3.3 Possible mechanisms of DCI/MI depletion

Many studies have focused on deciphering the cause of inositol depletion and hence loss of 

IPG bioactivity during hyperglycaemia. Although no conclusion has thus far been reached, 

there are three suggested mechanisms of inositol depletion.

Firstly, hyperglycaemia could result in the inhibition of inositol synthesis. Although there 

have been no studies analysing this pathway during hyperglycaemia, down-regulation of 

these enzymes could possibly explain inositol depletion. Furthermore, evidence has 

suggested a conversion mechanism from MI to DCI, which is shown to occur at highest 
levels in the urine (36%), liver (8.8%), muscle (8.8%) and blood (7.6%)42. In Chlorella 

fusca, this conversion is catalyzed by an enzymatic reaction involving a pyridine 

nucleotide-linked oxidoreductive epimerization56, yet the equivalent has not yet been found 

in mammals. However, depletion of DCI in diabetic tissues could be due to impaired 

conversion of MI to DCI during hyperglycaemia, although further studies into this 

possibility need to be explored.

Secondly, recent research has shown there is increased urinary clearance of MI and DCI in 

NIDDM and IDDM patients when compared to controls53. In the controls, the median 

urinary DCI clearance was 2.1 pmol/day, whereas it was 12 pmol/day in NIDDM and 74 

pmol/day in IDDM patients. This is in contrast to MI and LCI clearance, which was only 

slightly elevated compared to controls. The difference between the mean plasma DCI 

levels of diabetics (~10 nM) and healthy individuals (-96 nM) could be partially due to 

this clearance. Upon insulin administration, the diabetic patients had a 63% decrease in 

DCI urinary clearance paralleled with an 8.8-fold rise in plasma DCI levels (to 180 nM), 

suggesting that DCI excretion is a result of hyperglycaemia. This is supported by the 

recent identification of various inositol transporters found on Hep5A cells, which are 

inhibited by high levels of glucose ’ ’ ’ . One recently discovered transporter, equally 

specific for both MI and DCI, is believed to account for all DCI uptake into HepG2 cells53. 

Importantly, this transporter allows DCI uptake in the presence of large amounts of 

competing MI. Although not yet resolved, hyperglycaemia-induced inhibition of these 

transporters in the kidney may partially account for the observed increased urinary inositol 

excretion and similarly may be partially responsible for this observed loss of tissue 

inositols in diabetics.
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Thirdly, loss of both MI and DCI could be due to an increased catalytic breakdown. In 

mammals, the only known route of MI and DCI catabolism is through znyo-inositol 

oxygenase (MIOX) which is found almost exclusively in kidneys60, but has been also been 

found at much lower levels in the lens61, and the sciatic nerves and liver62. This enzyme 

catalyzes the first step in the glucuronic-xylulose (GX) pathway which is further 

introduced below.

1.3.3.4 The glucuronate-xylulose pathway

MIOX is the first enzyme in the glucuronate-xylulose pathway which is normally 
responsible for approximately 5% of glucose metabolism in healthy humans63. The 

product of the initial reaction, D-glucuronic acid (DGA), is further catabolised in the 

glucuronate-xylulose pathway as shown in Figure 1.6. The final product, D-xylulose 5- 

phosphate then enters the pentose phosphate cycle64. Throughput through this pathway, 

normally important for glycogen synthesis65 and basement membrane development66 

within the kidney, is increased during diabetes mellitus .
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Figure 1.6 The glucuronate-xylulose pathway

The first step in the glucuronate-xylulose pathway utilises MIOX to convert MI/DCI to D- 
glucuronic acid (DGA). In numerous steps, DGA is then converted successively, as shown 
above, into the D-xylulose-5-phosphate, which then enters the pentose phosphate cycle. 
Figure adapted from Prabhu et al., 200564 Structures for the reaction intermediates are 
shown in Appendix III.
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Overuse of this pathway occurs during hyperglycaemia, resulting in a significant 

accumulation of carbohydrate derivatives into the basement membrane in kidney tissues, 
and a build-up of glycogen, both contributing to diabetic nephropathy68,69. For this reason, 

enzymes involved in this pathway have been identified as potential targets for inhibition. 

Inhibition of this pathway during hyperglycaemia could, firstly, prevent the loss of MFDCI 

important in insulin signalling and, secondly, prevent the build-up of downstream products 

known to lead to kidney failure. To the best of our knowledge, the structures of only two 
of these enzymes have been elucidated, namely glucuronate reductase70 and L-xylulose 

reductase69’71. Detailed structural characterisation of the apo-enzymes and their complexes 

with potent inhibitors has revealed vital clues for effective inhibitor design within this 

pathway; however, these studies have not yet led to any compounds that have been 

accepted for their theuraputic use.

In agreement with the discovery that the glucuronate-xylulose pathway is up-regulated 

during hyperglycaemia, recent studies have shown that MIOX expression and activity 

increases in the mouse diabetic kidney as well as in LFC-PK cells (a renal proximal 

tubular epithelial cell line from pig kidney that endogenously expresses MIOX) in response 

to an increased polyol or glucose environment60,64. This suggested that MI/DCI depletion 

could result from MIOX over-activity, a direct consequence of hyperglycaemic conditions. 

This enzyme has been under intense investigation in the last decade because of its potential 

role in insulin resistance and diabetic complications. MIOX inhibition may therefore 

prevent the depletion of these inositols and could similarly prevent nephropathy through 

inhibition of the glucuronate-xylulose pathway. This enzyme will be the further discussed 

(Section 1.4.4) and will form the majority of the research discussed in this thesis.

1.3.4 Advanced glycation end-product formation

1.3.4.1 Biochemical pathway leading to protein glycation

Protein glycation and subsequent advanced glycation end-product (AGE) formation has 

been shown to occur in various diabetic tissues including the retina, kidneys, arteries and 

nerves72. Although this process occurs naturally during aging, chronic hyperglycaemia 
results in a substantial elevation of this pathway in proportion to blood glucose levels14’73; 

74. Many studies have strongly implicated AGEs in the progression of diabetic 

complications75’76; 77, although the complex effects of AGEs are still not well understood.

14



Protein glycation is described as a non-enzymatic reaction between glucose (or other 

sugars) and protein residues, most commonly lysines and the amino groups at protein N- 

termini78’79; 80. As seen in Figure 1.7, this reaction initially forms glucosylamines (Schiff 

bases), which undergo an Amadori rearrangement to form ketoamines (Amadori 

compounds)81. As this process occurs over a period of days, serum fructosamine 

measurements are used to assess diabetic patients as they reflect the individual’s blood 

glucose levels over an extended timeframe82’83. These glycated residues can then proceed 

to form irreversible AGEs through intermediates such as 3-deoxyglucosones (3-DG), 

although the mechanism of their formation remains unclear72. These complex AGEs exist 

heterogeneously, with approximately a dozen different AGE types detected in tissues . 

The process of protein deglycation, involving two enzymes (shown in the red box), will be 

discussed in Section 1.4.1 and Section 1.4.2.
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Figure 1.7 Outline of the formation of ketosamines and AGE, revealing a protein 
deglycation pathway

The first two steps of this protein glycation reaction are reversible; however, the conversion 
of ketosamines to AGEs is an irreversible process that leads to diabetic complications. Two 
enzymes, fructosamine-3-kinase (FN3K) and fructosamine-3-kinase-related protein (FN3K- 
RP) (shown in the red box), are involved in a protein deglycation process where they 
phosphorylate the third carbon of the sugar portion of the substrate, leading to spontaneous 
breakdown of the phosphorylated ketosamine into the regenerated amine, Pt and 3-DG The 
structures of various ketosamines and 3-deoxyglucosone are shown in Appendix III.
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1.3.4.2 AGE-induced tissue damage

AGE formation leads to altered enzymic activity, ligand binding, protein half lives and 

immunogenicity84. AGEs affect intracellular and extracellular proteins through three 

accepted mechanisms. First, AGE-modified plasma proteins can bind to AGE receptors 

(RAGE) on endothelial and other cells, resulting in production of reactive oxygen species 

and activation of the transcription factor NF-kB, causing pathological alterations in 

intracellular signalling and gene expression5, 85. Second, AGE-modified extracellular 

matrix proteins display abnormal interactions with other matrix proteins and integrins5. 

Third, AGE formation has deleterious effects on intracellular proteins; e.g. basic fibroblast
OK

growth factor protein in endothelial cells .

These three pathways are believed to account for a significant rise in complications seen in 

diabetic tissues. For example, AGEs are known to accumulate in the blood vessel walls of 

the diabetic retina72, a phenomenon which is believed to be a leading cause of blindness in 

diabetics. Diabetic cataract is thought to be partially caused by AGE formation on the lens 

crystallins, which then form into aggregates leading to opacification, as seen in animal 

studies87.

AGEs are also known to damage low-density lipoprotein (LDL) and high-density 

lipoprotein (HDL), and are associated with atherosclerosis ’ . Furthermore, decreased
elasticity of large vessels in rats was shown to be caused by AGE-induced cross-links90.

Diabetic nephrology, which often leads to renal failure, has been partially attributed to 

local AGE accumulation. For example, transforming growth factor-P (TGF-P) is known to 

be released in response to high AGE levels91. This stimulates synthesis of collagen matrix 

component, thought to cause thickening of the basement membrane, a common 

characteristic of nephropathy. Furthermore, the clearance of AGE-bound serum proteins is 
inhibited in diabetic kidneys, with consequential AGE accumulation in the body92. AGE- 

activated RAGE stimulates synthesis of matrix proteins and type IV collagen, which has 

been shown to lead to nephropathy in diabetic animal studies .

The role of protein glycation and AGE formation in diabetic neuropathy still remains 

unclear. Evidence suggests that AGEs and glycation can affect myelin and lead to 

segmental de-myelination, a known characteristic of diabetic neuropathy . Animal studies 

revealed that AGEs led to reduced sensory motor conduction, nerve action potential and
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blood flow in nerves94. Various studies have shown that specific inhibitors and therapies 
can partially prevent the onset of AGE formation in the retina, kidney and nerve9, 12’ 13, 

highlighting the importance of this pathway.

Until recently, no mechanisms were known to promote protein deglycation in mammals. It 

is evident that amadoriases, found in micro-organisms, are known to metabolise small 
fructosamines but not fructosamine-modified protein functional groups95, and are thus not 

implicated in protein deglycation events. It was therefore assumed that the extensive 

formation of ketoamines in diabetics is an inevitable process, ultimately leading to 

irreversible AGE formation. Recently, however, two kinase orthologs, fructosamine-3- 

kinase (FN3K) and its homolog ffuctosamine-3-kinase related-protein (FN3K-RP), were 

identified and shown to initiate protein deglycation in humans96’97, as depicted in Figure 

1.7. This suggested a novel protein repair mechanism to prevent AGE formation. These 

two enzymes and their roles will be further discussed in Chapter 1.4.

1.3.5 Summary

Understanding the complex biochemistry by which diabetic complications arise is of 

utmost importance as they represent the underlying cause of death in diabetes mellitus and 

contribute substantially to the economic cost of the disease. A greater understanding of 

these pathways could lead to new therapies to treat diabetes and its complications. Section

1.4 will discuss in greater detail the two enzymes, myo-inositol oxygenase and 

ffuctosamine-3-kinase (and its related protein), that have been implicated in separate 

pathways associated with diabetic complications.

1.4 Enzymes implicated in diabetic complications

1.4.1 Fructosamine-3-kinase

Kinase activity that converts fructoselysine to fructoselysine 3-phosphate was identified in 

tissue extracts98’99. Although this discovery suggested a protein deglycation pathway in 

mammalian tissues, the authors suggested that inhibitors of this kinase, which they termed 

frutoselysine-3-kinase, could prevent diabetic complications as fructoselysine 3-phosphate 

forms 3-deoxyglucosone, a known glycating agent. A separate study using NMR 

spectroscopy found that fructose-3-phosphate (F3P) was formed in the intact lens of
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diabetic animals, and that F3P formation could be induced in erythrocytes upon incubation 

in high fructose100. The F3P formation was found to be due to a specific kinase, which 

they termed fructose-3-kinase (F3K), based on its ability to phosphorylate fructose at the 3- 

hydroxyl position101. The authors similarly hypothesised that a product of F3P, 3- 

deoxyglucosone, could act as a strong protein-glycosylating agent in the diabetic lens.

In order to characterise the kinase responsible for this conversion, Delpierre et al. purified 

a kinase from erythrocytes shown to phosphorylate 1 -deoxy-1-morpholinofructose (DMF), 

a synthetic fructosamine96 (see Appendix III for the DMF structure). This study showed 

that this DMF inhibited the formation of F3P in intact erythrocytes incubated with fructose, 

suggesting that the correct kinase had been isolated. Following identification, the 

corresponding 309-residue mouse and human enzymes were shown to share 89% sequence 

identity and were homologous to a number of bacterial proteins of unknown function. Both 

the human and mouse enzymes were recombinantly expressed in E. coli cells and purified 
to further characterise the enzymes96. As protein yields were low (1.2 mg L"1) and difficult 

to purify, new methods remain to be established to permit detailed study of this kinase. 

Delpierre et al. were, however, able to illustrate that both the mouse and human kinases 

had highest affinity for DMF (W,„ - 1.0 pmol L’1), followed by ffuctoselysine (Km -10 

pmol L'1), fructoseglycine (Km -1.5 mmol L'1) and finally, fructose (K,n >100 mmol L'1). 

The Umax (mU/mg) of each substrate increased in the same order as above. This suggested 

that ffuctoselysine residues of proteins may be the natural substrate which could be 

metabolised in vivo by the kinase, hence assigning the protein as ffuctosamine-3-kinase 

(FN3K). The recombinant kinase was further shown to phosphorylate glycated yet not 

unglycated lysozyme confinning that it can phosphorylate the sugar moieties on glycated 

protein residues96. This was further confirmed in a separate study showing that the human 

kinase was able to phosphorylate glycated lysine-rich histones102.

To study the physiological role of m vivo FN3K protein deglycation, FN3K 

phosphorylation of glycated haemoglobin (Hb) was analysed in intact erythrocytes . The 

authors showed that incubating human erythrocytes with 200 mM glucose led to increased 

levels of glycated Hb, with 5% of the Hb containing an alkali-labile phosphate group, 

identified as fructosamine-3-phosphate-Hb (FN3P-Hb). When DMF was present in the 

incubation solution, the level of glycated Hb doubled, with a drop in the level of FN3P-Hb. 

Removal of the Hb from glucose and DMF led to a decreased level of glycated Hb and an
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increased level of FN3P-Hb. These effects were stopped by the presence of DMF, further 

implying that FN3K is involved in the removal of these adducts from protein.

In a subsequent study, the authors attempted to identify the fructosamine residues on Hb 

that were phosphorylated by FN3K103. Using mass-spectrometry, nine glycated residues 

were detected in Hb, all of which were fully or partially phosphorylated by FN3K, albeit at 

varying rates. Of these nine residues, eight were lysines and one was the free amino group 

of the N-terminal valine. Consistent with this, glycation events are shown to typically 

modify the amino terminus and the lysine sidechains of proteins . Analysis of the X-ray 

structure of human Hb allowed positioning of the deglycation sites in the protein, revealing 

that Hb glycation and deglycation events occurred primarily on the protein surface. 

Furthermore, they found that the phosphorylation rates of different fructosamine residues 

correlated with the residue accessibility103. The phosphorylation pattern of Hb by FN3K 

suggests that it is responsible for regenerating the protein surface, allowing protein-protein 

interactions. As protein active-sites are often internally buried, the role of FN3K in 

deglycation of internal residues remains to be understood. As many proteins undergo 

significant conformational changes during catalysis, this may allow accessibility of the 

FN3K active-site to buried glycated residues; however, no evidence has thus far shown this 

to occur.

1.4.2 Fructosamine-3-kinase related protein

Following the characterisation of FN3K, a human enzyme sharing 64% amino acid 

similarity (Figure 1.8) to FN3K was found through alignment search tools, and 

subsequently named FN3K-related protein (FN3K-RP)97. To further characterise this 

homologue, Collard et al. used recombinant technology to express the mouse and human 

FN3K-RP in E. coli', however, both enzymes were shown to be insoluble . Subsequent 

expression in HEK eukaryotic cells yielded sufficient soluble protein for functional studies, 

however. Surprisingly, the human FN3K-RP did not display activity towards 

fructosamines, DMF or lysozyme glycated with glucose. In an in vitro search for possible 

substrates, both FN3K-RP and FN3K displayed activity towards a synthetic psicosamine 

(DMP) and ribulosamine (DMR), suggesting a role for these enzymes in releasing these 

adducts from protein residues97. The kinetic data for these two enzymes in this study are 

summarised in Table 1.1. FN3K-RP activity was several-fold higher than that of FN3K 

towards DMR and DMP, but the ability to phosphorylate DMF was unique to FN3K.
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Importantly, both FN3K and FN3K-RP displayed 40-80 fold lower towards DMR than 

DMP, suggesting the former is the preferred substrate. However, FN3K was shown to 

have a higher Fnlax towards DMF than either DMP or DMR suggesting fructose adducts as 

its preferred substrate.

Substrate FN3K FN3K-RP
Km (gmol L'1) Fmax (mU/mg) Km (gmol L"1) Fmax (mU/mg)

DMF 10 46 - -
DMP 160 29 160 41
DMR 2.6 5 3.5 16

Table 1.1 Kinetic data of human FN3K and FN3K-RP toyvards synthetic substrates

Adapted from Collard et al., 200397

To analyse human erythrocytes for the presence of FN3K-RP, DEAE-sepharose 

chromatography was used to purify proteins from erythrocytes with psicosamine-3-kinase 

activity104. Two psicosamine kinase activity peaks eluted from the column using a NaCl 

elution gradient, where the first activity peak (accounting for 75% of the total psicosamine 

3-kinase activity) was insensitive to DMF yet the second activity peak was completely 

inhibited by 5 mM DMF. Unlike FN3K, FN3K-RP shows no activity towards this 

synthetic substrate/inhibitor, therefore it was concluded that the first peak represented 

FN3K-RP. To confirm this protein to be FN3K-RP, the enzyme was shown to 

phosphorylate DMP but not DMF104. Furthermore, the group showed that the 

accumulation of glycated Hb, in intact erythrocytes incubated with allose or ribose 

(precursors of psicosamines and ribulosamines), was greatly enhanced when DMP 

(opposed to DMF) was present in the erythrocyte solution. As the majority of kinase 

activity towards psicosamines was shown to be due to FN3K-RP, the increased level of 

glycated Hb in the presence of DMP was largely attributed to FN3K-RP "inhibition", not 

FN3K inhibition. These studies strongly supported that FN3K-RP can phosphorylate 

psicosamine and ribulosamine protein adducts, leading to deglycation.

'H-coupled 31P NMR spectra confirmed that fructosamines are phosphorylated at the third 

carbon position of the sugar moiety102. Collard et al. showed that the three ketoamine 3- 

phosphates (psicose-, fructose- and ribulose-) rapidly degrade with half-lives of 8.8 h, 7 h 

and 25 min, respectively104. This process leads to breakdown into inorganic phosphate, 3- 

DG and the regeneration of these protein residues.
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The presence of FN3K and FN3K-RP genes in both prokaryotic and eukaryotic genomes 

suggests this deglycation mechanism is not specific to mammals. Tissue analyses 

confirmed the presence of both proteins at high levels in the bone marrow, brain, spleen 

and kidney, and at low levels in the heart, liver and skeletal muscle97. FN3K-RP is 

uniquely found in the testis, thymus and lungs. This wide distribution suggests that both 

kinases are important in this deglycation process throughout various tissues. As proteins 

such as myelin have long half-lives of >10 days, high expression of both kinases in the 

brain may be critical for protein repair in this organ.

1.4.3 Sequence and structural analysis of FN3K and FN3K-RP

Although the FN3K and FN3K-RP proteins share 64% sequence identity, the human 

FN3K-RP amino acid sequence shares 88% identity with a mouse FN3K-RP homologue. 

The mouse and human FN3K and FN3K-RP protein sequences are 309 amino acids in 

length. Similar to FN3K, the human and mouse FN3K-RP sequences are ~ 30% identical 

to a number of hypothetical bacterial proteins. The four kinases are shown in a sequence 

alignment in Figure 1.8.
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Figure 1.8 Alignment ofFN3K and FN3K-RP sequences from human and mouse

Amino acids shown in red boxes are 100% conserved in the four sequences

22



A recent review classified over 17,000 kinases into 30 groups based on sequence 

similarities105. Based on structural analysis of the known kinase proteins, 98% of these 

sequences could be grouped into seven general structural folds. The presence of conserved 

active-site residues and secondary-structure predictions classified FN3K and FN3K-RP to 

belong to the serine/threonine-tyrosine (S/T-Y) kinase-like family, comprised of over 9600 

proteins including a number of proteins of known structure. The active-site of S/T-Y 

kinase-like proteins is found in the cleft between two a + P domains and binds ATP along 
the p sheet of the app core structure in the C-terminal domain105. Analysis of the X-ray 

structures of S/T-Y kinase-like proteins and a sequence alignments of members of this 

family, including FN3K and FN3K-RP, revealed conserved residues hypothesised to be 

important in catalysis105. In both FN3K and FN3K-RP, Lys41 is hypothesised to be 

required for interaction with the a and P-phosphate groups of ATP, Asp234 for 

coordination of the primary Mg2+ ion, and Asp217 and Asn222 (in the conserved DxxxxN 

motif in the S/T-Y kinase-like family) for catalysis and coordinating a secondary Mg2+ ion, 

respectively. Alignment of the FN3K and FN3K-RP with aminoglycoside kinase revealed 

the conservation of this motif (HGDxxxxN)106. Similar to FN3K, aminoglycoside kinase 

transfers a phosphoryl group to an alcohol nearby an amino group, which suggested that 

these enzymes may be distantly related106.

Although all kinases catalyze the transfer of the terminal ATP phosphate group to an 

acceptor molecule using essentially the same reaction, kinase structures, their substrate 

specificities and the pathways in which they operate vary substantially105. It is, however, 

possible that the FN3K and FN3K-RP enzyme structures and mechanisms are comparable 

somewhat to those of other S/T-Y kinase-like proteins.

1.4.4 Afp0-inositol oxygenase (MIOX)

1.4.4.1 Background

MIOX was first characterised from rat kidney extracts as an enzyme that cleaves the myo- 

inositol ring between Cl and C6 to form D-glucuronic acid (DGA) ’ . This 4-electron

oxidation results in the incorporation of an oxygen atom, derived from O2, into DGA 

(Figure 1.9). This reaction was shown to occur predominantly in the kidney109, and 

represents the first step in the glucuronate-xylulose pathway in mammals (Section 1.3.3.4).
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Studies in human pentosuric patients revealed this pathway to be the only mechanism of 

inositol catabolism110.

Figure 1.9 Conversion of myo-inositol to D-glucuronic acid

MIOX catalyzes the conversion of MI (and DCI) to form the product of the reaction, D- 
glucuronic acid. The C1-C6 bond is cleaved during the reaction, whereby a single oxygen 
atom is incorporated into the product at the Cl position.Figure taken from Brown et al., 
2006"1.

Following the initial identification of MIOX, the endogenous enzyme was purified from 

both rat kidney107’ 112 and oats113 in an attempt to elucidate its physiological role and 

enzymatic mechanism, yet the instability of the endogenous MIOX prevented detailed 

characterisation of the enzyme. In a breakthrough study, the purified endogenous MIOX 

could be stabilised (and re-activated) with L-cysteine and ferrous iron, allowing detailed 

enzyme kinetic characterisation of the oxygenase114,115, as discussed in Section 1.4.4.3.

Recent advances in recombinant protein production allowed expression of mammalian 
MIOX from pig, mouse, rat and human kidney cDNA sources35; 116. The recombinant 

MIOX protein allowed for important kinetic and spectroscopic analyses of MIOX to give 

information on enzymatic mechanistic details, as discussed in Section 1.4.4.6. The authors 

noted that X-ray crystallographic studies of MIOX would be vital for a detailed 

mechanistic understanding of MIOX.

In a separate search for an renal-specific reductase belonging to the aldo-keto reductase 

(AKR) family, representational difference analysis of diabetic mouse kidney cDNA was 
performed, yielding an ORF of 855 nt (1.5 kb mRNA transcript)117. Similar to proteins in 

the AKR family such as aldehyde reductase and aldose reductase, the ORF was expressed 

as a 33 kDa protein. Although the 33 kDa protein showed no sequence homology to 

proteins of the AKR family, it shared 91% and 97% amino acid sequence identity to a 

human and rat homologue, respectively. Northern and western blot analyses revealed that
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its expression was confined to the kidney and was up-regulated in diabetes, like aldose 

reductase.

Analysis of the mouse ORF sequence revealed a putative NADPH-binding motif (AKR 

motif), containing a tetrapeptide sequence (Met-Ala-Lys-Ser, residues 21-24). This 

tetrapeptide sequence was suggested by the authors to be responsible for the protein’s 

apparently high affinity for NADPH (Winadpii = 67 nM). Alignment of the protein’s 

putative AKR motif with the equivalent motif observed in other AKR proteins revealed 

that only the Lys-Ser residues were completely conserved. While the first two residues in 

this tetrapeptide sequence can vary, the two latter residues are required for NADPH 

affinity. The remaining 12 amino acids in the putative AKR motif contained only one other 

conserved residue with the other AKR proteins. As other proteins in the AKR family 

require NADPH for enzymatic function, it was hypothesised that this protein could also 

require NADPH. The study did not include any enzyme activity analysis to validate this 

hypothesis.

Regardless, the authors assigned this protein as renal-specific oxidoreductase (RSOR) 

based on its NAPDH affinity, its localization to the kidney and other similar properties 

(molecular weight, pi) to other oxidoreductases in the AKR family. Similar to ALR2, 

RSOR was suggested to be relevant in renal complications of diabetes mellitus .

In a later study60, the mouse RSOR protein characterised by Yang et al. was shown to 

match the sequence of mouse MIOX sequenced by Arner et al.u6 and had MIOX activity 

without requirement of NAPDH.

1.4.4.2 MIOX/RSOR sequence analysis and protein characteristics

Analyses of MIOX sequences from mouse, rat, human and pig revealed a high level of 

sequence conservation35 (Figure 1.10), which highlighted its important biological function. 

The mouse MIOX sequence has 95%, 89% and 85% sequence conservation to rat, human 

and pig MIOX sequences, respectively. Apart from a few unconserved clusters (e.g. 

residues 2-5, 57-65, 128-132, 185-188 and 258-265), the MIOX sequence is highly 

conserved in mammals. Between residues 83 and 185, only five residues are not conserved 

in the four MIOX sequences, suggesting important roles in structure and/or function.
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Figure 1.10 Alignment of mammalian MIOX sequences.

The MIOX sequences of mouse, rat, human and pig are aligned and the conserved residues 
are in highlighted in red. The putative NADPH binding motif (MAKS) in mouse 
MIOXZRSOR is observed from residues 21-24. Note the lack of sequence conservation of this 
putative motif. This is in contrast to the high level of overall sequence conservation of 
MIOX.

The three available RSOR sequences (human, rat and mouse) were shown to be almost 
identical to the corresponding sequences of MIOX116 (Table 1.2). The mouse RSOR and 

MIOX sequences only differ by one amino acid due to one nucleotide conflict. Similarly, 

the rat RSOR and MIOX sequences differ by one amino acid, again due to a single 

nucleotide discrepancy. The human RSOR and MIOX sequences differ by two amino acids 

and also contain three silent nucleotide substitutions. The human MIOX sequence 

characterised by Amer et al., however, is identical to two other human MIOX sequences 

(AY064416 and AF230095) in the ExPASY sequence databank.
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Source Enzyme Code AA conflict 
(RSOR -> 
MIOX)

mRNA codon 
(RSOR -> 
MIOX)

Rat MIOX AY738259 57 Met —♦ Val ATG -> GTG
RSOR AF197128

Mouse MIOX AY738257 65 Gly —> Ser GGC -> AGC
RSOR AF197127

Human MIOX AY738258 4,
282

Asp —> Thr,
Thr ->He

GAT ACG 
ACC -> ATCRSOR AF197129

Table 1.2 Sequence conflicts seen between the RSOR and MIOX sequences 

The conflicts between MIOX and RSOR are located at different positions in the rat, human 

and mouse sequences, suggesting that the conflicts are a result of sequencing errors. This is 

further supported by the overwhelming lack of silent mutations, which would likely be 

more prominent if they were separate, yet closely related proteins. It is now considered 

that RSOR and MIOX are the same protein.

The tetrapeptide NADPH binding motif (Met-Ala-Lys-Ser) seen in mouse MIOX is not 

conserved in the human or pig MIOX sequence. Analysis has shown that the pig MIOX 

displayed no NADPH binding affinity, although other mammalian MIOX proteins have not 

yet been analysed for NADPH affinity35. Similarly, in vitro activity analyses have shown 

MIOX to not require NADPH for activity. The lack of this conserved tetrapeptide 

sequence in mammalian MIOXs suggested that this putative NADPH binding motif 

identified by Yang et al. was an artefact of the search criteria.

One discrepancy in the earlier studies of MIOX was the apparent molecular weight of the 

protein, as outlined in Table 1.3. The inconsistent molecular weight estimates were 

hypothesised to be due to MIOX aggregation or degradation of an unstable MIOX. Recent 

studies of recombinantly expressed pig, human, rat and mouse MIOX have clarified this 
discrepancy, clearly showing that MIOX is a monomeric 33 kDa protein35’ 116, agreeing 

with the calculated 33.7 kDa molecular weight of MIOX based on amino acid sequence. 

The latter study also revealed that MIOX is susceptible to degradation at the N-terminus to 

Thr32 to form a stable 29.7 kDa truncated protein, and found that a small proportion of 

MIOX in solution dimerises, possibly explaining much of the controversy over the 

molecular weight of MIOX.
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Source Weight
(kDa)

Reference

Rat kidney 68, 17 lots

Oat seedling 62 113

Hog kidney 66 114; 115

RSOR mouse kidney 33 117

Rec. pig, mouse, rat, human (kidney) 33 35; 116

Rec. Arabidopsis thaliana and Cryptococcus 33 ~rns

Table 1.3 Estimated molecular weights of purified MIOXfrom different studies 

Studies agree that MIOX/RSOR has a pi of ~ 4.535’115; 117; however, one study suggested 

that MIOX separates as two bands with equal intensity on an iso-electric focusing gel (pi 

4.4 and 4.5)115, with both components having equal activity towards MI. The significance 

of these two MIOX forms were not discussed, however.

1.4.4.3 In vitro enzyme activity studies

In an early study, MIOX isolated from pig kidney was shown to be reactivated by L- 

cysteine and Fe2+, yet these activators could not be substituted by other reducing agents or 

divalent cations114. The apparent requirement of L-cysteine for MIOX activity suggested 

that the enzyme may undergo oxidation and reduction changes during its catalytic cycle. 

Therefore to be a successful in vitro activator, it would require the correct oxidation- 

reduction potential to allow successful reactivation from the inactive oxidized form to the 

active form of the enzyme. This discovery allowed extensive analysis of MIOX using the 

Orcinol assay107 and an oxygen uptake assay114. MIOX was shown to have a K,„ of 5 mM 

for MI and the enzyme activity was directly proportional to the non-heme iron content in 

the purification fractions114’ 115. The most active fractions were estimated to contain 4 

atoms of iron/65 kDa whereas less active fractions had lower iron content. As MIOX is
or

now known to be a 33 kDa monomer , this equates to two atoms of iron per monomer in 

the most active fractions. This study went on to characterise the substrate specificity of 

MIOX. Various other sugars such as glucose and downstream products in the glucuronate- 
xylulose pathway were analysed and shown not to be MIOX substrates114. Structural 

analogues (10 mM) of MI such as myo-inositol 2-phosphate, trans-cyclohexane, 1,2-diol 

and 2-O,C-methylene-znyo-inositol inhibited MIOX by 83%, 39% and 66%, respectively. 

Furthermore, the study characterised MIOX inhibition by various divalent cation metals.
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Addition of 1 mM Hg2+, Fe3' or Cu2+ inhibited MIOX by 93%, 83% and 93% respectively; 

however, 1 mM Mn2+, Zn2+ or Mg2+ did not have inhibitory effects.

Recombinant production of MIOX (from pig, rat, human and mouse kidney cDNA) 
allowed further analysis of enzyme activity35’116. The yield of MIOX following bacterial 

expression and purification was low (0.5 - 4 mg L"1), with most of the recombinant protein 

being found in inclusion bodies. The soluble MIOX fractions were active, but the Km and 
/feat values of the different mammalian MIOX proteins showed significant variation116. 

Importantly, MIOX was shown to have additional catalytic activity towards D-chiro 

inositol (DCI), an epimer of MI. MIOX showed reduced affinity for DCI (Km = 33.9, /ccat =
2.3 min'1) than for MI (Xm = 5.9 mM, kcat = 11 min'1). Structurally, MI and DCI differ at 

the C3-OH position, where the bond is equatorial in MI and axial in DCI (See Section 

1.3.3.1). Without structural characterisation of MIOX, the dual substrate specificity of 

MIOX could not be explained. The specificity of MIOX towards both MI and DCI is 

relevant to diabetes as both inositols are involved in insulin signalling, and these inositols 

are altered physiologically as a result of hyperglycaemia. As MIOX represents the only 

known route of inositol catabolism, up-regulation of MIOX could therefore lead to the 

observed loss of MI and DCI during diabetes mellitus.

1.4.4.4 Protein-protein interactions

MIOX isolated from pig kidney was found in a 250 kDa complex when purified in pH 8.0 

conditions115. This complex was also shown to also contain glucuronate reductase, as well 

as at least two other proteins not yet identified. Glucuronate reductase is the second 

enzyme in the glucuronate-xylulose pathway, in which it catalyses the conversion of DGA 

to form L-gulonate. The third enzyme in the glucuronate xylulose pathway, L-gulonate 

dehydrogenase, was not part of this complex114. Reddy et al. suggested that MIOX would 

likely be present in this complex in the kidney, with the MIOX product, DGA, being 

passed directly to glucuronate reductase in an acyclic form114. MIOX activity could be 

measured in this complex with the change in absorbance (AA340) when NADPH and MI 

were present in the reaction solution. The other proteins in this complex remain to be 

identified and characterised and the multi-protein complex shown to contain both MIOX 

and glucuronate reductase has not yet been properly characterised.
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1.4.4.5 MIOX expression and activity studies in vivo

A early study suggested that MIOX activity was reduced in STZ rat kidneys by 75% 

compared to control; however, the results were shown to vary widely between samples . 

A second study characterised a 32 kDa kidney-specific protein, termed kidney-specific 
protein (KSP32)119, yet this protein was later identified as MIOX116. Using /'/? situ 

hybridisation, transcription of the KSP32 gene was shown to be down-regulated following 

induced ischemic acute renal failure (ARF), yet later regained normal transcription levels 

following kidney recovery119. The significance of this down-regulation of KSP32 was 

limited as the authors were unaware of the role of KSP32 (MIOX). However, it was 

suggested that KSP32 down-regulation may help kidney regeneration.

Two recent studies, however, have strongly shown that MIOX expression and activity 

increases during hyperglycaemia. The first study showed that various sugars and polyols 

such as glucose, xylitol and sorbitol, seen to accumulate during hyperglycaemia, result in a 

5-6 fold increase in MIOX transcription in LLC-PK1 cells64. In this study, a 2 kb upstream 

osmotic response element in the promoter region, activated by binding of a transcription 

factor (tonicity element-binding protein), was shown to be responsible for up-regulated 

transcription. Deletion of this promoter region abolished MIOX up-regulation in an 

increased polyol environment. This suggested a positive feedback mechanism of MIOX 

activity both from a downstream product of the glucuronate-xylulose pathway (xylitol) and 

from the polyol pathway (sorbitol).

A further study supported the above finding, showing that treatment of LLC-PK1 cells 

with glucose resulted in increased MIOX transcription and expression; the increase was 
linear with glucose concentration as was MIOX activity60. In parallel, animal studies also 

showed that db/db mice (C5'lB>(ASs-leprdb Heprdb) had increased levels of MIOX activity at 

8, 12 and 16 weeks when compared to control and db/m mice (C57BLKS/J-/ep//z7+). 

MIOX activity was also increased in proportion to serum glucose levels that were elevated 

in db/db mice. Furthermore, whereas MIOX expression is usually confined to the renal 

proximal tubules, as in db/m mice, this study showed that MIOX expression was higher 

and had extended into the medulla in db/db mice.

Taken together, these two studies provided strong evidence that MIOX expression and 

activity is increased both in a high glucose and polyol environment, and during diabetes
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mellitus. This implied that increased levels of MIOX could be responsible for depletion of 

these inositols in this disease.

1.4.4.6 Mechanistic studies of MIOX

1.4.4.6.1 Early mechanistic studies of MIOX

MIOX purified from rat kidney extracts was shown to contain iron, and the inositol 

cleaving activity of this protein was inhibited when various metal chelators were added to 

the protein solution108. The initial characterisation of MIOX suggested that the enzyme 

catalyzed the conversion of MI to form DGA, through a cleavage between Cl and C6 of 

the MI ring, where one atom of oxygen is incorporated at the Cl position of the 

product120. Tracer studies using oxygen-18 later confirmed one oxygen atom is 

incorporated into the product exclusively in the Cl carboxyl group121. Therefore the 

MIOX reaction is unique as no other enzymes are known to carry out a 4-electron 

oxidation of a substrate as MIOX does. Through inhibition and kinetic isotope studies, the 

MI substrate was later shown to proceed through an intermediate state L-/?7yo-inosose-l, 

before being cleaved into the product, DGA . In this study, L-wyo-inosose-1 was shown 

to be a potent competitive inhibitor of MIOX (A) = 62 pM) and was not a MIOX substrate. 

This discovery led to the mechanistic hypothesis where the carbon-carbon bond cleavage 

within the inositol ring occurs following the initial oxidation at the Cl-hydroxyl position to 

form the intermediate L-zzzyo-inosose-l122. The sequence of events following the formation 

of the initial enzyme-bound intermediate is still unclear.

1.4.4.6.2 Evidence of a di-iron centre in MIOX

Electron paramagnetic resonance (EPR) and Mossbauer spectroscopic evidence was used 

to probe the nature of the iron centre and the interaction with the MI substrate . The 

Mossbauer spectra of samples following mixing of Apo-MIOX (iron-free) with Fe(II) led 

to a single quadruple doublet spectra, yet this data did not independently conclude that a 

dinuclear Fe(II)/Fe(II) complex was formed. The fact that this reduced species could lead 

to Fe(II)/Fe(III) and Fe(III)/Fe(III) complexes upon oxygen exposure strongly supported 

the existence of a Fe(II)/Fe(II) species as opposed to a mononuclear Fe(II) enzyme. 

Similarly, the observed EPR spectra of the Fe(II)/Fe(III) and Fe(II)/Fe(III)*MI species 

were typical of antiferromagnetically coupled, high-spin di-iron clusters123. This finding
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agreed with the original observation that MIOX isolated from hog kidney contained 4 iron 
atoms/65 kDa, equating to 2 atoms/33 kDa, in the most active fractions115.

Identification of a di-iron centre in MIOX classified it as a new member of the non-heme 

di-iron protein family, where the di-iron proteins are structurally classified into four groups 

as shown in Table 1.4.

Protein Function
Group 1: Large helix bundle proteins

Ribonucleotide reductase R2 (RNR) Synthesis of DNA precursors
Methane monooxygenase (MMO) Carbon fixation
Stearoyl-acyl protein Ay-desaturase Fatty acid synthesis
Toluene hydroxylase* Toluene hydroxylase
Phenol hydroxylase* Phenol hydroxylase
Alkene hydroxylase* Alkene hydroxylase

Group 2: Simple helix-bundle proteins with overhead connection
Ferritin Iron storage
Bacterioferritin Iron storage, ferroxidase
Rubrerythrin Ferroxidase

Group 3: Simple helix-bundle proteins without overhead connection
Hemerythrin Oxygen transport
Myohemerythrin Oxygen transport

Group 4: a/p sandwich structures
Purple acid phosphatase Phosphatase
(Ser/Thr phosphatases) Phosphatase

Table 1.4 The di-iron centre proteins classified into four structural groups

Table adapted from Norlund et al., 1995124

A representative protein from each group is illustrated in Figure 1.11. This shows the 

conserved structural features of the di-iron proteins. Proteins in group 1 (e.g. RNR) and 

group 2 (e.g. Bacterioferritin) catalyse dioxygen-dependent oxidation-hydroxylation 

reactions and are characterised by a conserved ExxH motif seen within two of the four 

helices, which contribute four ligands to coordinate the di-iron site . Xing et al. 

suggested that, like the other oxygenases in group 1, MIOX may contain a structurally 
conserved four-helix bundle123. Analyses of MIOX sequences, however, showed that it 

does not contain even a single copy of this ExxH motif, such that the MIOX sequence 

failed to provide clues of its tertiary structure. Furthermore, the lack of any close relative 

of MIOX with significant sequence identity, and of known structure, provided no further 

clues to the novel mechanism of MIOX. Proteins in group 3 (e.g. hemerythrin) also 

contain a di-iron centre coordinated by two pairs of helices, but the helix coordination 

differs between proteins in group 1 or 2 to that of proteins in group 3. As shown in Figure
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1.11, proteins in group 1 and 2 have their two pairs of helices connected by a “left-hand 

cross-over”. The proteins in group 3 have the helices connected in a "right-handed" 

fashion. Purple acid phosphatase (Group 4) is structurally unrelated to proteins in groups 

1-3, as the di-iron pair is coordinated by residues in loops at the carboxyl ends of strands in 

the a/p sandwich. The one unifying characteristic of all proteins in the four di-iron protein 
groups is that the di-iron centre is bridged by carboxylates and oxide/hydroxide ions124.

The oxygenases in group 1, such as MMO and RNR, are known to use their di-iron centre 

to cause either a two-electron or one-electron oxidation of substrates, as reviewed by Xing 

et al.123. Hence, the 4-electron oxidation carried out by MIOX expanded the known 

repertoire of di-iron oxygenases. Following the classification of MIOX as a di-iron 

oxygenase, therefore, did not immediately unravel its unique reaction mechanism . The 

di-iron oxygenases will be further discussed and compared to MIOX in Section 7.4.1.
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Figure 1.11 Ribbon diagrams of di-iron protein structures

A) Ribonucleotide reductase R2 (RNR), PDB code: 1MXR; B) Bacterioferritin, PDB code: 
1BCF; C) Hemerythrin, PDB code: 1HMO; D) Purple acid phosphatase (PNP), PDB code: 
1WAR. The di-iron cluster in each protein is coloured as orange sphere. The four-helix 
cluster in RNR is coloured in blue, whereas the remainder of the protein is coloured in 
yellow.
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1.4.4.6.3 MIOX is active in the mixed Fe(II)/Fe(III) state

Mossbauer spectra were used to identify different oxidation states of the di-iron centre in 

MIOX123. In an accompanying study, the active form of MIOX was identified to contain a 

mixed-valent Fe(II)/Fe(III) centre rather than a reduced Fe(II)/Fe(II) or an oxidized 

Fe(III)/Fe(III) centre125. First, the reduced Fe(II)/Fe(II) form was incubated with MI and 

limited O2 and analysed by EPR spectra to determine whether this was the active form. If 

the fully reduced state was the active form, the reaction would require the fully reduced 

enzyme to be regenerated which, as discussed by Xing et al., is seen in other di-iron 

oxygenases125. Through EPR spectra analysis, this Fe(II)/Fe(II) state was shown not to be 

regenerated, implying the fully reduced state was not the active form of MIOX .

To determine whether the fully oxidized Fe(III)/Fe(III) form was the active form, MIOX 

was assayed in the presence of 300 pM O2 and in absence of any reductant . Mossbauer 

or EPR spectroscopy was used to pre-determine that over 95% of MIOX was in the 

Fe(III)/Fe(III) state. Subsequent activity analysis revealed that the Fe(III)/Fe(III) form had 

very low activity, strongly supporting that the fully oxidized enzyme is not the active form. 

The enzyme could be reactivated by adding L-cysteine, reducing it to a Fe(II)/Fe(III) 

species. This is supported by a previous report which showed that H2O2 inactivated MIOX 

whereas catalase protected MIOX activity122.

The formation of the mixed-valent Fe(II)/Fe(III) state, seen in the EPR spectra analysis, 

upon exposure to limited O2 and a mild reductant suggested that this was the active state of 

MIOX125. The cyclic decay and regeneration of the Fe(II)/Fe(III)’MI with limited O2, 

observed by stop-flow absorption and freeze-quench EPR, strongly supported this to be the 

catalytically active form125. Finally, addition of MI to the mixed-valent enzyme reacted 

rapidly with O2 in a cyclic manner with a yield of DGA equal to the theoretical estimate of 

1 DGA per O2 molecule126.

Addition of MI to either the Fe(III)/Fe(III) or Fe(II)/Fe(III) species perturbed the 

Mossbauer spectrum, most likely due to a strengthening of the exchange coupling between 

the iron atoms123. The perturbation effect was significantly greater in the Fe(II)/Fe(III) 

species than the Fe(III)/Fe(III) species and the resulting Fe(II)/Fe(III)»MI sample was more 

homogeneous than the Fe(III)/Fe(III)«M I sample. This evidence further supported that the 

Fe(II)/Fe(III) species of MIOX is the active state.
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1.4.4.6.4 Binding of MI to MIOX

The observed perturbations of both the Mossbauer and EPR spectra following MI addition 

to the Fe(II)/Fe(III) species was indicative of the substrate binding directly to or near the 

di-iron centre. In uteroferrin (Uf), also containing an active Fe(II)/Fe(III) centre, a reduced 

exchange coupling was observed due to the direct coordination of the substrate to the di

iron centre127. In contrast, increased exchanged coupling seen in MIOX upon substrate 

binding was hypothesised to be due to direct coordination of the substrate to the di-iron 

centre through an alkoxide bridge between the iron atoms123. Xing et al. suggested that the 

bridging substrate could bind in an orientation such that the C-l hydroxyl group is primed 

for ionisation and the Cl hydrogen is directed towards the Fe(II) where O2 binds (Figure 

1.12)123. The intermediate could then cleave the Cl-H bond using the Fe-oxyanion, 

allowing catalytic turnover.

1.4.4.6.5 Proposed mechanism of MIOX based on spectroscopic evidence

Based on these findings, Xing et al. proposed a detailed mechanism of MIOX catalysis as 

seen in Figure 1.12. This entailed MIOX in the active Fe(II)/Fe(III) state binding MI in a 

bridging mode which conditions the enzyme for O2 binding, resulting in a (superoxo)di- 

iron(III)/(III) species (known as intermediate ‘G’). The authors noted that end-on or side- 
on binding of the O2 to a single iron is immaterial to the outcome126. Abstraction of the 

Cl-H by the (superoxo)di-iron(III)/(III) complex could then generate the (hydroperoxo)di- 

iron(III/III) complex, termed intermediate ‘H’. The bridging mode of the Cl oxygen to the 

di-iron-oxygen adduct could allow for this abstraction. This type of abstraction has 

recently been observed for a (superoxo)-copper(II) complex in dopamine B- 

monooxygenase and a peroxodi-iron(III) intermediate for toluene monooxygenase . 

EPR spectra were used to provide evidence for both of these intermediates, whereby G was 

shown to spontaneously form H126. This hydroperoxide unit in H could then be transferred 

to the MI Cl radical to form a 1-hydroperoxy-MI intermediate. This would be followed by 

the deprotonation of the C6 hydroxyl by a base to give an aldehyde at this position. The 

breakdown of the hydroperoxy moiety and a concomitant breakage of the C1-C6 would 

lead to DGA, with the incorporation of one atom of oxygen onto the Cl position, as 

hypothesised by Hamilton et a/.122 (Figure 1.12B, upper scheme). An alternative 

hypothesis (Figure 1.12B, lower scheme) shows H forming a gem-diol(ate) intermediate by
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hydroxylation rather than hydroperoxylation. Regardless of the exact sequence of events, 

it was clear that MIOX has a unique mechanism among di-iron oxygenases.

Figure 1.12 Proposed mechanisms for conversion of MI to DGA

A) Binding of MI and O2 to form the intermediate G which then rapidly leads to H through 
the abstraction of the Cl-H by the di-iron-oxygen unit. B-upper) Hydroperoxylation to form 
the 1-hydroperoxy-MI intermediate. B-lower) Hydroxylation to form the gem-diol(ate) 
intermediate. Figure taken from Xing et al., 2006126.

1.4.5 A summary of FN3K-RP and MIOX

Both FN3K and FN3K-RP are now understood to play a distinct role in the deglycation 

process in tissues in order to prevent irreversible AGE formation . It is still uncertain 

which specific sugar adducts are the physiological substrates of FN3K and FN3K-RP. 

Furthermore, the source of these different adducts remains to be determined.
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The sole presence of FN3K-RP in the testis, lungs and thymus suggest its importance in 

protein deglycation in these specific tissues. The lack of known unique substrates of 

FN3K-RP questions the purpose of the co-expression with FN3K-RP in various tissues. 

There could be, therefore, substrates of FN3K-RP not yet identified.

The deglycation pathway may be especially important in tissues with low protein turnover, 

such as erythrocytes and the brain. Inhibition of FN3K and FN3K-RP would be expected 

to increase rates of protein glycation. Whether or not these kinases themselves are altered 

by protein glycation remains to be determined. Similarly, a genetic defect in the 

FN3K/FN3K-RP genes could result in increased rates of protein glycation/AGE formation 

in both normal and diabetic tissues, yet to the best of our knowledge no evidence has 

shown this.

Further analysis of these kinases will help elucidate their importance in preventing tissue 

damage in healthy and diabetic mammals. No three-dimensional structure is yet available 

for FN3K or FN3K-RP. This would provide a unique insight to its biological mechanism, 

substrate specificity and how these enzymes operate in the normal and diabetic state.

Although MIOX has been studied for over five decades, research has been hampered by 

lack of purified protein and the apparent instability of the enzyme. The discovery that 

MIOX could be reactivated by L-cysteine and Fe2+ allowed some of the properties of the 

enzyme to be elucidated. Techniques such as recombinant protein expression have 

allowed MIOX from various species to be produced in significant quantities, thus giving 

opportunities for comparative studies. The fact that MIOX is active towards both DCI and 

MI, and is up-regulated during diabetes, highlights this enzyme as a target for inhibition 

which may improve the diabetic state.

The recent spectroscopic analysis of recombinant MIOX has begun to unravel the details 

of its mechanism and the nature of its di-iron centre, but these studies have been hampered 

by the lack of structural characterisation. Crystallographic analysis of a MIOX and its 

complex with MI are now clearly required to provide a structural basis for understanding 

the mechanism of this novel reaction. A three-dimensional structure could provide 

important details of the substrate binding mode, active-site architecture, substrate 

specificity and evolutionary relationship to other enzymes. Furthermore, structure-guided
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ligand design could be used to develop inhibitors of MIOX, which could be used as 

potential drugs to oppose diabetes mellitus and its complications.

Finally, as inositols are important in a broad range of cellular regulatory processes, 

structural characterisation of MIOX is relevant beyond the diabetic condition. For 

example, mutations in the MIOX gene could lead to other pathologies, which may be 

explained though structural analysis.

1.5 Structural Biology

1.5.1 Structural biology and disease

The recent completion of various genomic sequencing projects, including over 400 

prokaryotic genomes and 22 eukaryotic genomes, has led to a vast amount of data 

describing the genetic make-up within organisms. The projects, with the results compiled 

at the Entrez Genome database (see http://www.ncbi.nlm.nih.gov/entrez/), reveal the full 

DNA sequences of genes as open reading frames (ORFs), which then can be translated into 

hypothetical protein amino acid sequences. This work has stimulated new areas of research 

including structural biology, in particular X-ray crystallography, which aims to solve the 

tertiary structures of proteins at the atomic level.

Elucidation of a protein structure can provide important information on its functional role 

and can be utilised to understand a disease process with potential influence in drug design. 

Of the ever-growing number of proteins in the Protein Data Bank (see 

http://www.rcsb.org), many of them are associated with a specific metabolic disease. 

Subtle nucleotide substitutions can sometimes dramatically alter protein function, leading 

to specific pathologies as outlined in the Online Mendelian Inheritance in Man (OMIM) 

database (see http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=OMIM). At the atomic 

level, structural analysis of a disease-associated protein often allows a rational explanation 

for a given mutation’s effect on protein function. Pathological alteration of protein 

expression and/or activity can also lead to numerous disease conditions, such that a 

common aim in drug development is to control the activity of an enzyme(s) to allow 

normal physiological functioning. Structural understanding of proteins implicated in 

disease greatly aids development of drug design, which will be further discussed below.
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1.5.2 X-ray crystallography as a tool for structure determination

X-ray crystallography provides the most powerful technique for determining three- 

dimensional structures of macromolecules. The rapidly expanding number of protein 

structures in the Protein Data Bank highlights the growth of this technique, showing that in 

August 2006 there was over 32,000 deposited X-ray protein structures, most being 

determined in the last 10 years. This may be compared with other techniques used for 

structure determination, such as nuclear magnetic resonance (NMR) or cryo-electron 

microscopy, which contribute a combined total of less than 6,000 structures. A major 

advantage that X-ray crystallography has over other techniques is the ability to solve high 

resolution structures, most often at atomic resolution, within a comparatively short period 

of time. Moreover, there is no limitation as to size or complexity of the protein(s), so long 

as the protein, protein complex or assembly can be crystallised, its structure can be solved 

by this approach. High resolution protein structures (< 2.5 A) can provide information 

including the overall protein structure and their evolutionary relationship to other proteins 

as well as a detailed description of the active-site architecture and the mode of ligand 

binding, which is deemed essential for a complete understanding of protein mechanism and 

function.

The techniques required for X-ray crystallography (Figure 1.13), including cloning, 

recombinant protein expression, purification and crystallisation, synchrotron data 

collection and structure determination, have improved greatly over the past decade . This 

is partially attributed to the development of high-throughput methods through which many 

bottle-necks previously associated with structural determination have been rectified.
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Figure 1.13 Protein structure determination pathway and its various applications

In order to obtain sufficient protein necessary for crystallisation, recombinant expression 
techniques are often utilised. A number of purification methods can then be utilised to 
isolate the recombinant proteins to a high enough purity required for crystallisation. Once 
diffraction quality crystals are obtained, a number of methods can be used to solve the phase 
problem associated with X-ray crystallography. Determination of the phases provides an 
experimental electron density map that is utilised to build a protein model which can then be 
used to gain a structural understanding of the protein. Furthermore, if a protein is a drug 
candidate, the structure often provides a strategy for inhibitor design.

Regardless of these improved techniques, a number of minor limitations in X-ray 

crystallography remain. The electron density map, used to derive a protein model, can 

lack density for flexible loops or mobile regions, side-chains (often the surface lysine and 

glutamate amino acids) and ligands. This prevents modelling of the atoms into the 

structure; such that structural detail is lost at these sites. A low resolution structure (> 3.0 

A) can be subjective in places, where certain side-chains could have several alternative 

conformations that still fit into the electron density. These ambiguities, however, are 

reflected in the statistical analysis of a protein structure, such that a researcher can judge a
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structure’s reliability and accuracy. Finally, a single crystal structure provides only a 

“snap-shot” of the protein in one conformation. Many enzymes, such as kinases, are 

known to undergo significant conformational changes during catalysis which are unseen in 

the ‘static’ structure105. The next step in X-ray crystallography will be improve methods to 

efficiently analyse enzyme structures in various conformational states to gain complete 

structural and functional understanding of proteins.

1.5.3 Evolutionary relationships observed in protein structure

Protein structures also carry important information about evolutionary relationships and it 

has become clear that protein structure is much more strongly conserved than sequence . 

Previous methods of analysing protein relationships relied heavily on sequence 

conservation, which has prevented many protein relationships from being recognised. 

Such relationships, however, are now being discovered through structural comparisons 

using computational programs such as DALI, SCOP, CATH, SSM and VAST, as reviewed 

by Martin et al.122. These programs can detect structural conservation in proteins which 

have no detectable similarity in amino acid or DNA sequence. Often these proteins retain 

sequence identity only within a conserved active-site, where specific residues are required 

for a similar mechanistic reaction. Such structural relationships can be a result of 

divergent evolution from a common ancestor, where proteins retain significant structural 

homology as well as notable sequence identity. The S/T-Y kinase-like family, harbouring 

both FN3K-RP and FN3K, is a typical example of evolutionary divergence, where both 

sequence and structure are conserved, although the kinases have adapted to carry out 

different functions. Alternatively, structural relationships can arise from convergent 

evolution, where proteins evolve from different ancestors to acquire similar design features 

which are functionally beneficial. This event is observed in the di-iron protein family, 

where although there is no identifiable sequence homology, most proteins in this family 

have a distinctive 4-helix cluster design which contains the di-iron centre124. Protein 

structural annotation can therefore often provide clues to protein function and mechanism.

1.5.4 Structure guided ligand design

High-throughput screening approaches have been traditionally used by pharma for lead 

discovery, however their output has been less efficient than hoped and, therefore, there has 

been a growing emphasis on more rational approaches in the last decade. The improved
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techniques utilised in X-ray crystallography (Section 1.5.1) has thus led to high-throughput 

structure determination. As such, X-ray crystallography has now become a major rational 

tool in lead discovery ’ , a technique referred to as structure-guided ligand design

(SGLD). Most often, ligand design is geared to inhibit enzyme activity with the hope of 

inducing a therapeutic effect within the body.

A number of approaches have been used to discover a starting ligand “scaffold”. Soaking 

a protein crystal with a mixture of low molecular weight (<300 Da) compounds allows the 

ligands to rapidly diffuse through the extensive solvent channels (up to 50% of the volume) 

present in the crystal to interact with the protein as if they were in solution130. Collection 

of X-ray data and structure determination of such crystals allows the identification of the 

protein-ligand interactions resulting from the crystal soaking experiments. Variations of 

this method have been used to rapidly identify binding compounds with weak to moderate 

affinity134’ 135; 136. A similar approach is the utilisation of reliable ligand modelling 

programs (e.g. DOCK137, GOLD138, FLEX-X139 and SLIDE140), which have greatly aided 

ligand design by accurately predicting the affinity and binding sites for a given protein 

structure135. The subsequent synthesis of promising ligands can then allow protein-ligand 

structure determination to test the suggested binding mode. A third approach also uses a 

fragment-based screening approach, where NMR is utilised essentially as a binding assay 

to detect weak, yet specific binding between ligands and proteins141. The most common 

NMR method relies on detection of the transfer of an NMR signal, due to the dipole-dipole 

interaction, between the target and the ligand. Fourthly, ligands can be screened through a 

high-throughput assay to detect compounds that inhibit the target protein.

Identification of the starting “scaffold” is usually followed by successive rounds of 

scaffold derivatisation, either through a “decoration” or “fusion” approach, to improve the 

ligand characteristics such as protein selectivity and affinity141. Scaffold decoration aims 

to add substituents to a scaffold based on structural knowledge of the binding pocket in 

order to introduce additional and favourable interactions. Scaffold fusion, alternatively, 

aims to improve binding characteristics by linking two scaffolds bound in close vicinity in 

a binding pocket. The importance of protein-ligand interactions can be further probed 

using single-site mutagenesis.

In the last decade, a number of drug candidates have been derived utilising SGLD, 

targeting protein classes such as proteases, kinases and phosphatases, nuclear receptors,
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and protein complexes142. Design of such drug candidates is aimed at combating a range 

of conditions such as AIDS, cancer, diabetes mellitus, arthritis, osteoporosis, Alzheimer’s 

disease, chronic inflammation, obesity, psoriasis and influenza. As of mid 2003, SGLD 

led to commencement of clinical trials for over 40 compounds, where seven were approved 

and were available as commercial drugs in the market143.

One of the most well known examples of SGLD comes from the development of HIV-1 

protease inhibitors144. The expansion of a previously known inhibitor into the HIV-1 

protease P2’ binding pocket led to improved broad-spectrum activity with desirable 

pharmacokinetic properties. Another example is provided by the neuraminidase inhibitors 

that have been developed as antiinfluenza drugs. Using the crystal structure of the 

influenza virus neuraminidase and a docking program (GRID), various ligands were 
modelled into the active-site145. Replacement of a 4-hydroxyl group with a basic moiety in 

one ligand resulted in a 5000-fold increase in binding affinity. These studies led to the first 

neuraminidase-based drug, more commonly known as Relenza. A third example is that of 

the phosphodiesterase (PDE) family which comprises 11 subfamilies146. A number of 

these PDEs are drug targets as they are implicated in various pathologies146, 147. Crystal 

structures of various PDEs have allowed the description of the common active-site 

architecture, greatly enhancing ligand development. A ‘scaffold-based approach’ was 

used to improve PDE inhibitor characteristics148. Here, the authors utilised a non- 

redundant 20,000 molecule library of small compounds (-250 Da), where 316 molecules 

were shown to confer greater than 30% inhibition of three or more PDEs. High-throughput 

co-crystallisation of these compounds revealed their respective binding mode (if any) at the 

di-metal active-site. Selection of one compound, albeit with a relatively low inhibitory 

effect (IC50 = 82 pM), allowed for stepwise ligand alterations in accordance with the 

known active-site architecture, resulting in a final ligand with strong inhibition (IC50 = 21 

nM) and good pharmacokinetic properties.

1.6 Thesis proposal

The major objective in this thesis was to structurally characterise either myo-inositol 

oxygenase (MIOX) or fructosamine-3-kinase related protein (FN3K-RP), each of which is 

implicated in distinct pathways associated with diabetes mellitus and its complications. 

The specific goals of the thesis were as follows:
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1. Clone the genes coding for MIOX and FN3K-RP.

2. Express and purify the recombinant MIOX and FN3K-RP to a level suitable for 

crystallisation.

3. Crystallise either MIOX or FN3K-RP.

4. Collect high resolution diffraction data of crystals from goal #3.

5. Determine the structure of the protein from goal #3 using techniques such as 

selenomethionine replacement or heavy metal derivatisation.

6. Use the purified protein from goal #2 to characterise these recombinant proteins in 

solution.

7. A detailed analyses of the crystal structure.

Structural analysis of either protein would provide an important step in further 

understanding their respective physiological role in the body, both in the normal and 

diabetic state. Given that the sequences of MIOX and FN3K/FN3K-RP show no 

homology with other mammalian proteins, their crystal structures may provide clues to 

evolutionary relationships with other proteins. Analysis of a protein-substrate complex 

structure could give insights into substrate coordination, interactions and specificity which 

would provide important mechanistic details. In combination with a robust activity assay, 

description of a protein structure, particularly the active-site, would provide an excellent 

platform for ligand development.

A long term goal, beyond the scope of this thesis, is to analyse the efficacy of numerous 

ligands on the pathogenesis of diabetes and its complications, with the possible 

development of new diabetic therapies.
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Chapter Two

Methods and Materials

2.1 Scope of this chapter

The aim of this chapter is to provide a detailed account of the materials and methods used 

during this research. Both the standard protocols and the experimental protocols 

developed during this research are given in this section. Although a number of standard 

protocols are not provided, references are given for the recommended protocols supplied 

by the manufacturer. For clarity, cross-references to specific methods will be made 

throughout the thesis.

Unless otherwise stated, all solid-state chemicals were dissolved in autoclaved MQ-water, 

filtered through a 1.2 pm filter and stored at room temperature. Buffers used for 

chromatography were degassed for 20 min prior to use.

The buffers and reagents were supplied by BDH Chemicals Ftd, Poole, England; Roche 

GmbH (formerly Boehringer Mannheim), Mannheim, Germany; Invitrogen, Gaithersburg, 

Maryland, USA; Sigma Aldrich Chemical Co., St. Fouis, Missouri, USA; Amersham 

Biosciences, Uppsala, Sweden; Novagen, Maddison, WI, USA; Bio-Rad, Hercules, 

California, USA; and Qiagen Inc., California, USA.

2.2 Bioinformatics

A number of computational programs were utilised to aid this research. These are listed in 

Table 2.1.
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Tool Function Website link Reference
BLAST DNA and protein 

sequence homology 
searches

http://www.ncbi.nlm.nih.gov/BLAST/ 149

ProtParam Computation of various 
physical and chemical 
parameters for a given 
protein

http://ca.expasy.org/tools/protparam.html 150

UniProt Protein knowledge 
database

http://ca.expasy.org/tools/protparam.html 130

Foldlndex Protein folding 
prediction software

http://bip.weizmann.ac.il/fldbin/findex 151

PeptideMass Calculates theoretical 
masses of peptides 
following proteolytic 
cleavage

http://ca.expasy.org/tools/peptide-mass.html 150

Jpred Secondary structure 
prediction

http://www.compbio.dundee.ac.uk/~www-jpred/ 152

Table 2.1 Computational programs used during research

A range of computational programs were used during this research. Where appropriate, 
further description of their use will be given.

2.3 DNA manipulation and analysis

2.3.1 Materials and reagents

2.3.1.1 DNA standards

When applied to an agarose gel, the 1 Kb Plus® DNA ladder (Invitrogen) was utilised to 

estimate DNA fragment sizes (Figure 2.1).
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Figure 2.11 Kb Plus DNA ladder (Invitrogen) used to estimate DNA fragment 
sizes

2.3.1.2 Primers

Primers were designed using standard techniques as described by O’Connell et al.153 and 

were synthesised by Invitrogen. The N-terminal and C-terminal primers were designed to 

include an 5’ Ncol and 3’ EcoRI restriction site, respectively. Lyophilised primers were 

dissolved in MQ-water and stored at -20°C at 100 pM, and unless otherwise stated, were 

diluted to 10 pM and used as a working stock. Table 2.2 shows the primer sequences used 

for cDNA amplification.
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Name Primer Sequence Restriction site
Native primer sequences
MIOXF 5’ AT A CCA TGG GAA TGA AGG TCG ATG TGG 3’ Ncol
MIOXR 5’ TAT GAA TCC TCA CCA GCT CAG GGT 3’ EcoRI
FN3K-RP F 5' GTA TCC ATG GAG GAG CTG CTG AGG C 3' Ncol
FN3K-RP R 5' GCA TGA ATT CTC ACT TGA CCA GAT TCG 3' EcoRI
Truncated MIOX (tMIOX) primer sequences
tMIOX1'120 F 5’ AT A CCA TGG GAG AGA TGG CCA AAA GCA AG 3’ Ncol
tMIOX™? 5’ TAT GAA TCC TCA CCA GCT CAG GGT 3’ EcoRI
tMIOX827? 5’ ATA CCA TGG GAA GCT TCC GAA ACT AT A CT 3’ Ncol
tMIOX827? 5’ TAT GAA TCC TCA CCA GCT CAG GGT 3’ EcoRI
tMIOX™? 5’ ATA CCA TGG GAA ACT ATA CTT CAG GCC CG 3’ Ncol
tMIOX™? 5’ TAT GAA TCC TCA CCA GCT CAG GGT 3’ EcoRI
tMIOX131 F 5’ ATA CCA TGG GAT ATA CTT CAG GCC CGC TG 3’ Ncol
tMIOX13' R 5’ TAT GAA TCC TCA CCA GCT CAG GGT 3’ EcoRI
Single site MIOX mutant primer sequences
MIOXK127A f 5’ GCA CGA TCT GGG GGC GAT TAT GGC TCT GTG 3’ -
mioxk127A r 5’ CAC AGA GCC ATA ATC GCC CCC AGA TCG TGC 3’ -
MIOX822,a f 5’ GAT CCG ATT CCA CGC CTT CTA TCC GTG GC 3’ -
MIOX822‘a R 5’ GCC ACG GAT AGA AGG CGT GGA ATC GGA TC 3’ -
MIOX887A? 5’ GAT CTG GTG GAC GAA GCT GAC CCA GAC GTA G 3’ -
MIOX887A? 5’ CTA CGT CTG GGT CAG CTT CGT CCA CCA GAT C 3’ -
MIOXL"42A? 5’ GGG CTG TTG TTG GAG CCA CGT TCC CCG TGG G 3’ -
MIOXD'42A r 5’ CCC ACG GGG AAC GTG GCT CCA AC A AC A GCC C 3’ -
MIOXl"24A f 5’ CGG ACT TTT GCA CGC TCT GGG GAA A AT TAT G 3’ -
MIOXd124A r 5’ CAT AAT TTT CCC CAG AGC GTG CAA A AG TCC G 3’ -
MIOX3852'? 5’ GGA TGA TCT GGT GGC CGA ATC TGA CCC AGA C 3’ -
MioX38^? 5’ GTC TGG GTC AGA TTC GGC CAC CAG ATC ATC C 3’ -

Table 2.2 Primers used for target amplification and mutagenic studies

2.3.1.3 Plasmids

Descriptions of the two plasmids used in this research are outlined below:

pProEX HTb: 4779 bp cloning vector, T7 promoter-controlled expression, introduces an 

N-terminal His6 tag with rTEV protease cleavage site, ampicillin resistance gene for 

selection in E. coli, multiple cloning site including Ncol and EcoRI restriction digest sites 

(Life Technologies).

pFastBac™ HTb: 4856 bp cloning vector, polyhedrin promoter (Pph), introduces an N- 

terminal His6 tag with rTEV protease cleavage site, mini Tn7L and Tn7R elements to 

permit site-specific transposition of gene into baculovirus genome, ampicillin resistance 

gene for selection in E. coli, gentamicin resistance gene for selection of recombinant 

bacmid in DHlOBac™ E. coli cells, multiple cloning site including Ncol and EcoRI 

restriction digest sites (Invitrogen).
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The sequences of the two plasmids used in this research were identical upstream of the 

EcoRI site, (Figure 2.2) such that the cDNA insert could be interchanged between plasmids 

following treatment with Ncol and EcoRI (Section 2.3.4.2). Following the start codon 

(ATG), a His6 tag sequence, spacer region, rTEV protease cleavage site and multiple 

cloning site are present, which includes the Ncol and EcoRI recognition sequences.

In the interest of clarity, all constructs in this research will be referred to as plasmidinsert, 

where “plasmid” refers to the host plasmid (e.g. pProEX HTb) and "insert" refers to the 

gene of interest (e.g. MIOX).

Uia/pUC Rjvctse 23-Base Ssqutndro Primar 
5'-AGCGGA TAACAATTTC ACACAGG -3'-

Sfyl 
DsjI I

Stm 
I------ ir

5‘-AGCGGA TAACAATTTC ACACAGGAAA CAGACC ATG TCG TAG TAC CAT CAC CAT CAC CAT CAC GAT TAC GAT ATC CCA tCG ACC GAA AAC CTG TAT TTT CAG ’ * GGC GCC ATG GGA TCC GGA An CAA AGG CCT ACG TCG ACG AGC TCA CTA GTC 
RBS met sar tyr lyr ts ha hs his his tiis tsp tyr «p tfr pro ltir ttu qb tso teu tyr pba ptn Qty ala met qy ki qty Be qfn arq pro Hr tti ttw Mt ur Hu vai

(His), SMC!' region rTEV protjus ckjYi;« site

JS*L

Figure 2.2 Compatibility of the pFastBac HTb and pProEX HTb 5’ sequences

Figure courtesy of Invitrogen

2.3.2 Buffers and solutions

6x DNA loading dye
0.25% bromophenol blue, 30% glycerol (v/v).

lOx TAE running buffer
400 mM Tris-acetate, 100 mM EDTA.

2.3.3 Standard protocols

2.3.3.1 Agarose gel electrophoresis

Agarose gels were prepared by adding 1% w/v agarose (AppliChem) to lx TAE buffer, 

and the agarose was then dissolved by heating the mixture in a microwave. Before the 

agarose cooled, 1 pg mF'1 ethidium bromide was added to the solution. Upon setting, the 

agarose gel was submersed into lx TAE running buffer contained within a Mini-sub Gel 

GT system (Bio-Rad). DNA samples were mixed with 6x DNA loading dye and loaded 

into individual wells in the agarose gel. The gels were run at 80 V until the dye front 

migrated two thirds of the length of the gel. The 1 Kb plus DNA ladder (Invitrogen) was 

simultaneously analysed to allow estimation of DNA fragment sizes. Agarose gels were
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exposed to UV light and photographed in a Molecular Imager Gel Doc XR System (Bio- 

Rad).

2.3.3.2 Plasmid purification

All plasmid purifications were carried out using the QIAprep® spin miniprep kit (Qiagen) 

using the recommended protocol.

2.3.3.3 Concentration of DNA
DNA was concentrated using a Vacuum Concentrator 5301 (Eppendorf) at 45°C.

2.3.3.4 Determination of DNA concentration

DNA concentrations were determined from absorbance readings (OD260) using a 

NanoDrop® Spectrophotometer (NanoDrop Technologies). A 2 pi sample of DNA 

solution was applied to the nanodrop platform, resulting in a 1 mm path-length. The DNA 

concentration was calculated using NanoDrop® software using the Lambert-Beer equation:

DNA concentration = (A260 / £ ■ I)

With s = the wavelength-dependent extinction coefficient in units of cone'1.cm'1, so for 

double stranded DNA, £260 = 0-02 ul.ngAcm' . I = is the path length in cm.

2.3.3.5 DNA sequencing

Plasmid concentration was adjusted to 200 ng pi'1 prior to sequencing. Utilising 

appropriate primers, an Applied Biosystems 3130XL Genetic Analyser at the DNA 

sequencing unit (School of Biological Sciences, University of Auckland) was used for 

DNA sequencing.

2.3.3.6 Storage of DNA

Primers, PCR amplification products and plasmids were stored at -20°C indefinitely.
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2.3.4 Experimental protocols

2.3.4.1 Amplification of cDNA

This section describes the methods used to amplify the cDNA of FN3K-RP and several N- 

terminal truncated forms of MIOX (tMIOX) utilising the appropriate primers listed in 

Section 2.3.1.2. The pFastBac HTbMI0X construct, used to amplify the tMIOX mutants, 

was kindly supplied by Dr. Kerry Loomes, School of Biological Sciences at the University 

of Auckland. To amplify FN3K-RP, the template cDNA was obtained from the lung 

carcinoma (SHP77) cell line. All reagents used during cDNA amplification were supplied 

by Invitrogen.

PCR reaction solution
The tMIOX and FN3K-RP amplification solutions were set up at 4°C according to Table 

2.3.

MT/QVPCR reaction solution FN3K-RP PCR reaction solution
Item Volume (pi) Item Volume (pi)

dNTPs (10 mM) 4 dNTPs (10 mM) 1
F primer (10 pM) 1.5 F primer (10 pM) 1
R primer (10 pM) 1.5 R primer (10 pM) 1
DNA (130 ng pi1) 1 DNA (143 ng pf1) 1.43
lOx Pfx buffer 5 lOx Pfx buffer (without MgCl2) 5
50 mM MgSO4 1.5 25 mM MgCl2 6
2.5 U pi"1 Pfx polymerase 1 5 U pf1 Pfx polymerase 0.4
MQ-water 34.5 MQ-water 34.2
Total volume 50 Total volume 50

Table 2.3 tMIOX and FN3K-RP PCR reaction solutions

PCR amplification
The tMIOX and FN3K-RP cDNA were amplified using a Mastercycle Gradient thermal 

cycler (Eppendorf) according to the method shown in Table 2.4. A control reaction 

without template DNA was also performed for each experiment. The PCR products were 

purified using a Concert™ Nucleic acid purification system (LifeTechnologies) using the 

recommended protocol.
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tMIOX amplification FN3K.-RP amplification
Step Cycles Temp

(°C)
Time Step Cycles Temp

(°C)
Time

Pre-melting step 1 94 10 min Pre-melting step 1 94 4 min
Melting

35
94 15 s Melting

25
94 30 s

Annealing 50-70 30 s Annealing 55 30 s
Extension 72 60s Extension 72 60s
Hold 1 4 1 h Hold 1 4 1 h

Table 2.4 tMIOX and FN3K-RP amplification

2.3.4.2 Restriction endonuclease digestion

Restriction endonucleases were used to prepare the inserts and vectors prior to ligation 

experiments. All restriction digestions were performed for 1 h at 37°C using Ncol and 

EcoRI endonucleases with compatible lOx REACT3® buffer (Invitrogen) as seen in Table 

2.5. The digested DNA of interest was then isolated by electrophoresis on an agarose gel 

and purified using the QIAQuick Gel extraction kit® using the recommended protocol. 

The purified DNA was used for ligation experiments (Section 2.3.4.3).

Component pFastBac HTb pProEX HTb Insert DNA
Volume (pi)

DNA (2 pg pF1) 1 2 1
EcoRI (10 U pf1) 0.5 1.0 0.5
Ncol (10 U pi1) 0.5 1.0 0.5
lOx React®3 buffer 2 2 2
MQ-water 16 14 16
Total volume 20 20 20

Table 2.5 Restriction digestions of plasmids andPCRproducts (insert DNA)

2.3.4.3 Ligation protocol

All ligations were conducted using the following reaction mixture (Table 2.6) with 

commercial T4 ligase and lOx ligase buffer (Roche). All ligation reactions proceeded for 

12 hat 4°C.

Item Volume (pi or ng)
Insert DNA 30 ng
Finear pProEX HTb/pFastBac HTb 10 ng
5x T4 ligase buffer 2 pi
lOx T4 ligase 1 pi
MQ-water to 10 pi
Total volume 10 pi

Table 2.6 Ligation reaction mixture
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2.3.4.4 DNA transformation into electro-competent bacterial cells

After thawing both the DNA and the cells, 15 ng of the pProEX HTb construct was added 

to either 50 pi electro-competent BL21 (DE3) pRP or DH5a cells and left on ice for 1 min. 

The solution was transferred to an E. coli Pulser® cuvette (Bio-Rad) and electroporated 

using a MicroPulser® (Bio-Rad). Immediately following electroporation, 1 mL of room 

temperature LB was added and the solution was incubated at 37°C for 1 h. The solution 

was centrifuged at 13,000 g for 30 s and the supernatant was discarded. The cell pellet was 

resuspended in 100 pi of LB and spread onto LB-agar plates at various dilutions. When 

transforming DH5a cells, ampicillin was used for antibiotic selection. When transforming 

BL21 (DE3) pRP cells, both ampicillin and chloramphenicol were utilised. The LB-agar 

plates were incubated for 12 h at 37°C to allow selection by growth of antibiotic-resistant 

colonies. LB-agar plates were stored for up to one week at 4°C before discarding.

2.3.4.5 Site-directed MIOX mutagenesis

Single-site mutagenic experiments were performed by James Dickson (School of 
Biological Sciences, University of Auckland), as described below. The pProEX HTbMI0X 

construct was used as template cDNA during the MIOX mutagenesis experiments. The 

primers were diluted to 125 ng pi'1 in MQ-water. The PCR mixture used for each 

mutagenesis reaction (Table 2.7) used the specific primers given in Section 2.3.1.2.

Item Volume (gl)
dNTPs (100 gM) 1
F primer (125 ng gl'1) 1
R primer (125 ng gl’1) 1
DNA (10 ng gl'1) 1
lOx Pfu Ultra buffer 5
Pfu Ultra II Polymerase 1
MQ-water 40
Total volume 50

Table 2.7 MIOX mutagenesis reaction mixture
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Each reaction mixture was placed in a Mastercycle® gradient thermal cycler (Eppendorf) 

and the following amplification cycles were used (Table 2.8).

Step Cycles Temp (°C) Time
Pre-melting step 1 95 2 min
Melting

16
95 30 s

Annealing 55 60s
Extension 72 2 min
Hold 1 4 1 h

Table 2.8 MIOX mutagenesis procedure

Following these cycles, 1 pi of Dpn I restriction enzyme (10 U pF1) was added to the 

mixture and this was incubated for 1 h at 37°C. Following this reaction, 2 pi of the 

reaction solution was transformed into electro-competent E. coli DH5a cells (Section 

2.3.4.4) to select and amplify clones harbouring the desired single-site mutations. 

Following a 5 mL overnight culture (Section 2.4.3.1), plasmids were purified using the 

QIAprep® spin miniprep kit (Section 2.3.3.2) and sequenced (Section 2.3.3.5) to confirm 

the presence of the desired mutation. Successfully mutated constructs were used to 

transform BL21 (DE3) pRP cells (Section 2.3.4.4).

2.4 Cell culture

2.4.1 Materials and reagents

2.4.1.1 Cell strains

Table 2.9 provides the genotypes of the cell lines used for cloning and protein expression.

Strain Genotype Supplier
DH5a F' <R80dlacZ/\MA5 A(/acZYA-azgF)U169 deoR rec Al endAl 

hsdRlKrf mK+) pho A szzpE44k' thi-1 gyrA96 z-e/Al
Invitrogen

BL21 (DE3) pRP F" ompT hsdSB (rB'mB') gal </czzz(DE3), provides rare tRNAs for 
Arg and Pro

Novagen Inc.

DHlOBac™ F“ zzzcz'A A(zzzz'z-/z5z/RMS-zzzcz-BC) <p80/zzcZAM15 A/acX74 
z-ecAl endAl «/-«DI 39 Apzzvz, /ezz)7697 galG galRN rpsL nupG 
/pMON 14272 (mini-F replicon, Kanr, attTn7 site, lacZa 
complementation factor) / pMON7124 (Zzz.sABCD region)

Invitrogen

Table 2.9 Cell strains used during this research
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2.4.1.2 Cell culture media

Luria-Bertani medium (LB)
20 g L’1 LB broth base (Invitrogen), autoclaved to sterilize.

LB-agar
20 g L"1 LB broth base, 15 g L'1 agar (Invitrogen), autoclaved to sterilize. Appropriate 
antibiotics were added prior to preparing the LB-agar plates.

Sf-900 IISFM (Sf9 cell medium)
Supplied by Gibco, catalogue # 10902-088.

2.4.1.3 Antibiotics

Antibiotics were dissolved in MQ-water except for chloramphenicol which was diluted in 

100% ethanol. The stock solutions were stored at -20°C and diluted to a final working 

concentration when needed, as shown in Table 2.10.

Antibiotic Stock
concentration

Working
concentration

Supplier

Ampicillin 100 mg ml/1 100 pg mL'1 AppliChem
Chloramphenicol 34 mg mL'1 34 pg mL'1 AppliChem
Streptomycin 10 mg mL'1 50 pg mL'1 Sigma
Penicillin 10,000 Units mL'1 50 Units mL'1 Sigma
Gentamicin 70 pg mL'1 7 pg mL'1 Sigma
Kanamycin 50 mg mL'1 50 pg mL'1 AppliChem
Tetracycline 10 mg mL'1 10 pg mL'1 Sigma

Table 2.10 Antibiotics used during this research

2.4.1.4 Isopropyl-p-D-thiogalactoside (IPTG)

IPTG was used to induce recombinant protein expression from pProEX HTb constructs in 

BL21 (DE3) pRP E. coli cells. The IPTG powder was dissolved in MQ-water to make a 1 

M stock which could be stored at -20°C. This stock was diluted to a final working 

concentration of 1 mM.

2.4.2 Buffers

Lysis buffer
50 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 tablet per 10 mL mini EDTA-free protease 
inhibitor cocktail tablets (Roche), 2 mM BME (added fresh).
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2.4.3 Standard protocols

2.4.3.1 Overnight cultures

A single colony was seeded into 5 mL LB containing the appropriate antibiotic(s) and the 

cultures were grown for 12 h at 37°C (160 rpm). The resulting cultures were used for 

plasmid purification (Section 2.3.3.2), glycerol stocks (Section 2.4.3.4) or for seeding 

larger cultures for recombinant protein expression (Section 2.4.4).

2.4.3.2 Large-scale harvesting of cells

Cells were harvested by centrifugation at 3000 g (15 min at 4°C). The supernatant was 

discarded and the cell pellet was resuspended in an equal volume of lysis buffer. For long

term storage, the cell slurry was frozen at -80°C in 50 mL aliquots. If the cells were to be 

lysed the same day, the cell slurry was kept on ice until use.

2.4.3.3 Cell lysis

If frozen, a 50 mL aliquot of cells stored at -80°C was thawed on ice. Once thawed, the 

cells were lysed by cell disruption at 18 KPSI using a Constant cell disruption system 

(Constant Systems). The lysed cell mixture was collected and centrifuged at 13,000 g (30 

min at 4°C) to separate the soluble and insoluble fractions. The supernatant, filtered 

through a 1.2 pm Minisart® filter (Sartorius), was used as a starting point for protein 

purification.

2.4.3.4 Glycerol stocks

Glycerol stocks were made by adding 500 pi of an overnight culture to 500 pi of 30% 

(w/w) sterilised glycerol. The solution was vortexed, flash-frozen in liquid nitrogen and 

stored at -80°C indefinitely.
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2.4.4 Experimental protocols

2.4.4.1 Eukaryotic expression of targets in Sf9 cells

Insect Sf9 cells were utilised to express recombinant proteins in a eukaryotic system. 
Baculovirus production was carried out according to the Bac-to-Bac® Baculovirus 

Expression System (Invitrogen)154 according to the recommended protocols. All Sf9 cell 

culture experiments were performed using standard sterile techniques in a BH2000 series 

vacuum fume hood. The Sf9 cells were cultured in Schott flasks at 28°C at 130 rpm. In all 

experiments, the culture volume did not exceed 20% of the total flask volume which 

allowed for sufficient aeration and cell growth. The SF9-II serum free medium (Gibco) 

was supplemented with penicillin and streptomycin (see Section 2.4.1.3 for details of 

antibotics).

Transfection of inserts into the DHlOBac bacmid
According to the recommended protocol, the pFastBac HTbFN,K'RP and pFastBac HTbMlox 

were used to transform DHlOBac™ electro-competent cells (Invitrogen) allowing 

transfection of the cDNA insert into the DHlOBac bacmid (Fig 2.3). Successful 

transfection events were determined by blue/white selection on an LB-agar plate. Bacmids 

with insertions at the mini-a//Tn7 attachment site disrupted the lacZ gene, therefore 

impairing lacZa peptide expression induced by IPTG. In the presence of Bluo-gal, 

colonies with intact lacZ genes displayed a blue colour, whereas colonies containing 

disturbed lacZ genes (successful recombination events) were white. Large white colonies 

were selected and propagated as recommended in the supplied protocol. Bacmids from 

such colonies were purified using the QIAprep® spin miniprep kit (Qiagen) using the 

supplied protocol.
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pFastBac™ donor plasmid

Recombinant 
Donor Plasmid

Transformation >

E. coli(LacZ-)
Containing Recombinant Bacmid

Competent DH10Bacw E.coli Cells

1
Recombinant Gene Expression 

or Viral Amplification

Figure 2.3 Overall process of baculovirus production

Diagram courtesy of Invitrogen

Production of Pl baculovirus
All viral manipulations were performed under sterile conditions. The Pl baculovirus was 

produced after a 72 h Sf9 cell infection according to the recommended protocol (although 

SF-900 II SFM medium (Gibco) replaced Grace's insect cell culture medium (Invitrogen)). 

Successful viral production was demonstrated by identification of cell lysis and clearing of 

the monolayer (Figure 2.4). The Pl viral stock was harvested from the media using the 

recommended protocol.

Amplification of the baculovirus
To generate a baculovirus stock with a high viral titre, the isolated Pl baculovirus was 

amplified through two further rounds of Sf9 cell infections and baculovirus harvesting. 

Sf9 cell cultures (20 mL at 2 x 106 cells mL'1) were inoculated with 0.5, 1.0 or 1.5 mL of 

the Pl virus stock and cultured for 72 h. The P2 baculovirus was isolated using the 

recommended protocol and 40 pi of P2 baculovirus was used to infect Sf9 cells (20 mL at 

2 x 106 cells mL'1). The resulting P3 baculovirus stocks were used for large-scale infection
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of Sf9 cells allowing recombinant protein expression. The P3 baculovirus stocks were 

stored for up to 6 months at 4°C (light protected) and -80°C indefinitely.

Eukaryotic protein expression
Sf9 cell infections were performed when the cells were in mid-logarithmic growth phase 

(approximately 2 x 106 cells mL'1). For maximal FN3K-RP expression, a 1:1000 v/v ratio 

of baculovirus media was used. For maximal MIOX expression, a 1:1500 v/v ratio of 

baculovirus :media was used. The cells were incubated for 72 h or until typical cellular 

characteristics were observed suggesting optimal protein expression (Figure 2.4). At this 

time, the Sf9 cells were harvested (Section 2.4.3.2).

Figure 2.4 The phenotypes of Sf9 cells during baculovirus infection

After a 72 h infection period, Sf9 cells typically showed an increased cell diameter and 
increased size of cell nuclei with an intracellular granular appearance (A). After this time, 
cell growth slows or stops and cell lysis often occurs with clearing of the monolayer (B).

2.4.4.2 Prokaryotic expression in BL21 (DE3) pRP E. coli cells

Unless otherwise stated, all recombinant bacterial expression experiments utilised LB, 

supplemented with ampicillin and chloramphenicol, incubated at 37°C at 160 rpm.

The pProEX HTbMIOX and pProEX HTbFN3K'RP constructs were transformed into electro- 

competent BL21 (DE3) pRP cells (Section 2.3.4.4). A single colony grown from a fresh 

transformation was used to seed a 5 mL overnight culture. Approximately 2 mL of 

overnight culture was then used to seed 1 L LB in a 2 L baffled Erlenmeyer flask 

(Ilmabor). The cells were incubated until the absorbance (ODgoo) was 0.9, at which point
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protein expression was induced by adding 1 mM IPTG to the media. The cultures were 

then incubated at 28°C for 12 h prior to large-scale cell harvesting (Section 2.4.3.2).

2.5 Protein purification

2.5.1 Materials and reagents

All materials and reagents used during protein purification are referred to in the 

appropriate section.

2.5.2 Buffers

2.5.2.1 rTEV protease purification buffers

rTEV protease lysis buffer
25 mM sodium phosphate pH 7.5, 300 mM NaCl, 1 mM MgCl2, 10% glycerol, 0.05% 
(v/v) Tween-20, 2 mM BME (added fresh), 1 mM benzamidine (added fresh), 1 mM 
PMSF (added fresh).

rTEV protease wash buffer
25 mM sodium phosphate pH 7.5, 300 mM NaCl, 1 mM MgCl2, 10% glycerol, 0.05% 
(v/v) Tween-20, 25 mM imidazole, 2 mM BME (added fresh). 

rTEV protease elution buffer
25 mM sodium phosphate pH 7.5, 300 mM NaCl, 1 mM MgCl2, 10% glycerol, 0.05% 
(v/v) Tween-20, 1 M imidazole, 2 mM BME (added fresh). 

rTEV protease dialysis buffer
25 mM sodium phosphate pH 7.5, 300 mM NaCl, 1 mM MgCl2, 10% glycerol, 0.05% 
(v/v) Tween-20, 0.5 mM EDTA, 1 mM DTT (added fresh). 

rTEV protease storage buffer
50 mM Tris-HCl pH 7.0, 1 M NaCl, 20% glycerol, 1 mM EDTA, 2 mM DTT (added 
fresh).

2.5.2.2 FN3K-RP and MIOX purification buffers

Lysis buffer
50 mM Tris-HCl pH 8.0, 50 mM NaCl, 1 tablet per 10 mL of mini EDTA-free protease 
inhibitor cocktail tablets (Roche), 2 mM BME (freshly added).
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MIOX wash buffer
50 mM Tris-HCl pH 8.0, 50 mM NaCl, 50 mM imidazole, 2 mM BME (added fresh).

MIOX elution buffer
50 mM Tris-HCl pH 8.0, 50 mM NaCl, 175 mM imidazole, 2 mM BME (added fresh).

FN3K-RP wash buffer
50 mM Tris-HCl pH 8.0, 50 mM NaCl, 100 mM imidazole, 2 mM BME (added fresh).

FN3K-RP elution buffer
50 mM Tris-HCl pH 8.0, 50 mM NaCl, 250 mM imidazole, 2 mM BME (added fresh).

FN3K-RP size-exclusion chromatography buffer/Dialysis buffer
50 mM Tris-HCl pH 8.0, 200 mM NaCl, 2 mM BME (added fresh).

MIOX size-exclusion chromatography buffer
50 mM MES pH 6.0, 50 mM NaCl, 2mM TCEP (added fresh).

Column storage buffer
20% ethanol.

2.5.3 Standard protocols

2.5.3.1 Determination of protein concentration

All protein concentrations were determined by measuring the absorbance (OD28o) using a 

Hewlett Packard HP 8453 spectrophotometer. Using ProtParam, the extinction coefficients 

of the recombinant proteins were calculated based on the known amino acid sequence, and 

using the following equation, were used to determine protein concentration:

Protein concentration (mg ml'1) = (/hsofasod) x Mw

Where A2so

£280

d

Mw

= absorbance at 280 nm

= extinction coefficient at 280 nm (M'1 cm'1)

= distance of transmission through cuvette (d = 1 cm) 

= molecular weight of protein (Daltons)
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2.5.3.2 Production of rTEV protease

All rTEV protease expression media contained kanamycin and ampicillin for antibiotic 

selection. A pET19brTEV construct was transformed into electro-competent BL21 (DE3) 

pARG (Section 2.3.4.4). An antibiotic-resistant colony was used to seed a 5 mL overnight 

culture (Section 2.4.3.1), which was subsequently used to seed 2 L LB. The cultures were 

grown at 37°C until the absorbance (OD60o) = 1.2, at which point the samples were induced 

with 0.1 mM IPTG. Expression of rTEV protease proceeded for 5 h at 30°C and then the 

cells were harvested (Section 2.4.3.2). The supernatant was discarded and the cell pellet 

was resuspended in 40 mL of rTEV protease lysis buffer.

The cells were lysed by cell disruption and the soluble material was isolated (Section 
2.4.3.3). The supernatant was filtered through a 1.2 pm Minisart® filter (Sartorius) and 

loaded onto a nickel affinity HiTrap™ Chelating HP column (Sigma) pre-equilibrated with 

rTEV protease lysis buffer. The column was washed with 10 column volumes (CV) of 

rTEV protease lysis buffer and 10 CV of rTEV protease wash buffer. The rTEV protease 

eluted from the column during a 0-100% gradient of rTEV protease elution buffer over 60 

mL volume. The rTEV protease fractions were immediately pooled with an equal volume 

of rTEV protease dialysis buffer and dialysed into 2 L of rTEV protease dialysis buffer 

overnight at 4°C. An equal volume of rTEV protease storage buffer was added to the 
protein and the protein was concentrated to 2 mg mL'1. An equal volume of cold 100% 

glycerol was added and aliquots were stored at -80°C.

2.5.3.3 IMAC column preparation

Cobalt IMAC
The cobalt column was prepared by adding a 3 mL solution of Talon® resin (ClonTech) to 

a 20 mL Econo-Pac® column (Bio-Rad). The column was washed with 5 CV of MQ-water 

and 5 CV of lysis buffer prior to the commencement of IMAC purification.

Nickel IMAC
A 5 mL HiTrap™ chelating HP column (Sigma) was used for nickel affinity IMAC 

purification. The pre-packed column was equilibrated with 5 CV of MQ-water, followed 

by 1 CV of 500 mM NiCb. The excess NiCh was removed with 1 CV of 500 mM
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imidazole before passing 5 CV of lysis buffer through the column prior to the 

commencement of IMAC purification. Following use, the immobilized nickel was 

removed with 1 CV of 500 mM EDTA, and the column was stored in 20% ethanol at 4°C.

2.5.3.4 rTEV protease cleavage of N-terminal His6 tag

The purified rTEV protease was incubated with recombinant protein at a molar ratio of 

1:200 (rTEV protease:recombinant protein). This solution was mixed carefully for 30 min 

at room temperature to allow maximal cleavage activity. To remove the imidazole from 

the protein solution, the sample was placed in a 6-8000 MWCO Spectra/Por membrane 

(Spectrum) and the solution was dialysed into 1 L of lysis buffer overnight at 4°C.

2.5.3.5 Protein concentration

The 10,000 MWCO protein concentrators (Vivascience) were pre-equilibrated in a suitable 

buffer prior to protein concentration. Using a Multifuge 3 S-R centrifuge, proteins were 

concentrated to a desired level at 13,000 rpm at 4°C.

2.5.3.6 Surface lysine methylation

Reductive alkylation of the surface lysines in a sample of purified FN3K-RP was carried 

out using the protocol described by Rayment et al. 1997155 using sodium borohydride as 

the reducing agent. This technique was hypothesised to reduce lysine interactions with the 

solvent, causing them to adopt a more ordered conformation that can promote 

crystallisation. This manipulation was deemed beneficial for crystallisation of FN3K-RP 

as it contains 16 lysines. If a protein has a pi above ~6.5, successful methylation can often 

be confirmed by a decrease in the protein’s isoelectric point by approximately one unit, 

detectable by native-PAGE analysis .

2.5.4 Experimental protocols

2.5.4.1 FN3K-RP purification

Small-scale cobalt purification
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Following the harvesting of the Sf9 cells after a 72 h expression (Section 2.4.3.2), 

approximately 100 mg of the cell pellet was resuspended in 3 mF lysis buffer and the cells 

were lysed by cell disruption (Section 2.4.3.3). The soluble fraction was isolated (Section 

2.4.3.3), 20 pi of Talon® resin (ClonTech) was added, and the solution was mixed for 1 h 

at 4°C. The resin was pelleted by centrifugation at 13,000 rpm for 1 min, and the 

supernatant was removed. The pellet was iteratively washed in lysis buffer and centrifuged 

to remove any non-specifically bound protein. The pellet was then resuspended in 10 pi 

SDS-PAGE loading buffer and was analysed by SDS-PAGE (Section 2.6.2.1). A small 

amount of the insoluble material was also analysed by SDS-PAGE in order to determine if 

any FN3K-RP was present as inclusion bodies.

Cobalt IMAC purification
Gravity flow was used to pass solutions through the 3 mF cobalt IMAC column. The 

filtered supernatant was applied to the prepared column followed by lysis buffer until 

protein elution had ceased. To elute non-specifically bound protein, FN3K-RP wash buffer 

was passed through the column until no protein elution was evident. To elute FN3K-RP 

from the column, FN3K-RP elution buffer was applied to the column, and eluted FN3K- 

RP fractions were stored on ice for further use. The N-terminal His6 tag was not cleaved 

following IMAC purification. After selection of FN3K-RP fractions based on SDS-PAGE 

analysis, FN3K-RP was concentrated (Section 2.5.3.5) to approximately 1 mF. This 

protein was further purified using size-exclusion chromatography, as described below.

Size-exclusion chromatography
The concentrated protein solution was filtered through a 0.2 pm Minisart® filter (Sartorius) 

and centrifuged at 13,000 g for 10 min to remove insoluble material prior to size-exclusion 

chromatography using a Superdex 75 HR10/30 column (Amersham Biosciences). The 

column was washed with 1 CV of MQ-water and 1 CV of FN3K-RP size-exclusion 

chromatography buffer. An aliquot of up to 500 pi was injected onto the column in each 

purification experiment. This allowed separation of proteins by molecular weight, with 

FN3K-RP eluting within 1 CV of FN3K-RP size-exclusion chromatography buffer, with a 

column flow rate of 0.3 mF min'1 and 0.3 mF fractions being collected as protein eluted 

from the column. Fractions containing FN3K-RP were kept at 4°C for immediate analysis 

prior to crystallisation trials or aliquoted at -80°C for long term storage.
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Selection of homogeneous FN3K-RP and preparation for crystal trials 
Dynamic light scattering was used (Section 2.6.2.5) to select fractions of homogenous 

FN3K-RP. Fractions corresponding to a dimer (67 kDa) displaying a polydispersity index 
(Cp/7?h) of ^40% were pooled and concentrated (Section 2.5.3.5) up to 10 mg mL'1 for 

crystallisation trials. Concentrated FN3K-RP was filtered through a 0.02 pm filter system 

(Protein solutions) and centrifuged at 13,000 g for 10 min to remove large aggregates and 

dust from the solution. Proteins were stored temporarily on ice until crystallisation trials 

began. Purified FN3K-RP was stored long-term as aliquots at -80°C.

2.5.4.2 MIOX purification

Recombinant MIOX expressed in Sf9 and E. coli cells was purified using the same 

protocol apart from a few key differences as indicated below.

Small-scale nickel purification
The small-scale nickel purification was performed as described in Section 2.5.4.1, except 

that Profinity IMAC Ni-charged resin (Bio-Rad) was used instead of cobalt resin. Samples 

were analysed by SDS-PAGE to determine whether MIOX was expressed and soluble.

Nickel affinity purification: step one

The filtered supernatant was applied to a 5 mL HiTrap™ nickel column and manually 

washed with lysis buffer to remove non-specifically bound protein. To remove any protein 

with minor nickel affinity from the column, 2 CV of MIOX wash buffer was then passed 

through the column until no remaining protein eluted. MIOX was eluted from the column 

with 2 CV of MIOX elution buffer. The N-terminal His6 tag of MIOX was cleaved with 

rTEV protease (Section 2.5.3.4) and dialysed overnight into lysis buffer.

Nickel affinity purification: step two
Once MIOX had been cleaved with rTEV protease and dialysed into lysis buffer, the 

protein solution was re-applied to the nickel column and MIOX was eluted with 2 CV of 

lysis buffer. Both the His-tagged rTEV protease and any impurities co-eluting with MIOX 

in step one remained bound to the column in step two. The partially purified MIOX was
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concentrated (Section 2.5.3.5) to a solution of approximately 1 mL which was then used 

for size-exclusion chromatography purification.

Size-exclusion chromatography
Following concentration of the semi-purified MIOX solutions from IMAC, 1 mM 

ammonium ferrous sulfate was added. This step was not performed when purifying 

recombinant MIOX from Sf9 cells.

A Superdex 200 10/300 GL column (Amersham Biosciences) was utilised for MIOX size- 

exclusion chromatography. Prior to loading the protein solution, the column was washed 

with 1 CV of MQ-water and 1 CV of MIOX size-exclusion chromatography buffer. An 

aliquot of up to 500 pi was injected onto the column in each purification experiment. 

MIOX eluted with 1 CV of MIOX size-exclusion chromatography buffer, using a column 

flow rate of 0.3 mL min'1 and fraction sizes of 0.3 mL. Fractions containing MIOX were 

kept at 4°C for immediate analysis prior to crystallisation trials.

Selection of homogeneous MIOX and preparation for crystal trials

Dynamic light scattering was used (Section 2.6.2.5) to select MIOX fractions 

corresponding to monomeric protein (33 kDa) with a polydispersity index (Cp//?h) of less 
than 20%. Such fractions were pooled and concentrated (Section 2.5.3.5) to 20 mg mL'1. 

Samples were filtered through a 0.02 pm filter system (Protein solutions) and centrifuged 

for 10 min at 13,000 g to remove large aggregates and dust from the solution. Proteins 

were stored temporarily on ice until crystallisation trials began. Purified MIOX was stored 

long-term in aliquots at -80°C.

2.6 Protein analysis

2.6.1 Buffers and solutions

2.6.1.1 PAGE analysis

6x SDS-PAGE loading buffer
480 mM Tris-HCl pH 6.8, 12% w/v SDS, 60% v/v glycerol, 5 M BME, 0.6% w/v 
bromophenol blue.
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6x native-PAGE loading buffer
480 mM Tris-HCl pH 6.8, 60% v/v glycerol, 0.6% w/v bromophenol blue.

SDS-PAGE running buffer
0.02 M Tris-HCl, pH 6.8, 0.192 M glycine, 0.1% SDS.

Native-PAGE running buffer
0.02 M Tris-HCl, pH 6.8, 0.192 M glycine.

Stacking buffer stock
0.5 M Tris-HCl, pH 6.8.

Resolving buffer stock
1.5 M Tris-HCl, pH 8.8.

Coomassie stain
0.125% Serva blue R, 30% methanol, 10% acetic acid.

Gel destain
7.5% v/v methanol, 30% v/v acetic acid.

2.6.1.2 Orcinol assay

Activity assay solution
50 mM MES pH 6.0, 50 mM NaCl, 2 mM L-cysteine (freshly added), 1 mM ammonium 
ferrous sulfate (freshly added).

Orcinol reagent
28 mM Orcinol reagent, 3 mM anhydrous ferric chloride (dissolved in cone. HC1). This 
was stored for up to one month at -20°C).

5x substrate stock
100 mM substrate (stored at -20°C indefinitely).

2.6.1.3 Trypsin digest:MALDI-TOF

Trypsin solution I
Dissolved 20 pg trypsin (Promega) in 1.333 mL 25 mM NH4HCO3 (15 ng pi'1 stock)
Filter through 0.2 pm cellulose acetate filter and freeze into 50 pi aliquots at -80°C.

Trypsin buffer
500 mM Tris-HCl pH 8.0, 1 mM CaCl2.

T.D. wash solution
50% v/v acetonitrile, 25 mM NH4HCO3.
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T.D. extraction buffer
50% v/v acetonitrile, 1% TFA in MQ water.

2.6.1.4 MIOX tissue analysis

RIPA buffer
125 mM Tris-HCl pH 6.4, 10% v/v glycerol, 4 M urea, 0.001% w/v bromophenol blue, 
1.43 M BME (added fresh).

Transfer buffer
12 mM Tris-HCl pH 8.3, 96 mM glycine, 20% v/v methanol.

Phosphate-buffered saline (PBS)
137 mM NaCl, 2.7 mM KC1, 10 mM Na2HPO4, 2 mM KH2PO4 (adjust to pH 7.4 with 
HC1).

Wash solution
lx PBS, 0.1% v/v Tween20 detergent.

Block solution
lx PBS, 0.1% v/v Tween20 detergent, 5% w/v milk powder.

Primary antibody solution
lx PBS, 0.1% v/v Tween20 detergent, 0.1% primary MIOX polyclonal antibody (in serum)

Secondary antibody solution
lx PBS, 0.1% v/v Tween20 detergent, 0.0001% horseradish peroxidase-conjugated 
secondary antibody (mouse, supplied by Invitrogen).

2.6.1.5 Limited trypsin digest

Trypsin buffer
500 mM Tris-HCl pH 8.0, 1 mM CaCl2.

Trypsin solution II
20 mg trypsin dissolved in 1 mL trypsin buffer (stored in aliquots at -20°C).

2.6.1.6 Miscellaneous

Circular dichroism (CD) buffer
10 mM potassium phosphate pH 8.3.

Blue agarose elution buffer
10 mM Tris-HCl pH 8.0, 1.5 M NaCl.
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2.6.2 Standard procedures

2.6.2.1 SDS-PAGE analysis

Protein samples were analysed using discontinuous SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE). The stacking gels consisted of 4% acrylamide, 125 mM 

stacking buffer, 0.1% SDS, 0.1% w/v APS and 0.07% v/v TEMED. The resolving gels 

consisted of 12 or 15% acrylamide, 375 mM resolving buffer, 0.1% SDS, 0.1% w/v APS 

and 0.07% v/v TEMED.

Stock (6x) SDS-PAGE loading buffer was diluted to give a final lx concentration when it 

was mixed with samples. These samples were incubated at 95°C for 3 min prior to being 

loaded into the stacking gel wells.

A water-cooled Mighty Small II® gel box (Hoefer) and EPS-600 electrophoresis power 

supply (Amersham Biosciences) were used to run gels at 15 mA until the dye front had 

entered the resolving gel, at which point the current was increased to 30 mA until the 

protein dye had migrated to the bottom of the gel.

Protein molecular weights were estimated by comparison to the PrecisionPlus® unstained 

protein standards (Bio-Rad) as shown in Figure 2.5.

Precision Plus Protein Standards

250
150
100

75

kDa

25

20 ,

15

Figure 2.5 PrecisionPlus® protein standards (Bio-Rad) used during this research
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2.6.2.2 Native-PAGE analysis

Native-PAGE gels were prepared as for SDS-PAGE gels (Section 2.6.2.1) with the 

exception that SDS was substituted with either stacking or resolving buffer depending on 

gel medium being prepared. The native-PAGE gels were loaded and run as for SDS-PAGE 

gels (Section 2.6.2.1), except that the samples were not heated and native-PAGE running 

buffer replaced SDS-PAGE running buffer.

2.6.2.3 Staining and destaining of SDS-PAGE and native-PAGE gels

The SDS-PAGE and native-PAGE gels were stained in Coomassie stain for 3 h and then 

transferred to gel destain for 12 h. Refreshing the destain solution periodically was 

necessary to enhance protein visualisation.

2.6.2.4 Estimation of protein molecular weights using size-exclusion

chromatography

A range of proteins of known molecular weights, including bovine serum albumin (67 

kDa), p-lactoglobin (35 kDa) and Ribonuclease A (13.7 kDa) (Pharmacia Biotech), were 

used as standards and applied to the column being utilised, where their observed retention 

volumes were expressed as a Kav value, using the formula below:

Kav = (Fe-Fo)/(Cv-Fo)

where Fe = elution volume, Fo = void volume and Cv = total column volume. The KAy 

value of each protein standard was plotted against its log MW. Calculation of the KAv 

values of the FN3K-RP and MIOX following size-exclusion chromatography allowed 

determination of the log MW based on the slope of the calibration curve, which could then 

be expressed as an estimated molecular weight.

2.6.2.5 Dynamic light scattering

Dynamic light scattering (DLS) was used to calculate the approximate hydrodynamic radii 

of proteins (AH) and the polydispersity of the solution. The 7?h value can be used to 

calculate the mass, on the assumption that the protein is spherical in shape. These two 

values can be used to derive a 'polydispersity index', which is the standard deviation (Cp)
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of 7?h across all measurements. Therefore, a sample with a lower CP/7?H represents a more 
monodisperse solution than a sample with a higher Cp/Rh value. As there is evidence that 

monodisperse protein solutions are more likely to crystallise156, this analysis was used for 

selecting the highest quality fractions following protein purification.

Approximately 20 pi of purified protein solution was centrifuged at 13,000 g for 10 min to 

pellet impurities. A 12 pi sample from the surface of the solution was pipetted into a 

quartz cuvette and placed into a DynaPro200® molecular sizing instrument (Protein 

Solutions). The DYNAMICS version 4.0 software (Protein Solutions) was used for data 

collection and analysis. Approximately 30 measurements were recorded and used to 

estimate the protein polydispersity (Cp/7?h) and the oligomeric state of the enzyme.

2.6.2.6 Limited trypsin digest

An aliquot of trypsin solution II was thawed and diluted to 0.5 mg mL'1. At 37°C, an 

appropriate volume of trypsin solution II was added to 100 pg recombinant protein to give 

a final ratio of 1:50 (trypsimprotein). At various time-points (0-24 h) following trypsin 

addition, trypsin activity was stopped by protein denaturation at 95°C for 5 min. The 

samples were analysed by SDS-PAGE (Section 2.6.2.1).

2.6.2.7 N-terminal sequencing

Protein samples were separated by SDS-PAGE and transferred to PVDF (Section 

2.6.3.3.4). The PVDF was stained with Coomassie stain for 1 min and then destained with 

50% methanol for 2-3 min to reveal the protein bands. The comers of bands were marked 

with pencil and the PVDF was completely destained in 100% methanol. The areas marked 

by pencil were cut out and sent for N-terminal sequencing analysis utilising a Prosize 490 

Amino Acid Sequencer (Protemix protein sequencing facility, University of Auckland).

2.6.2.8 Circular dichroism

The secondary structure content of MIOX was estimated by circular dichroism (CD) 

spectroscopy157 and used to give an indication as to whether the protein was folded or not. 

Proteins that are well-folded have an increased likelihood of crystallisation.
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The CD data were collected between 180-260 nm on an Applied PhotoPhysics PiStara:* 

180 instrument. Prior to commencement, the spectrophotometer was purged with oxygen- 

free nitrogen for 2 h.

MIOX was dialysed into CD buffer with a final protein concentration of 357 pg mL'1 (-10 

pM). A 1 mm path-length quartz cuvette was utilised for sample analysis. The CD 

spectrum was analysed by eye and compared to typical spectra of proteins containing 

predominantly a-helical or p-sheet secondary structures .

2.6.2.9 Trypsin digestion:MALDI-TOF analysis

Tryptic digestion for MALDI-TOF analysis was carried out according to protocols 

established by Dr. Christina Buchanan, as follows:

Day 1: The protein band was excised from an SDS-PAGE gel and minced using a razor 

blade. Approximately 120 pi of T.D. wash solution was added to each sample in an 

Eppendorf tube and incubated at 37°C for 10 min at 600 rpm. The T.D. wash solution was 

aspirated, and was replaced with fresh wash solution. This washing process was repeated 

until no Coomassie stain remained in the gel slices. After aspirating the T.D. wash 

solution, 60 pi acetonitrile was added to the solution, which was then mixed for 2 min 

before aspirating. The gel pieces were dried using a vacuum concentrator 5301 

(Eppendorf) at 45°C for 10 min. Approximately 15 pi of trypsin solution I was added to 

each sample and incubated at 37°C for 12 h.

Day 2: Approximately 15 pi of T.D. extraction buffer was added to each sample and 

placed in a sonicating waterbath for 20 min. The supernatant was removed and transferred 

to a new Eppendorf tube. The digested protein was dried as above, and the pellet was 

resuspended in 3 pi T.D. extraction buffer. This solution was then sent for MALDI-TOF 

analysis at the Protemix protein sequencing facility (School of Biological Sciences, 

University of Auckland).

2.6.2.10 Blue agarose affinity

Yang et al. reported that mouse RSOR bound to a reactive blue 4-agarose column (Sigma), 

and could be eluted with 1 mM NADPH117. Blue agarose affinity chromatography can be 

utilized to suggest a protein’s affinity for NADPH, and therefore Yang et al. utilized this
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technique (together with fluorescence quenching experiments) to suggest RSOR bound 

NADPH (KdNADPH = 66.9 ± 2.3 nM). As MIOX was shown to match the RSOR sequence, 

and is therefore the same protein, this agarose affinity chromatography analysis was used 

to infer whether the recombinant mouse MIOX, expressed and purified in this study, 

displayed similar NADPH binding characteristics. The identical 5 ml reactive blue 4- 

agarose column (Sigma) column was equilibrated with 10 CV MQ-water, followed by 10 

CV of MIOX size-exclusion chromatography buffer. Approximately 3 mg MIOX was 

loaded onto the column and washed with 10 CV size-exclusion chromatography buffer 

until no protein eluted from the column. To elute any bound protein, 5 CV of blue agarose 

elution buffer was passed through the column. The Bio-Rad protein assay (Bio-Rad) was 

used to detect MIOX in the column flow-through, and hence, whether the enzyme 

displayed similar NADPH binding characteristics as that seen in the study performed by 

Yang et aln\

2.6.3 Experimental procedures

2.6.3.1 Inductively-coupled plasma mass spectrometry

The concentration of protein samples for analyses was calculated based on quadruple 

protein absorbance measurements (OD28o)- At least 2 mg of each protein sample was sent 
to Hills Laboratory (Wellington, NZ) for metal content analysis. Using an Ultratrace® 

ICP-MS spectrophotometer, the amount (g nf3) of iron, manganese, cobalt, chromium, 

copper, nickel and zinc in the protein samples were measured. Based on the known molar 

mass of MIOX and the atomic weights of the elements, the metakMIOX stoichiometry 

could be calculated.

2.6.3.2 Orcinol assay - MIOX activity analysis

The Orcinol assay114 was adapted to allow high-throughput activity assays of MIOX and 

MIOX mutants towards numerous potential substrates. Each assay reaction (100 pi) 

contained 10 pg ofMIOX and was repeated in quadruplicate. Where different batches of 

protein were used for activity assays, effort was taken to standardise protein handling and 

storage.
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A -80°C aliquot of MIOX (~ 40 mg mL’1) was thawed and diluted to 125 pg mL'1 in the 

activity assay solution and incubated for 15 min at room temperature. The total volume of 

activity assay solution prepared was dependent on the number of experiments planned. 

Each reaction required 80 pi of activity assay buffer (with MIOX), which was then 

increased to 100 pi upon addition of substrate, as described below.

Following the 15 min MIOX incubation, the activity assay buffer (with MIOX) was 

dispensed into 80 pi aliquots into a 96-well PCR plate (catalogue No. PCR-96-W, 
Axygen), where each aliquot represented one reaction. Using a ResearchPro® multi

pipette (Eppendorf), 20 pi of the appropriate substrate stock was added to the appropriate 

wells to start each reaction. Once substrate was added, compatible lids (catalogue No. 

AM-96-PCR-RD, Axygen) were secured to the plates. The plates were inverted ten times 

to mix the reactions and centrifuged at 500 g for 30 s to collect solution on the lid. 

Reactions proceeded for 40 min at room temperature and were then stopped by adding 100 

pi of Orcinol reagent (in concentrated HC1) to each sample. At this point, 20 pi of 

substrate solution was added to pre-denatured MIOX (in activity assay buffer), which 

represented samples of t = 0 s. The lids were secured and the plates were repeatedly 

inverted and then centrifuged as previously described. The time = 0 s samples were used as 

a blank for the spectrophotometer, such that any change in absorbance would be the result 

of DGA formation during the 40 min reaction.

To allow the colour development (due to the DGA reaction with Orcinol reagent), the 96- 
well plates were placed in a Mastercycler Gradient Thermocycler® (Eppendorf) and 

incubated at 80°C for 30 min, followed by 4°C for 2 min. The samples were then 

centrifuged at 500 g for 30 s. Using a ResearchPro® multi-pipette, samples of 180 pi were 

transferred to a 96-well black micro-assay plate (Greiner) and the absorbances (OD600) 

were determined in duplicate using a SpectraMax340 plate reader® (Molecular Devices).

The data were interpreted using Microsoft Excel. The absorbance difference (t4o min - to min) 

of wild-type MIOX samples represented 100% activity. All other reactions were described 

as a percent activity compared to wild-type MIOX.

The DGA standard curve was utilised to illustrate the linear effect that D-glucuronic acid 

(DGA) has on Orcinol colour development due to heating. The standard curve was 

prepared using DGA as described in Table 2.11.
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Final [DGA] (mM) o 0.25 0.5 0.75 1.0 1.25 1.5 1.75 2.0 2.25
Component
40 mM DGA (gl) 0 1.3 2.5 3.8 5.0 6.3 7.5 8.8 10 11.3
Activity assay buffer 
(Pl)

100 98.8 97.5 96.3 95.0 93.8 92.5 91.3 90 88.8

Orcinol reagent (gl) 100 100 100 100 100 100 100 100 100 100
Total volume (gl) 200 200 200 200 200 200 200 200 200 200

Table 2.11 Production of D-glucuronic acid standard curve samples

2.6.3.3 MIOX tissue expression analysis

2.6.3.3.1 Polyclonal antibody preparation

Samples of purified recombinant MIOX were sent to Jennifer Brothwell at the Animal 

Research Facility, Christchurch School of Medicine (Christchurch, New Zealand). Three 

NZ white rabbits (aged 12 wks, 3-4 kg) were used to raise polyclonal antibodies from three 

subcutaneous injections during a 10 week period. At t = 0, t = 1 month and t = 2 months, 

the rabbits were inoculated with 1 mg recombinant MIOX. At t = 2.5 months, the rabbits 

were culled and the blood was harvested by heart puncture. The necessary animal ethics 

approvals were obtained prior to commencement of this work.

2.6.3.3.2 Tissue homogenisation

Approximately 100 mg of rat tissue was thawed from -80°C and diced thoroughly using a 

clean razor-blade. The diced tissue was added to a 1.5 mL Eppendorf tube containing 500 

pi of fresh RIPA buffer and ~ 200 mg of 0.1 mm glass beads. The samples were flash- 

frozen in liquid nitrogen and, upon thawing, were vortexed (5 x 30 s). Samples were 

centrifuged at 13,000 g for 1 min to separate soluble and insoluble material, and the 

soluble fractions were filtered through a 0.2 pm Minisart® filter (Sartorius).

2.6.3.3.3 BSA standard curves

The absorbances (OD28o) of six BSA samples diluted in RIPA buffer (30 pg mL'1 to 1 mg 

mL’1) were measured and plotted against their respective concentration to produce a BSA- 

RIPA standard curve. Whole cell lysate absorbances (OD26o) were then measured in 

triplicate to accurately determine their concentration using the standard curve, and the 

lysates were accordingly diluted to 10 mg mL'1 and stored at -80°C in 100 pi aliquots.
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2.63.3.4 Western blot sample preparation and use

A total of 50 pg of each rat tissue lysate was separated by SDS-PAGE (Section 2.6.2.1). 

The PVDF (Millipore) was pre-soaked in 100% methanol for 10 s prior to incubating in 

transfer buffer for 10 min together with two buffer pads, four blotting papers and the 

unstained SDS-PAGE gel. Using a MightySmall II® vertical transfer apparatus (Hoefer), 

proteins in the SDS-PAGE were transferred to the PVDF by applying 100 V current for 40 

min.

2.63.3.5 Primary and secondary antibody incubation/development of luminescent 

signal

All incubations were performed at 4°C on a gently rocking platform. The PVDF was 

blocked in block solution for 3 h at 4°C. Following washing in wash solution (3 x 1 min), 

the PVDF was incubated in primary antibody solution for 1 h at 4°C. The PVDF was 

washed in wash solution (3x1 min) followed by incubation with secondary antibody 

solution for 2 h at 4°C. The PVDF was then washed in wash solution (3 x 1 min, 3x5 

min).

To produce the luminescent signal due to the horseradish peroxidase (HRP) conjugated 
secondary antibody, the PVDF was soaked in 1 mL ECL® western blotting detection 

solution (Amersham Biosciences) for 1 min. In a darkroom, the PVDF was then 

positioned on a single piece of ECL Hyperfilm™ (Amersham Biosciences) for 30 s - 5 min 

to give an optimal signal when developed in a Curix60® processor (AGFA) using standard 

developer and fixer (AGFA).

2.7 Crystallisation trials

Unless otherwise mentioned, all crystallisation materials were supplied by Hampton 

Research.

2.7.1 Materials and reagents

A set of 480 crystallisation conditions were screened using an amalgamation of both 

commercially available kits and locally developed screens encompassing a broad range of
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historically successful precipitants158. The 480 conditions included those from the Top67 

Screen159, the PEG/Ion Screen (Hampton Research), Crystal I and Crystal II Screens 

(Hampton Research), the Ammonium Sulfate Screen and the PEG Screen160, the Stura 

Footprint Screen161, the MPD Screen (adapted from the Hampton MPD screen), the 

Precipitant Synergy Reagent Formulation Screen162 and the Clear Strategy Screen163.

2.7.2 Standard protocols

2.7.2.1 Robotic crystallisation experiments

A MultiProbe II HT Ex® liquid dispensing robot (PerkinElmer) was used to dispense 350 

pi of each precipitant into the wells of a 96-well Intelliplate® crystallisation plate. The 

plates were then transferred to a Honeybee® nanolitre dispensing robot (Cartesian) to mix 

100 nl of protein solution with 100 nl of precipitant in a sitting-drop format on each of the 

96 platforms. Following completion of the robotic mixing, the plates were sealed with 

Clearseal® film and stored at 18°C. Crystallisation experiments were analysed daily for 

two weeks, and weekly for up to three months.

2.7.2.2 Fine-screening

The hanging drop method164 was used to fine-screen around promising conditions in 24- 

well pre-greased VDX® plates. In these experiments, 0.5 mL of the precipitant solution 

was dispensed into the wells and the protein and precipitant solution were mixed on 22 mm 

x 22 mm siliconised glass cover-slips which were then placed face-down on the 

appropriate pre-greased wells. The crystallisation experiments were stored at 18°C and 

analysed on a regular occurrence.

2.7.2.3 Visualisation and scoring of crystallisation experiments

Crystallisation plates were visualised daily using a MZ 7s microscope (Leica) for the first 

week after set-up and fortnightly for the next two months.

Drops were scored as follows; clear drop = 0, light precipitate = 1, heavy precipitate = 2, 

phase separation = 3, micro-crystals = 4, needles = 5, plates = 6, 3-D crystals = 7.
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2.7.3 Experimental protocols

2.7.3.1 FN3K-RP crystallisation experiments utilising numerous additives

Prior to some FN3K-RP crystallisation experiments, a number of potential co-factors 

and/or substrates were added to the protein solution. Table 2.12 illustrates the different 

combination of additives used for these experiments.

[FN3K-RP] Additive 1 
(1 mM)

Additive 2 
(1 mM)

Additive 3 
(5mM)

lOmgmL'1 AMP-PCP MgCl2 Fructose
10 mg mL"1 AMP-PNP MgCl2 Fructose
lOmgmL"1 AMP-PCP MgCl2 DMF
10 mg mL"1 ATP MgCl2 DMF

Table 2.12 Additives used for FN3K-RP crystallisation trials

2.8 MIOX structure determination

This section describes the general methods used for structure determination from the point 

where suitable crystals were first obtained. The ways in which these methods were 

applied, and the results obtained, are given in Chapter 4. Table 2.13 provides a list of the 

computational programs used during MIOX structure determination and refinement. A 

brief description of their function is provided, and where necessary, a relevant web-site 

address and reference are provided.
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Tool Function Website link Reference
CCP4 program suite165

SCALA Data scaling and merging http://www.ccp4.ac.uk/html/
scala.html

166

MATTHEWS Determination of Matthews 
coefficient and solvent content

http ://smb. slac. Stanford, edu/ 
facilities/soft ware/ccp4/html 
/matthews coef.html

[37

CAD Collecting assorted reflection 
data

http://www.ccp4.ac.uk/html/
cad.html

165

FFT Crystallographic fast Fourier 
transformation

http:// w ww. ccp4. ac.uk/html/ 
fft.html

165

AutoSHARP
SHELXC/SHELXD Heavy atom site location http://shelx.uni-

ac.gwdg.de/SHELX/
168

SHARP Heavy atom site location and 
refinement

http://www.globalphasing.c
om/sharp/

T55

DM Density modification and 
phase improvement

http://www.ccp4.ac.uk/html/
dm.html

T7U

Arp/WARP Automated model building http://www.embl- 
hamburg.de/services/mx/sof 
tware/arp warp.html

T71

Other programs
MOSFLM X-ray data processing http://www.mrc- 

lmb.cam.ac.uk/hany/mosfl 
m/mosflm user guide.html

172

COOT Model building and 
refinement

http://www.ysbl.york.ac.uk/ 
-emsley/ coot/doc/user- 
manual.html

173

REFMAC 5 Maximum likelihood 
refinement

http:// www. ysbl. york. ac ,uk/ 
-garib/refmac/docs/index.ht 
ml

174

PRODRG Ligand and ligand restraint 
development

http://davapcl .bioch.dundee 
.ac.uk/programs/prodrg/

173

PyMOL Structural analysis http://www.pymol.org 176

PROCHECK Structure validation tool http://www.ccp4.ac.uk/html/
procheck.html

T77

NUCHECK/
SFCHECK

Structure and structure factor 
validation tool

http://deposit.pdb.org/cgi-
bin/validate/adit-session-
driver

178

SSM Structural comparison server http://www.ebi.ac.uk/msd-
srv/ssm/

175

ProFunc Functional annotation based 
on 3D protein structure

http://www.ebi.ac.uk/thomt
on-srv/databases/profunc/

raj

Protein Data Bank Database of protein 
structures/sequence search of 
known structures

http://www.rcsb.org

ClustalW Multiple sequence alignment 
tool for DNA and amino acid 
sequences

http://www.ebi.ac.uk/clustal
w/

ra?

Boxshade Printing and shading of 
sequence alignments

http://www.ch.embnet.Org/s 
oftware/BOX form.html

-

Table 2.13 Computational programs utilised during MIOX structure determination

A range of computational programs were used during MIOX structure determination. 
Where appropriate, further description of their use will be given.
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2.8.1 Crystal manipulation

2.8.1.1 Crystal mounting and cryo-protection

MIOX crystals were removed from crystallisation drops using Cryo Loops® (0.1-0.2 mm 

diameter) mounted on 18 mm magnetic copper CrystalCaps®. Other tools to remove 

precipitant and manoeuver crystals included acupuncture needles, razor-blades and pipette 

tips.

A MIOX crystal was used to collect a 5 min X-ray diffraction image, where the crystal was 

kept hydrated in 4.4 M sodium formate. A range of commonly used solutions (glycerol, 

PEG500-4000 and ethylene glycol) was then screened to determine an acceptable cryo

protectant for data collection at 110 K (Section 2.8.2.1). The success of each potential 

cryo-protectant was measured based on 1) the minimal loss of X-ray data resolution when 

compared to the room temperature mount, and 2) the lack of ice-rings in the X-ray 

diffraction image.

2.8.1.2 Heavy metal derivatisation of MIOX crystals

As no proteins in the PDB showed > 15% sequence identity with MIOX, molecular 

replacement was not an option for phase determination. Therefore, attempts were made to 
prepare heavy atom derivatives of the MIOX crystals. Aliquots of MIOX (5 mg mL'1) 

were incubated with a number of heavy atom compounds (Hg2SO4, CEEHgCl, K^PtCfr and 

(CH3)3PbOAc) known to have good success rates for derivatisation . After 24 h 

incubation, 15 pg MIOX samples were analysed by native-PAGE (precast 8-25% gradient 

gel) using a PHAST system® (Amersham Biosciences). The native-PAGE gel was then 

stained and destained as previously described (Section 2.6.2.3). A shift in the MIOX 

banding pattern was indicative of incorporation of the heavy atoms into the protein.

2.8.2 Data collection, data processing and phase determination

2.8.2.1 Data collection

Initial X-ray diffraction analysis was accomplished using a Rigaku RU-H3R generator 

operating at 50 kV and 100 mA with a rotating copper anode (CuKa radiation; 1.5418 A) 

and focused with Osmic mirrors. Crystals were kept at 110 K using a cryogenic crystal
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cooling device (Oxford Cryostream). Diffraction data were collected on a Mar 345 image 

plate detector. Crystals displaying optimal diffraction were stored in liquid nitrogen for 

synchrotron data collection. X-ray diffraction data used to solve the MIOX structure were 

collected at the ESRF and SSRL as described in Section 4.3.1.2.

2.8.2.2 Data processing in MOSFLM

All data were processed using MOSFLM. Two initial diffraction images separated by 90° 

were auto-indexed to determine the crystal orientation, the possible crystal system and the 

unit cell parameters. The most likely crystal system was identified by the lowest penalty 

function, where a value of below 10 indicates the correct solution has probably been found. 

Following assignment of the crystal system, the mosaic spread was estimated from 3-5 

different images with the average value being used as a starting value, and later refined 

during data integration in MOSFLM.

The program STRATEGY was used to calculate the starting phi angle and phi range 

needed to collect a complete data set and TESTGEN was used to determine the optimal 

rotation angle and the maximum resolution limits. The maximum resolution limit was 

defined as the outermost resolution shell that had a mean I/oi value of above 2.0. If the 

value was significantly less than 2.0, either the exposure time was increased or a decision 

was made to move the detector further away from the crystal to increase spot separation. If 

the value was significantly above 2.0, the detector was moved closer to the crystal to 

collect higher resolution data. The cell parameters, including the unit cell lengths, detector 

distance and mosaicity were refined using a number of images. The data were then 

integrated interactively during data collection until data collection had finished.

2.8.2.3 Scaling the diffraction images

Following data processing, the data were scaled and merged using SCALA in the CCP4 

program suite. Briefly, SCALA scaled together multiple observations of reflections and 

merges them into an average intensity, giving error estimates which were used to judge the 

quality of the data. In particular, the //merge and mean I/gi values were used to evaluate the 

quality of the data. The //merge value provided a measure of the consistency of measurement 

of symmetry-related reflections, and was used to detect problematic regions of the data 

during collection and processing. The mean //by values provided an estimate of the real
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resolution of the data, where a value below 2.0 is considered to be noise. The high 

resolution cut-off was defined at the point where the 7?merge exceeded 0.6 and the mean I/oi 

fell below 2.0 in the outer shell. Any images with a high Emerge were omitted and the 

scaling process was repeated until the statistics produced in the SCALA log file were as 

good as possible. TRUNCATE, run at the end of SCALA, converted the intensities (I) to 

structure factors (F). The scaled data and merged data sets were used for phase 

determination in AutoSHARP (Section 2.8.2.5).

2.8.2.4 Cell content analysis

Using the molecular weight ofMIOX (33 kDa), the Matthews coefficient (Vm) and solvent 

content were calculated for each crystal using the program MATTHEWS in the CCP4 

program suite.

2.8.2.5 Phase determination using AutoSHARP

AutoSHARP is an automated structure determination program consisting of a series of 

linked programs: SHELXD for finding heavy atom sites and phasing, SHARP for 

refinement of heavy atom sites and phase improvement and DM for solvent 

flattening/solvent flipping. Arp/WARP, an automated building program which is also 

incorporated into AutoSHARP, attempts to build a model from a supplied protein 

sequence. AutoSHARP can be used to determine protein structures using a variety of 

phasing methods, such as SAD, SIRAS, MAD, and MIRAS. A description of the different 

methods used in AutoSHARP is provided below.

SHELXC, an initial program run prior to SHELXD, was used to prepare input files for 

macromolecular phasing experiment using SHELXD. SHELXC was also used to 

determine an adequate resolution cut-off for which there is significant phasing signal, 

judged by the d"/sig value. This value is derived from the anomalous difference divided by 

the standard deviation for signed reflections, calculated in resolution bins. A zero 

anomalous signal would have a d"/sig value below ~ 0.8). This is an important step as if 

data are used to a higher resolution than there is heavy atom signal, the effect will be to 

add noise.
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Multiple cycles of SHELXD, using a dual-space recycling method, were used to locate and 

refine heavy atom sites with anomalous signal. This method uses the starting atoms located 

with the Patterson function rather than randomly selected atoms. Without the need for 

phase information, the Patterson function can be calculated from the measured reflection 

intensities. The dual-space approach in SHELXD switches between real and reciprocal 

space. In reciprocal space, the phases are expanded in SHELXD from the 40% most 

reliable using the tangent formula™. In real space, a map is calculated using FFT using the 

improved phases. This allows peak-picking to find heavy atom sites, with a minimum 

allowed distance to eliminate unreasonably close atoms. Similarly, the number of expected 

unique sites can be input to allow a constraint on the number of sites found during structure 

solution. To improve the phases during the dual-space recycling method, approximately 

30% of the peaks at random are removed when calculating phases for the next cycle. If 

they are part of the correct solution, they will likely be regenerated, whereas if they are not 

correct, they will be replaced by other, possibly better sites. Following several hundred 

sets of dual-space recycling, SHELXD refines the occupancies of the heavy atoms and 

provides a list of the heavy atom sites that correspond to the best solution, with their 

respective occupancies and temperature factors. If a MAD experiment is being performed, 

SHELXD also systematically attempts to find and refine atom sites in a SAD experiment 

using only data collected near the absorption edge.

A solution can be validated by the correlation coefficient (CC), CCweak and PATFOM 

values. The CCweak value is calculated based on only the weak data left out during the dual

space recycling. Therefore, it is a good validation as it is independent of the data used for 

phase determination. A CC value of above 40% implies a good solution for MAD, 

although a CC value of above 30% implies a good solution for SAD. PATFOM is the 

value of the Patterson minimum function for the set of atoms. The best phasing solution (a 

set of heavy atom positions) from SHELXD is then used for the initial SHARP refinement, 

obtained either from MAD or SAD.

The first run of SHARP uses maximum-likelihood refinement of the initial set of heavy 

atom positions and calculates residual maps. These residual maps are automatically 

checked to detect that, for each data set, these heavy atom sites are present in the 

corresponding anomalous map. If any data set does not show significant density for a 

given site, the sites are excluded by SHARP. The residual maps are also used to search for
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new heavy atom sites. If new sites are identified, further SHARP refinements are 

performed until no further sites are found. In the final round of SHARP (i.e. after no 

further sites are found), two initial set of phases are generated corresponding to the original 

and inverted enantiomorph. SHARP provides a statistical analysis of the refined phases, 

including phasing power (PP), R^iiis and figure of merit (FOM). Phasing power compares 

the magnitudes of the calculated heavy atom contributions to the lack of closure error, 

where a value of greater than 1.5 is considered to be excellent, and a value exceeding 0.5 is 

usable for phase determination. Rcuiiis is defined as the ratio of the lack of closure and the 

isomorphous difference terms. This is a useful value as it gives a direct indication of the 

relative sizes of the observed anomalous differences and their respective lack of closure 

errors, where an Rcuiiis value below 0.6 is excellent, and data with an Rcuiiis below 0.8 is 

considered to be usable. The mean figure of merit, a function of resolution, provides 

evidence of the accuracy of phase determination, where a FOM of 1.0 corresponds to 

perfectly defined phases. FOM is calculated for the different resolution shells to show that 

phase information becomes weaker at higher resolution.

Using DM, a cycle of solvent flipping is performed in order to identify the correct 

enantiomorph, chosen by the enantiomorph yielding the higher score. Following selection 

of the "correct" enantiomorph, the phases are used for iterative density modification, in 

which the solvent content is adjusted to optimise the "overall score", and provide a solvent 

flattened experimental map. This step allows a clearer definition of the protein-solvent 

boundary, flattening the solvent regions while not altering the protein region of the map. 

The density modification also provides refinement of the phases, which leads to an 

improved electron density map. It is important to check the resulting DM experimental 

map to determine whether the map shows L-amino acids and right-handed a-helices, to 

confirm that the correct enantiomorph is chosen.

If the X-ray data are of sufficient resolution (better than ~ 2.5 A) and the density 

modification maps are of sufficient quality, model building in Arp/WARP can be 

performed. This attempts to assign a given sequence to the protein electron density. 

Iterative building and REFMAC refinement of this model provides initial SigmaA- 

weighted F0-Fc and 2FO-FC electron density maps and statistical analyses.
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2.8.2.6 Manual model building

Model building was performed in COOT, where the model was built into the experimental 

maps and REFMAC generated SigmaA-weighted F0-Fc and 2FO-FC electron density maps. 

The experimental maps and the 2FO-FC maps were contoured at 1.0 o and the F0-Fc maps 

were contoured at -3.0 and +3.0 o. Positive difference density in the F0-Fc map suggested 

areas into which the model could be built whereas negative difference density in the F0-Fc 

map highlighted protein atoms that were incorrectly placed and should be repositioned or 

removed. To aid building the a-carbon backbone, the electron density was skeletonised in 

COOT.

Ligand models were made using the Dundee PRODRG server and the molecules were 

restrained during refinement using the generated PRODRG restraints library.

2.8.2.7 Model refinement

The program REFMAC was used to perform rigid body or restrained refinement against 

the X-ray data, and produce 2FO-FC and F0-Fc maps which could be used for iterative 

building and refinement of the MIOX model. 10% of reflections were randomly selected 

and used as an "Rfree set" for validation purposes.

During the initial stages of refinement (until a complete model was built), restrained 

refinement used the Hendrickson Lattman coefficients (HLA, HLB, HLC, HLD) to prevent 

model bias. Ten cycles of maximum likelihood refinement were carried out using a 

weighting term of 0.3 to increase the geometric restraints and tighten the geometry in the 

protein model. Once a nearly complete model had been built (Section 4.5.1.2.6), 

refinement continued using only phase information obtained from the model. TLS 

refinement was incorporated into the refinement as described in Section 4.5.1.2.5.

During refinement, the iron-protein distances were restrained to the observed distances in 

the experimental map (Section 4.5.1.2.7), which correlated with the Fe-ligand distances 

observed in recent surveys of high-resolution protein structures ’ ’ . The MI and

formate ion bond lengths and angles were restrained during refinement using their 

respective restraints library generated in the Dundee PRODRG server.
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2.8.2.8 Model validation

During model building and refinement, a number of COOT validation tools were utilised to 

detect irregularities in geometry, incorrect chiral volumes, temperature factor variance, 

unusual rotamers and incorrectly modelled water molecules. In the latter case, any water 

molecules with a high B factor greater than 80 A2, a level less than 0.8 in the 2FO-FC map, 

or nitrogen or oxygen atom contacts at a distance less than 2.3 A or greater than 3.5 A were 

treated as suspicious and deleted if necessary. The final protein model was validated with 

PROCHECK and NUCHECK and structure factors were validated using SFCHECK 

(Section 4.5.2).

2.8.2.9 Structural analysis and development of figures

Structural analysis was primarily carried out using COOT and PyMOL. The secondary 

structure matching program (SSM) was used to search for structural homologues ofMIOX. 

All PDB files were downloaded from the Protein Data Bank, and COOT and PyMOL were 

used to superimpose structural models. All structural figures were made using PyMOL. 

Stereo images presented in this thesis are WALL-EYE.

2.8.2.10 Structure deposition

The final model was deposited into the Protein Databank (PDB) with accession code 

2HUO.
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Chapter Three

Cloning, expression and purification of MIOX 
and FN3K-RP

3.1 Scope of this chapter

In this research, two cell-based expression systems were utilised to over-express MIOX 

and FN3K-RP, and a range of purification techniques was used to isolate the recombinant 

proteins from their respective cell lysates. Numerous analyses were performed to 

characterise the proteins in parallel with crystallisation experiments.

The experiments detailed in this chapter were often performed multiple times. A typical 

result from each experiment is provided, and unless otherwise stated, these results are 

representative of the experiments performed during this research. For easier interpretation, 

a number of DNA or protein gel images have been simplified by removing irrelevant lanes. 

In these cases, white spaces are observed between the gel lanes.

3.2 Computational analysis of MIOX and FN3K-RP

3.2.1 Target search in the Protein Data Bank

A preliminary search in the Protein Data Bank for MIOX and FN3K-RP revealed that 

neither protein structure had been deposited. A sequence search of proteins within the 

PDB revealed that no proteins had greater than 15% sequence identity to either target. 

This eliminated molecular replacement as a method for structure determination. These 

searches of the structural database were repeated throughout the research to keep informed 

of any new structures of FN3K-RP, MIOX or homologous proteins.

3.2.2 Chromosomal location of gene targets

Mus musculus MIOX (gi 55793668) has an 858 bp coding region and is located on 

chromosome 15 (15E3, locus # NC_000081.4). The corresponding mRNA sequence is
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2535 bp in length and contains 10 coding regions and two untranslated regions (Figure 

3.1A). Human FN3K-RP (gi 34451559, GenBank accession no. AY360465) has a 930 bp 

coding region and is located on chromosome 17 (17q25.3, locus # NC_000017.9). The 

corresponding mRNA sequence is 1760 bp and contains six coding regions and two 

untranslated regions. The FN3K-RP coding region is found upstream and adjacent to the 

FN3K coding region (Figure 3.IB).

A
[89116003 ► [89204803 ►

I--------------------------------------------------------------------------------------------------------------------------------------------------- —1
Sbfl A«to2 Tncrol53 Ecsfl

D15Ertd785e

B

[78165741 [78494351 ►

1
UDR45L FN3KRP —> TBCD

FN3KRAB40B ZNF750
L0C728694

Figure 3.1 Chromosomal location of MIOX and FN3K-RP

A) Coding region of MIOX on chromosome 15; B) Coding region of FN3K-RP on 
chromosome 17.

3.2.3 Protein sequence analysis of MIOX and FN3K-RP

To gain a preliminary description of MIOX and FN3K-RP, ProtParam was used to 

determine the polypeptide chain length, molecular weight (kDa), number of negatively and 

positively charged residues and estimated pi (Table 3.1). These details were useful when 

planning and analysing experiments.

Protein (EC 
number)

Number 
of amino 

acids

Molecular 
weight (kDa)

Theoretical pi Negatively 
charged residues 

(Asp+Glu)

Positively 
charged residues 

(Arg+Lys)
MIOX
(1.13.99.1)

289 (312) 33.45 (36.42) 5.03 (5.25) 40 (43) 26 (26)

FN3K-RP
(2.7.1.-)

313 (336) 34.73 (37.70) 6.91 (6.49) 36 (39) 35 (35)

Table 3.1 ProtParam analyses of MIOX and FN3K-RP

Numbers in parentheses represent the values for the uncleaved protein (+His6 tag) whereas 
all other numbers represent the values for the proteins following rTEV protease cleavage.
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Foldlndex, a computational protein folding predictor, suggested that MIOX and FN3K-RP 

were mostly well-folded throughout the protein, although several small regions were 

predicted to be unfolded (Figure 3.2). FN3K-RP was predicted to contain two potentially 

unfolded regions (residues 1-40 and 175-183) and MIOX was predicted to contain five 

potentially unfolded regions (residues 43-50, 86-94, 98-105, 169-190 and 239-257). These 

analyses suggested that, given the appropriate expression and purification conditions, the 

recombinant proteins should be well-folded in solution.

FN3K-RP MIOX

!folded I unfolded

Figure 3.2 Prediction of folded and unfolded regions in FN3K-RP and MIOX

Predicted folded and unfolded regions are shown in green and red, respectively. This 
analysis was carried out using Foldlndex.

3.3 Expression and purification of FN3K-RP and MIOX in Sf9 
insect cells

As both MIOX and FN3K-RP were of eukaryotic origin, they were first expressed in a 

eukaryotic Sf9 insect cell system. The Bac-to-Bac® baculovirus expression system 

(Invitrogen) was used to develop baculovirus stocks to allow over-expression of 

recombinant protein in Sf9 cells during the 72 h baculovirus infection period (Section 

2.4.4.1). Section 3.3 describes the eukaryotic expression and purification results of FN3K- 

RP and MIOX. Various analyses of the purified recombinant proteins are also presented.
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3.3.1 FN3K-RP

3.3.1.1 DNA amplification and cloning

The PCR primers designed to flank the coding region of the FN3K-RP cDNA coding 

region were used to amplify the FN3K-RP cDNA (Section 2.3.4.1) and the amplification 

products were analysed on an agarose gel (Section 2.3.3.1). As shown in Figure 3.3, a 

single ~ 930 bp band was evident, suggesting that the correct cDNA sequence was 

amplified. A total of 1.2 pg amplified PCR product was digested with the Ncol and EcoRI 

restriction endonucleases (NcoI/EcoRI digestion) to cleave the 5’ and 3’ fragments 

(Section 2.3.4.1) and the ~ 900 bp PCR product was purifed following agarose gel 

electrophoresis (Section 2.3.3.1).

12 3

12 kb

5 kb

1.65 kb

lkb 
850 b 
650 b

100 b

Figure 3.3 Agarose gel electrophoresis showing FN3K-RP amplification

Lane 1, 1 Kb Plus DNA ladder; Lane 2, blank; Lane 3, FN3K-RP PCR product.

The purified PCR product was then ligated into the linearised pFastBac HTb plasmid 

(Section 2.3.4.3), which was then transformed into E. coli DH5a cells (Section 2.3.4.4), 

yielding ampicillin resistant colonies on an LB-agar plate. Six single colonies were 

isolated and amplified (Section 2.4.3.1). Following plasmid purification of pFastBac 

HTbFN3K'RP, NcoI/EcoRI digestion and agarose gel electrophoresis analysis (Section 

2.3.3.2, 2.3.4.2, 2.3.3.1, respectively), each construct was confirmed to harbour a ~ 900 bp 

insert (Figure 3.4). The construct observed in lane 2 was used to confirm the cDNA 

coding sequence of FN3K-RP by DNA sequencing (Section 2.3.3.5).
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PIN3K PPFigure 3.4 Agarose gel electrophoresis of the pFastBac HTb " construct 
purified from DH5a cells

Lane 1, 1 Kb Plus DNA Ladder; Lanes 2,4,6,8,10 and 12 contain undigested plasmid of 
colonies 1,2,3,4,5 and 6, respectively; Lanes 3,5,7,9,11 and 13 contain NcoI/EcoRL digested 
plasmid of colonies 1,2,3,4,5 and 6, respectively.

3.3.1.2 Protein expression

The pFastBac HTbFN3K'RP construct was used to successfully transfect the insert into the 

DH10 bacmid of DH10 Bac® cells (Invitrogen). Following blue/white colony selection, a 

white colony was cultured and the bacmid was purified (Section 2.3.3.2). This bacmid 

stock was used to infect Sf9 cells resulting in a P2 baculovirus stock (Section 2.4.4.1). 

Although this stock did not have a high viral titre, a subsequent infection of Sf9 cells with 

this P2 baculovirus stock yielded P3 baculovirus with a significantly higher viral titre. 

Small-scale expression tests utilising the P3 amplified baculovirus stock suggested that a 

1:1000 v/v ratio (virus:culture) was optimal for FN3K-RP expression and solubility. 

Infection with less baculovirus led to diminished protein production, yet higher baculovirus 

was detrimental to Sf9 cell growth, resulting in a lower protein yield (not shown). A 72 h 

infection period, with a starting cell density of 2 x 106 cells mL'1, was optimal for maximal 

recombinant protein expression.

A small-scale cobalt affinity purification (Section 2.5.4.1) gave a partially purified, soluble 

36 kDa protein, and was presumed to be FN3K-RP (Figure 3.5). As this small-scale 

purification suggested that FN3K-RP was expressed and soluble, this expression protocol 

was repeated at a larger scale (2 x 200 mL Sf9 cultures) to yield larger quantities of the 

recombinant protein.

92



kDa
150

1 2 3

75

50

37

25

20

Figure 3.5 SDS-PAGE analysis of a FN3K-RP small-scale cobalt affinity 
purification

Protein produced from a 1:1000 ratio of virus:media (v/v) after a 72 h expression. Lane 1, 
PrecisionPlus protein standard; Lane 2, WCL of Sf9 cells after a 72 h expression; Lane 3, 
small-scale cobalt affinity purification of the WCL after a 72 h expression.

3.3.1.3 Protein purification

3.3.1.3.1 Immobilised metal affinity chromatography (cobalt affinity)

Following large-scale expression, the cells were harvested and lysed, and the whole cell 

lysate (WCL) was applied to a 3 mL cobalt column to allow purification by immobilised 

metal affinity chromatography (IMAC) (Section 2.5.4.1). Due to the cobalt affinity of the 

N-terminal His6 tag, FN3K-RP bound to the column. Following adequate washing with 

lysis buffer, a step-wise gradient of imidazole was used to elute proteins displaying cobalt 

affinity (Figure 3.6). Various non-specific proteins eluted from the column following one 

column volume (CV) of FN3K-RP wash buffer. A 36 kDa protein eluted from the column 

following 1 CV of FN3K-RP elution buffer. Based on the total recombinant sequence, 

ProtParam calculated FN3K-RP to have a molecular weight of 37.7 kDa, suggesting that 

FN3K-RP may have undergone minor degradation at either the N- or C-terminus. 

Regardless, this protein was assumed to be FN3K-RP.

The next purification step relied on cleavage of the Hise tag by rTEV protease. In practice, 

the cleaved protein would be re-applied to the cobalt column and eluted with lysis buffer, 

while other proteins originally co-eluting with FN3K-RP would remain bound. However,
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numerous attempts at rTEV protease cleavage were unsuccessful. Therefore, FN3K-RP 

was further purified with the N-terminal His6 tag intact. The IMAC fractions 

corresponding to protein seen in lanes 7-14 were pooled and concentrated to less than a 1 

mF volume (Section 2.5.3.5).

1 2 3 4 5 6 7 8 9 10 11 12 13 14
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Figure 3.6 SDS-PAGE analysis of FN3K-RP IMAC purification

Lane 1, PrecisionPlus protein ladder; Lane 2-5, column flow-through from 1 CV of FN3K- 
RP wash buffer; Lanes 6-14, column flow-through from 1 CV ofFN3K-RP elution buffer.
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3.3.1.3.2 Size-exclusion chromatography

FN3K-RP was further purified using a Superdex 75 10/300 HR column (Amersham 

Biosciences), where it eluted as a single peak with a retention volume of 9.69 mL (Figure 

3.7). A small shoulder was observed to the left of the main peak and although not 

characterised, this was considered to be either an impurity or a larger oligomer of FN3K- 

RP. The horizontal arrow represents the five protein fractions selected for further analysis 

and crystallisation. In other FN3K-RP purifications, the main peak varied in width, but the 

apex of the peak had an almost identical elution volume.

FN3K-RP - Superdex 75 10/300 HR size exclusion chromatogram

Retention volume (ml)

Figure 3.7 Size-exclusion chromatogram of FN3K-RPpurification

FN3K-RP eluted from a Superdex 75 10/300 HR column with a retention volume of 9.69 mL. 
Fractions highlighted by arrow were used for further experiments.

The Kav value of FN3K-RP (0.096), very similar to that of the 67 kDa BSA (KAv = 

0.095), suggested that FN3K-RP was ~ 70 kDa in solution. As this was approximately 

twice its calculated molecular weight based on its sequence (37.7 kDa), FN3K-RP was 

strongly suspected to be a dimer in solution.
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3.3.1.3.3 Dynamic light scattering analysis

Following purification by size-exclusion chromatography, the collected FN3K-RP 

fractions were analysed by dynamic light scattering (DLS) to establish the level of protein 

homogeneity and confirm the protein’s oligomeric state. Typical purification fractions 

showed that > 90% of the light scattering was due to molecules with a hydrodynamic 

radius (RH) of ~ 3.70 nm corresponding to a 65 kDa protein. Five consecutive fractions in 

the main chromatographic peak (from left to right) had an estimated molecular weight 

between 67.9 and 62.6 kDa further suggesting that FN3K-RP was homogeneously dimeric 

in solution, and not a mixture of different oligomeric states. Figure 3.8 shows the DLS 

results for the central fraction of the main chromatographic peak, where 90% of the light 

scattering was due to a ~ 65 kDa protein. Light scattering was also evident from molecules 

with a radius of 0.1-0.7 nm (~ 1 kDa) although this was most likely due to small particles 

present within the buffer solution.

As the polydispersity indexes of the fractions in the main peak (Figure 3.7) were 

consistently ~ 40%, they were pooled and used for further experiments including 

crystallisation trials.

Rh (nm)

Figure 3.8 DLS analysis of an eluted FN3K-RP fraction following size-exclusion 
chromatography

A typical DLS reading of purified FN3K-RP, which estimated the protein to be 65 kDa with a 
Cp/RHof40%>.
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3,3.1.3.4 SDS-PAGE analysis following size-exclusion chromatography

SDS-PAGE analysis highlighted the improvement in protein purity following size- 

exclusion chromatography (Figure 3.9). Most of the protein impurities present after IMAC 

purification were absent following size-exclusion chromatography; however, a faint 38 

kDa protein band was still evident in the final protein solution. This 38 kDa protein was 

believed to be either the full-length FN3K-RP or a non-specific protein contaminant. 

Regardless, based on both DLS and SDS-PAGE analysis, the protein solution obtained 

using these procedures was deemed suitable for crystallisation experiments.

Based on the sample volume and protein concentration, it was calculated that typical 

FN3K-RP purifications yielded 3-5 mg of FN3K-RP from 400 mL Sf9 culture.

Figure 3.9 SDS-PAGE analysis of FN3K-RP during purification

Lane 1, PrecisionPlus protein standard; Lane 2, Sf9 WCL prior to purification of FN3K-RP; 
Lane 3, FN3K-RP following IMAC purification; Lane 4, FN3K-RP eluted from a Superdex 
75 10/300 HR column. Note: the total amount of protein loaded in lane 4 was less than that 
loaded in lane 3.

3.3.1.4 Further characterisation of purified FN3K-RP

3.3.1.4.1 Protein identification

To confirm the identity of the purified protein, trypsin digestion/MALDI-TOF mass 

spectrometry was employed (Section 2.6.2.9). Fragments with mass-to-charge ratios (m/z)
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of 634.2, 760.4, 806.0 941.4, 1302.7, 1535.9, 1696.9, 1945.1 and 2015.0 were observed 

(Figure 3.10). ExPASy-PeptideMass was used to predict FN3K-RP tryptic fragment sizes 

which were compared to the MAFDI-TOF results. Six of the nine experimental m/z values 

matched the predicted m/z values, confirming the protein as FN3K-RP.

FN3K-RP: MALDI-TOF trypsin digest analysis

Figure 3.10 MALDI-TOF spectrum of FN3K-RP following trypsin digest

Fragment sizes are detailed above the major peaks, where the PeptideMass predicted 
fragments are highlighted in green boxes.

3.3.1.4.2 Native-PAGE analysis

FN3K-RP was analysed by native-PAGE (Figure 3.11) and a single band was observed, 

further suggesting that FN3K-RP was solely present as a dimer, not as a mixture of 

oligomers. If the FN3K-RP was in multiple oligomeric states, numerous bands would be 

evident in the lane.
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Figure 3.11 Native-PAGE analysis of purifiedFN3K-RP

A single band is present in the lane suggesting one oligomeric state of FN3K-RP

3.3.1.4.3 Protein stability

To analyse the stability of FN3K-RP and identify possible sites of flexibility, a limited 

trypsin digest experiment was performed (Section 2.6.2.6). FN3K-RP was cleaved into 

two fragments (~ 19 and 15 kDa) within 30 seconds of exposure to trypsin (Figure 3.12). 

These two fragments did not undergo further degradation over 12 h in the presence of 

trypsin. This result agreed with Foldlndex, which predicted a small disordered region near 

the centre of the sequence (residues 175-183) containing a trypsin cleavage site. If trypsin 

did cleave FN3K-RP in this region, it would yield two peptides almost identical in size to 

those observed in this experiment. When purified FN3K-RP was stored at room 

temperature for one week, it did not spontaneously degrade into these two fragments, 

suggesting that FN3K-RP was stable in solution.

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

Figure 3.12 SDS-PAGE analysis of FN3K-RP during tryptic digestion

A sample of FN3K-RP was exposed to trypsin. At certain time-points, an aliquot was 
removed and the cleavage reaction was stopped by heat denaturation. Lane 1, 
PrecisionPlus protein standard; Lane 2 trypsin,; Lane 3, 0 s; Lane 4, 30 s; Lane 5, 1 min; 
Lane 6, 2 min; Lane 7, 5 min; Lane 8, 10 min; Lane 9, 30 min; Lane 10, 1 h; Lane 11, 2 h; 
Lane 12, 4 h; Lane 13, PrecisionPlus protein standard.
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3.3.1.4.4 Activity of FN3K-RP

Through collaborative efforts, Leo Payne (School of Biological Sciences, University of 

Auckland) confirmed that the recombinant FN3K-RP, expressed and purified from Sf9 

cells, was active towards lysozyme glycated with allose, with a Km of 420 pM and a Vmax 

of 183 pmol min’1 mg’1. This result was similar to the kinetic parameters observed from the 

recombinant FN3K-RP, expressed and purified from eukaryotic HEK cells, studied by 

Collard et al)04.

3.3.1.5 Crystallisation experiments

3.3.1.5.1 Apo-FN3K-RP crystallisation experiments

As FN3K-RP was shown to be active, stable and homogeneous in solution, the purified 

protein was used for crystallisation experiments (Section 2.7.2.1). Regardless of protein 

concentration (5-10 mg mL'1), all initial crystallisation trials were unsuccessful in 

producing FN3K-RP crystals.

3.3.1.5.2 FN3K-RP/cofactor co-crystallisation experiments

In order to improve the likelihood of crystallisation, purified FN3K-RP was pre-incubated 

with a number of potential cofactors (Section 2.7.3.1); 1 mM ATP analogues (AMP-PCP, 

AMP-PNP, ATP-y -P, or ADP), 5 mM 1 -deoxy-1-morpholino-fructose or fructose, and/or 

1 mM MgCl2. Unlike the “Apo-FN3K-RP” crystallisation experiments, addition of such 

cofactors led to FN3K-RP phase separation in ~ 10% of all crystallisation experiments 

(Figure 3.13). No crystals grew from these oil formations, however, and subsequent fine- 

screens of these conditions were unsuccessful in crystallising FN3K-RP.
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Figure 3.13 Typical phase separation of FN3K-RP during crystallisation trials

Approximately 10% of all crystallisation experiments led to FN3K-RP oil formation, 
although these did not lead to crystallisation.

3.3.1.6 Surface lysine methylation of FN3K-RP

In a further attempt to crystallise FN3K-RP, the surface lysines were methylated according 

to the technique described by Raymond et al., 1997155. When analysed by native-PAGE, 

the treated FN3K-RP migrated to a different position from native FN3K-RP, suggesting 

that FN3K-RP methylation was successful (Figure 3.14). The methylated FN3K-RP did 

not crystallise, however, with or without the presence of potential FN3K-RP cofactors 

(Section 2.7.3.1).

1 2

Figure 3.14 Native-PAGE analysis of FN3K-RP methylation

Lane 1, FN3K-RP; Lane 2 FN3K-RP following methylation.
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3.3.2 MIOX

3.3.2.1 Cloning and expression

The pFastBac HTbMIOX construct was kindly provided by Kerry Loomes, School of 

Biological Sciences. The pFastBac HTbMIOX construct was used to transfect the insert into 

the DH10 bacmid of DH10 Bac cells (Invitrogen) and successful transfection events were 

detected through blue/white selection (Section 2.4.4.1). A white colony was cultured and 

the bacmid was purified (Section 2.3.3.2), which was then used as a stock for initial 

baculovirus infections of Sf9 cells. As for FN3K-RP, two rounds of Sf9 infection yielded 

a P3 MlOX-specific baculovirus stock with a high viral titre. A small-scale expression 

analysis revealed that a 1:1500 v/v (virus:culture) was sufficient for MIOX over
expression during a 72 h infection period. Furthermore, a starting cell density of 1.5 x 10'6 

cells mL"1 prior to infection yielded optimal levels of soluble protein. A small-scale nickel 

affinity purification (Section 2.5.4.2) from the Sf9 lysate revealed a soluble 36 kDa 

protein, assumed to be recombinantly expressed MIOX (Figure 3.15).

To produce greater amounts of recombinant protein, the above experiment was repeated on 

a larger scale (2 x 200 mL cell culture).

1 2 3

20

15

Figure 3.15 SDS-PAGE analysis of MIOX small-scale nickel affinity purification

Lane 1, PrecisionPlus protein standard; Lane 2, Sf9 whole cell lysate; Lane 3, Small-scale 
nickel affinity purification.
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3.3.2.2 Protein purification

3.3.2.2.1 Immobilised metal affinity chromatography (nickel affinity)

Following protein expression, the cells were harvested and lysed (Section 2.4.3.2 and 

Section 2.4.3.3). The recombinant MIOX was purified by IMAC purification using a 5 mL 

HiTrap® column (Amersham Biosciences) (Section 2.5.4.2). Initial experiments using an 

imidazole gradient in lysis buffer, revealed that MIOX eluted with ~ 200 mM imidazole. 

This method was adapted to a step-wise imidazole gradient to elute semi-purified MIOX 

and the results were analysed by SDS-PAGE (Figure 3.16). A range of proteins eluted 

from the IMAC column following 1 CV of MIOX wash buffer yet did not include a 

predominant 36 kDa protein. These proteins were assumed to be non-specifically bound 

Sf9 cellular proteins with moderate nickel affinity. A 36 kDa protein, assumed to be 

MIOX, eluted from the IMAC column in 1 CV of MIOX elution buffer. The N-terminal 

His6 tag of MIOX was successfully cleaved by rTEV protease (Section 2.5.3.4) and re

applied to the IMAC column to further purify it from rTEV protease and other 

contaminants. This provided convincing evidence that MIOX had been purified from the 

Sf9 WCL as other Sf9 proteins would be highly unlikely to harbour an rTEV protease 

cleavage recognition site.

1 2 3 4 5 6

Figure 3.16 SDS-PAGE analysis of MIOX purification by IMAC

Lane 1, PrecisionPlus protein standard; Lane 2, WCL; Lane 3, Lysis buffer flow-through; 
Lane 4, MIOX wash buffer flow-through; Lane 5, MIOX elution buffer flow-through; Lane 6: 
flow-through post rTEV protease cleavage (using lysis buffer).
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3.3.2.2.2 Size-exclusion chromatography

MIOX was further purified using a Superdex 200 10/300 GL column (Amersham 

Biosciences) (Section 2.5.2.4). A major peak, contained within fractions 1-9, was 

observed which had a 15.9 mL retention volume (Figure 3.17A). A number of proteins of 

lmown sizes were utilised as standards to estimate the molecular weight of MIOX. When 

compared to the KAv value of 67 kDa BSA (0.34), 35 kDa P-lactoglobin (0.48) and 13.7 

kDa Ribonuclease A (0.55), MIOX had an almost identical KAv value (0.47) to 3- 

lactoglobin, suggesting it to be a monomeric protein of ~35 kDa. The small shoulder (peak 

1) eluted with /fAV value of 0.37, suggesting that this protein, similar to BSA, was ~ 60 

kDa in size.

SDS-PAGE analysis of fractions collected from the main peak showed that it consisted 

almost entirely of a 33 kDa protein (Figure 3.17B). Faint ~ 30 and 60 kDa bands were 

present in lanes 2-7 but not in lanes 8-10. This suggested that the 60 kDa protein in peak 1 

was a dimeric 30 kDa protein; the dimer interaction was likely partially disrupted by the 

denaturing conditions of the SDS-PAGE analysis such that both 30 kDa and 60 kDa bands 

were observed in the earlier fractions. It was hypothesised that this 30 kDa protein, and 

hence the 60 kDa protein, could be a degraded form of MIOX that dimerised.

Based on the sample volume and protein concentration, it was estimated that a typical 

MIOX purification yielded 5-10 mg of MIOX from 400 mL Sf9 culture.
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MIOX - Superdex 200 10/300 GL size exclusion chromatogram
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Figure 3.17 Size-exclusion purification of MIOX and analysis by SDS-PAGE

A) Superdex 200 10/300 GL column chromatogram showing MIOX purification. Protein 
(fractions 1-9) denoted by black arrow were used for further analysis. Dotted line 
represents retention volume of protein in peak 1 (14.5 mL) and peak 2 (15.9 mL). B) SDS- 
PAGE analysis of fractions 1-9 denoted by black arrow. Lane 1, PrecisionPlus protein 
standard; Lane 2, fraction 1; Lane 3, fraction 2; Lane 4, fraction 3; Lane 5, fraction 4; Lane 
6, fraction 5; Lane 7, fraction 6; Lane 8, fraction 7; Lane 9, fraction 8; Lane 10, fraction 9.
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3.3.2.23 Dynamic light scattering analysis

Protein fractions 1-9 (Section 3.3.2.2.2) were analysed by DLS to provide further details of 

protein homogeneity and the oligomeric state of MIOX. The average molecular weight of 

molecules in solution decreased from left to right across the main peak (60-30 kDa). 

Protein fractions 4-7 predominantly contained protein with an estimated molecular weight 

of ~ 35 kDa with Cp//?h values between 21-23%. For example, DLS analysis of fraction 6 

revealed that approximately 95% of the light scattering was due to molecules with an 

average radius of 2.81 nm, corresponding to a 35.5 kDa protein (Figure 3.18). As fractions 

4-7 corresponded to homogeneously monomeric MIOX, these samples were pooled and 

used for further experiments. Protein fractions 1-3 contained protein with an estimated 

weight of ~ 50-60 kDa and had Cp/7?h values greater than 30%. It was presumed that 

fractions 1-3 contained a mixture of both monomeric and dimeric MIOX. As a 

heterogeneous protein sample was unlikely to crystallise, fractions 1-3 were discarded.

Rh pun)

Figure 3.18 DLS analysis offraction 6 eluted from size-exclusion chromatography

Approximately 95% of the light scattering was due to proteins with a molecular weight of
35.5 kDa.

3.3.2.3 Further characterisation of MIOX

3.3.2.3.1 Protein identification

To confirm the identity of the purified protein, trypsin digestion/MALDI-TOF mass 

spectrometry was employed (Section 2.6.2.9). Fragments with mass-to-charge ratios (m/z)
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of 634.2, 804.3, 1135.6, 1460.8, 1570.9, 1769.9 and 2300.3 were observed (Figure 3.19). 

ExPASy-PeptideMass was used to predict MIOX tryptic fragment sizes which were 

compared to the MALDI-TOF results. Five of the seven experimental m/z values matched 

the predicted m/z values, confirming the protein as MIOX.

MIOX: MALDI-TOF trypsin digest analysis

Mass-to-charge ratio (m/z)

Figure 3.19 MALDI-TOF spectrum analysis of MIOX following trypsin digestion

Fragment sizes are detailed above the major peaks, where the predicted fragments are 
highlighted in green boxes.
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33.23.2 Native-PAGE analysis

To further characterise the recombinant MIOX, it was analysed by native-PAGE (Figure 

3.20). MIOX separated into two close but distinct bands of equal intensity. SDS-PAGE 

analysis had previously determined that MIOX migrated to one position on the gel, 

suggesting that this “doublet band” was due to a single protein with two isoforms. The 

presence of a smeary tail higher in the lane further suggested that this MIOX sample could 

contain some soluble aggregates.

l

upper band------- ►
lower band------- ► «

Figure 3.20 Native-PAGE analysis of MIOX

MIOX separated as two bands possibly representing two protein forms

33.233 Protein stability

To discover whether MIOX was stable in its full-length form or contained disordered 

regions which may be prone to degradation, a limited trypsin proteolysis experiment was 

performed (Section 2.6.26) and analysed by SDS-PAGE (Figure 3.21). After 1 min, the 

majority of the full-length MIOX had been cleaved to form a 30 kDa truncated form 

which, in the presence of trypsin, remained stable over 18 h. N-terminal sequencing 

(Section 2.6.2.7) of the truncated protein identified that the cleavage occurred at Arg29, 

such that the first residue of the truncated protein was Asn30. This rapid degradation 

highlighted that Arg29 was exposed to the solvent to allow trypsin cleavage.
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Figure 3.21 SDS-PAGE analysis of MIOX during a tryptic digestion

Lane 1, PrecisionPlus protein standard; Lane 2, 0 min; Lane 3, 1 min, Lane 4, 2 min; Lane 
5, 3 min; Lane 6, 5 min; Lane 7, 10 min; Lane 8, 20 min; Lane 9, 1 h; Lane 10, 18 h.

Subsequent analysis of MIOX stored at room temperature for two weeks revealed that the 

protein spontaneously degraded to a similarly sized 30 kDa truncated form (Figure 3.22). 

This agreed with MIOX size-exclusion chromatography and SDS-PAGE analysis, which 

revealed a 30 kDa protein in MIOX fractions, suggested to be degraded MIOX that 

dimerised. Together, these results strongly suggested that MIOX has a flexible N-terminus 

of ~ 3 kDa which could potentially prevent crystallisation due to sample heterogeneity. 

Regardless, the full-length protein was used for immediate crystallisation trials. 

Subsequently, work was initiated to clone, express and purify four N-terminally truncated 

MIOX mutants which could also be used for crystallisation experiments (Section 6.1).
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Figure 3.22 SDS-PAGE analysis of MIOX degradation over two weeks

Lane 1, PrecisionPlus protein standard; Lane 2, MIOX sample left at room temperature for 
two weeks; Lane 3, MIOX cleaved by trypsin; Lane 4, Full-length MIOX.
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3.3.23.4 Circular dichroism analysis ofMIOX

Although limited proteolysis implied that only the N-terminus was unfolded, circular 

dichroism (CD) spectrometry was utilised to confirm that MIOX was well folded. MIOX 

displayed a CD spectrum containing a positive peak at 190 nm, and two negative peaks at 

208 nm and 222 nm (Figure 3.23A). This spectrum was typical of a well-folded, mostly a- 

helical protein (Figure 3.23B). This result agreed with the MIOX secondary structure 

prediction (Jpred), which suggested that MIOX was comprised almost entirely of a-helices 

(see Section 5.2).

A
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Figure 3.23 Circular dichroism spectrum ofMIOX

A) A positive peak of the spectrum was observed at 190 nm and two negative peaks were 
observed at 208 nm and 222 nm consistent with a predominantly a-helical protein. B) A 
schematic representation of CD spectra of proteins with different types of secondary 
structures.
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3.3.2.4 Crystallisation experiments

Crystallisation of recombinant MIOX focused on protein concentration and purity as key 

determinants of protein crystallisation. Due the limited yield of MIOX from Sf9 cells, the 

enzyme could only be concentrated to 15 mg mL'1 while maintaining a volume sufficient 

for crystallisation experiments. In a wide search for promising conditions for 

crystallisation (Section 2.7), only oils and amorphous precipitates were observed. Fine- 

screening around these conditions did not lead to MIOX crystallisation. At this stage of 

research, no attempt was made to co-crystallise Sf9 purified MIOX with cofactors or 

substrates.

3.3.3 Summary - Baculovirus-expressed proteins

This section has described the cloning, eukaryotic cell expression and purification of 

MIOX and FN3K-RP. The purified proteins were confirmed to be FN3K-RP and MIOX 

using mass spectrometry. Importantly, both enzymes were soluble and could be efficiently 

purified using IMAC and size-exclusion chromatography. Using multiple techniques, 

MIOX was identified as homogeneous and monomeric, with minor dimerisation possibly 

due to N-terminal degradation. Using similar techniques, FN3K-RP was shown to be 

homogeneous and dimeric in solution.

Limited trypsin proteolysis suggested that FN3K-RP likely consists of two well-folded 

domains (19 and 15 kDa in size), emphasising that the purification conditions were suitable 

for FN3K-RP. Collaborative work highlighted that the recombinant FN3K-RP was active 

towards lysozyme glycated with allose, providing evidence that the enzyme was properly 

folded in solution, and hence, a good candidate for crystallisation.

Limited trypsin proteolysis suggested that the N-terminal 29 residues of MIOX were 

readily cleaved and likely to be disordered. Apart from this, MIOX appeared to be a well- 

folded monomeric enzyme as supported by circular dichroism, DLS, native-PAGE and 

limited trypsin proteolysis analysis.
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3.4 Expression of FN3K-RP and MIOX in E. coli cells

Despite intensive efforts, neither recombinant MIOX nor FN3K-RP could be crystallised 

following purification from Sf9 cell lysates. It was, therefore, concluded that an alternative 

approach needed to be explored. Although both FN3K-RP and MIOX targets are 

eukaryotic proteins, a prokaryotic E. coli expression system was considered as a viable 

alternative expression system. Records in the Protein Data Bank (see http://www.rcsb.org) 

indicate that many eukaryotic protein structures were determined by utilising prokaryotic 

cells for protein expression. Sf9 insect cell expression is limited by the high cost of 

supplies, longer expression times and difficulties in reproducibility and avoiding 

contamination. E. coli expression is relatively inexpensive and can be easily scaled up to 

much larger volumes allowing larger production of recombinant protein. A larger yield of 

purified protein allows more stringent selection of protein fractions during purification and 

often allows a higher final protein concentration. Differences in cell lysate contaminants 

can also alter the final protein purity, such that a different expression system can ultimately 

lead to improved sample purity. An abundance of purified protein also allows for greater 

in-depth analysis of the enzyme’s function and physical properties.

For these reasons, it was concluded that E. coli expression could be utilised to improve the 

likelihood of FN3K-RP and MIOX crystallisation.

3.4.1 FN3K-RP

3.4.1.1 Cloning experiments

In order to express FN3K-RP in E. coli, the FN3K-RP insert was first ligated into pProEX 

HTb as described below. The pFastBac HTbFN3K'RP construct was subject to NcoI/EcoRI 

digestion, and the 1 kb FN3K-RP insert was isolated by agarose gel electrophoresis, 

purified (Section 2.3.4.2) and ligated into pProEX HTb (Section 2.3.4.3). The ligation 

product was transformed into electro-competent E. coli DH5a cells (Section 2.3.4.4) and 

ampicillin-resistant colonies were grown on an LB-agar plate. A single colony was isolated 

and cultured to amplify the pFastBac HTbFN3K’RP construct (Section 2.4.3.1), which was 

purified and treated by NcoI/EcoRI digestion (Section 2.3.4.2) prior to agarose gel 

electrophoresis analysis (Section 2.3.3.1). This analysis confirmed the presence of a ~ 930 

bp insert, presumed to be that of FN3K-RP (Figure 3.24). The purified pProEX HTbFN3K~
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RP construct was then transformed into electro-competent BL21 (DE3) pRP E. coli cells 

(Section 2.3.4.4) and ampicillin/chloramphenicol-resistant colonies were grown on an LB- 

agar plate. Following a 5 mL overnight culture (Section 2.4.3.1), the cells were stored as 

glycerol stocks (Section 2.4.3.4).

1 2

12 kb

5 kb

2 kb 
1.65 kb

lkb 
850 b

100 b

W *

Figure 3.24 Confirmation of the FN3K-RP insert in the pProEX HTb plasmid

Lane 1, 1 Kb Plus DNA ladder; Lane 2, pProEX HTbFN3K~RP following NcoI/EcoRI digestion.

3.4.1.2 Expression and solubility

The expression and solubility of FN3K-RP was analysed by SDS-PAGE following E. coli 

expression at both 28°C and 37°C (Section 2.4.4.2), as shown in Figure 3.25. Small-scale 

cobalt affinity purification (Section 2.5.4.1) detected no soluble FN3K-RP when expressed 

at either temperature. The predominant 36 kDa protein band observed in the insoluble 

fractions, seen at both expression temperatures, was assumed to be FN3K-RP as this band 

was not present in the non-induced samples (not shown).
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Figure 3.25 SDS-PAGE analyses of FN3K-RP solubility at 28°C and 37°C

Lane 1, PrecisionPlus protein standard; Lane 2, small-scale cobalt purification fraction 
(28°C); Lane 3, insoluble fraction (28°C); Lane 4, PrecisionPlus protein standard; Lane 5, 
small-scale cobalt purification fraction (37°C); Lane 6, insoluble fraction (37°C).

3.4.1.3 Summary

No soluble FN3K-RP was obtained from E. coli expression at either 28°C or 37°C. The 

buffers used for cell lysis and small-scale purifications were identical to those used for the 

Sf9 protein purification. Often, a decrease in the temperature during bacterial protein 

expression can dramatically affect solubility of recombinant proteins. However, 

comparison of the solubility of the expressed FN3K-RP at both 37°C and 28°C revealed no 

difference in FN3K-RP solubility. In parallel with these experiments, research from 

another group was published describing the insolubility of recombinant mouse and human 

FN3K-RP in E. coli (pET3a vector using BL21pLysS cells)97. Ultimately, this group 

resorted to expression in HEK eukaryotic cells for production of soluble recombinant 

FN3K-RP. Due to this publication and the rapid progress of MIOX crystallisation (Section 

4.2.1), further FN3K-RP solubility experiments were suspended.

3.4.2 MIOX

3.4.2.1 Cloning experiments

In order to express MIOX in E. coli, the MIOX insert was first ligated into pProEX HTb as 
described for FN3K-RP (Section 3.4.1.1), although utilising the pFastBac HTbMI0X as a 

source of MIOX cDNA. NcoI/EcoRI digestion of pFastBac HTbMI0X revealed a ~ 1 kb
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band when analysed by agarose gel electrophoresis, presumed to be the MIOX insert 

(Figure 3.26A). Following transfer into the pProEX HTb plasmid, NcoI/EcoRI digestion 

of the amplified construct revealed a ~ 1 kb band when analysed by agarose gel 

electrophoresis, suggesting that the transfer experiment was successful (Figure 3.26B). 

The pProEX HTbMlox construct was then transformed into electro-competent BL21 (DE3) 

pRP E. coli cells and ampicillin/chloramphenicol-resistant colonies were grown on an LB- 

agar medium (Section 2.3.4.4). Following a 5 mL overnight culture (Section 2.4.3.1), cells 

were stored as glycerol stocks (Section 2.4.3.4).
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Figure 3.26 Transfer of MIOX insert from pFastBac HTb to pProEX HTb

A) Agarose gel electrophoresis of pFastBac HTl/"ox following NcoI/EcoRI digestion. Lane 
1, 1 Kb Plus DNA ladder; Lane 2, pFastBac HTbMlox construct after NcoI/EcoRI digestion
B) Agarose gel electrophoresis of pProEXHTbMlox following NcoI/EcoRI digestion. Lane 1, 
1 Kb Plus DNA ladder; Lane 2, pProEX HTbM,ox construct after NcoI/EcoRI digestion.
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3.4.2.2 Expression and solubility

MIOX was initially expressed in BL21 (DE3) pRP cells at both 28°C and 37°C (Section 

2.4.4.2), however, with only 20 mL culture volumes. Small-scale nickel affinity 

purification (Section 2.5.4.2) detected a soluble 36 kDa protein when protein expression 

was carried out at both temperatures, but soluble protein yield was enhanced at 28°C 

compared to at 37°C (Figure 3.27). Based on these findings, the 28°C expression was 

repeated using a 2 L expression volume.

Figure 3.27 SDS-PAGE analyses of MIOX solubility at 37°C and 28°C

Lane 1, PrecisionPlus protein standard; Lane 2, small-scale nickel affinity purification 
(28°C); Lane 3, insoluble fraction (28°C); Lane 4, PrecisionPlus protein standard; Lane 5, 
small-scale nickel affinity purification (37°C); Lane 6, insoluble fraction (37°C).

3.4.2.3 MIOX purification

3.4.2.3.1 Immobilised metal affinity chromatography (nickel affinity)

Following large-scale MIOX expression, the E. coli cells were harvested, lysed and the 

recombinant MIOX was purified by IMAC (Section 2.5.4.2). The samples obtained from 

the purification were analysed by SDS-PAGE (Figure 3.29). A 36 kDa band was not 

evident in the WCL flow-through (not shown) suggesting that MIOX had strong nickel 

affinity due to the N-terminal Hisg tag. The flow-through of 1 CV MIOX wash buffer 

contained non-specific E. coli proteins displaying moderate nickel affinity. The flow

through from 1 CV MIOX elution buffer contained predominantly a 36 kDa protein, 

presumed to be MIOX. Similar to Sf9-purifed MIOX, the N-terminal His6 tag was 

efficiently cleaved by rTEV protease (Section 2.5.3.4). When this incubation mixture was
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re-applied to the IMAC column, the rTEV protease-cleaved MIOX did not display any 

nickel affinity and eluted with 1 CV of lysis buffer.

3.4.23.2 Size-exclusion chromatography

As depicted in Figure 3.28, MIOX was further purified using a Superdex 200 10/300 GL 

column (Section 2.53.4). The E. co/z-purified MIOX displayed a retention volume of 15.6 

mL, similar to the value obtained for Sf9-purified MIOX. When compared to the retention 

volumes of the 67 kDa BSA (14 mL), 35 kDa (3-lactoglobin (16 mL) and 13.7 kDa 

Ribonuclease A (17 mL), the recombinant MIOX was again estimated to be monomeric in 

solution. As before, peak 1, with a retention volume of 14.3 mL, eluted prior to the 

monomeric MIOX elution (peak 2). The fractions corresponding to monomeric MIOX, 

highlighted by the horizontal arrow, were selected for further analysis.

MIOX - Superdex 200 10/300 GL size exclusion chromatogram

Figure 3.28 Size-exclusion chromatogram of MIOX purification

MIOX expressed in E. coli mainly eluted as a single peak that corresponded to a monomer in 
solution. The dotted lines represent the central positions of peak 1 (14.3 mL) and peak 2 
(15.6 mL).

3.4.2.4 SDS-PAGE analysis of MIOX purification

Samples from the IMAC and size-exclusion chromatography purification were analysed by 

SDS-PAGE (Figure 3.29). A strong single band was observed at the expected size for
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MIOX, depending on whether or not the His6 tag was present. Size-exclusion 

chromatography significantly improved the purity of the MIOX samples.

This MIOX purification protocol typically yielded 200-400 mg of MIOX per litre of E. coli 

culture. This was in contrast to a yield of 5-10 mg purified MIOX from 400 mL Sf9 

culture.

1 2 3 4 5

Figure 3.29 SDS-PAGE analysis of MIOX purification

Lane 1, PrecisionPlus protein standard; Lane 2, whole cell lysate flow-through; Lane 3, 
MIOX purified by IMAC; Lane 4, MIOX cleaved with rTEV protease; Lane 5, pooled MIOX 
purified from the S200 10/300 GL column.

3.4.2.5 Further characterisation of MIOX expressed in E. coli

3.4.2.5.1 Dynamic light scattering

Analysis of the protein in the main chromatographic peak (Section 3.4.2.3.2) showed that 

approximately 95% of the molecular light scattering was due to protein with a radius of ~ 

2.85 nm, equating to a 38 kDa protein. The central fractions within the main peak 

displayed Cp/7?h ^15%. In comparison to Sf9-expressed MIOX, the lower Cp//?h values of 

E. coli-expressed MIOX samples suggested that it was more monodisperse and, therefore, 

more likely to crystallise.

DLS analysis suggested that the majority of the light scattering was contributed equally by 

two species of almost identical radii (Figure 3.30A). Upon addition of 50 mM MI, the
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ratio of the two species shifted from approximately 50:50 (A) to 90:10 (B), favouring the 

“smaller” species, suggesting that MIOX had compacted upon MI addition (Figure 3.30B).

A B

Figure 3.30 DLS analysis of a fraction from size-exclusion chromatography

A) DLS of a central protein fraction (Cp/RH =12%) revealing two species of similar size. B) 
The same fraction incubated with 50 mM MI prior to DLS analysis.

3.4.2.5.2 Native-PAGE analysis of MIOX incubated with substrate and iron

The possible identification of two MIOX conformational states detected through DLS 

(Section 3.4.2.5.1) and native-PAGE analyses (Section 3.3.2.3.2) prompted further 

investigation. E. co/z-purified MIOX was analysed by native-PAGE with and without 20 

mM MI and 1 mM ammonium ferrous sulfate (Figure 3.31A). All samples showed two 

closely-spaced bands. The addition of Fe2+ to MIOX made no detectable difference to 

their relative abundance. However, the addition of MI caused the lower band to become 

more significantly enriched, suggesting that it represents a more compact form of the 

protein, likely to be a result of substrate binding. Although not as pronounced, the addition 

of both MI and Fe2+ similarly led to increased lower band intensity.

As a shift in MIOX band intensity was observed in native-PAGE upon MI incubation, this 

analysis was utilised to reveal other potential MIOX substrates (Figure 3.3IB). DCI, a 

known MIOX substrate, also caused a similar shift as observed with MI. Addition of the
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sugar LCI, mwco-inositol, pinitol, D-wiyo-inositol, scy/Zo-inositol, sorbitol, sucrose or 

glucose did not have the same effect as MI or DCI addition, however. This provided 

further evidence that the native-PAGE band shift was a result of substrate binding within 

MIOX, and that, of the sugars tested, MIOX has specificity towards only MI and DCI.

i 2
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Figure 3.31 Native-PAGE analysis of MIOX following substrate addition

A) Analysis of MIOX incubated with a known substrate and metal cofactor. Lane 1, MIOX; 
Lane 2, MIOX + 20 mM MI; Lane 3, MIOX + 1 mM Fe2+; Lane 4, MIOX + 20 mM MI and 1 
mM Fe2+. B) Analysis of MIOX incubated with various potential substrates. Lane 1, MI; 
Lane 2, DCI; Lane 3, LCI; Lane 4, D-myo-inositol; Lane 5, muco-inositol; Lane 6, scyllo- 
inositol; Lane 7, pinitol; Lane 8, sorbitol; Lane 9, sucrose; Lane 10, glucose.

3.4.2.5.3 MIOX trypsin digestion in the presence of MI

A limited trypsin digest experiment (1:100 w/w trypsin:MIOX) was performed with and 

without 50 mM MI present in the solution. Addition of MI prior to MIOX digestion 

significantly reduced the rate of the N-terminal tryptic cleavage (Figure 3.32). After 5 

min, the relative amount of truncated MIOX was significantly less in the sample pre

incubated with MI than the sample not pre-incubated with MI. MIOX was also pre

incubated with pinitol, yet this sugar did not protect MIOX from N-terminal degradation. 

This result suggested that binding of MI to MIOX caused a conformational change
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(observed by DLS and native-PAGE analysis) that protected the enzyme from N-terminal 

proteolytic cleavage at Arg29.

kDa

50

37

25

1 2 3 4 5 6

33 kDa full length MIOX 

30 kDa truncated MIOX

Figure 3.32 SDS-PAGE analysis of trypsin cleavage of MIOX incubated with 50 
inMMI

Lane 1, PrecisionPlus protein standard; Lane 2, MIOX (no trypsin); Lane 3, 5 min 
incubation of MIOX with trypsin; Lane 4, 5 min incubation of MIOX (+50 mM MI) with 
trypsin; Lane 5, 5 min incubation of MIOX (+ 50 mM pinitol) with trypsin; Lane 6, 24 h 
incubation of MIOX with trypsin.

3.4.2.5.4 NADPH affinity of MIOX

To determine whether the recombinant mouse MIOX expressed and purified during this 

research displayed any affinity for NAPDH, blue agarose affinity chromatography was 

utilised (Section 2.6.2.10). The purified full-length MIOX eluted from the column during 

the wash application and no protein was evident in the flow-through of 5 CV of blue 

agarose elution buffer. This strongly suggested that this recombinant mouse MIOX did not 

have any affinity for NADPH, regardless of the presence of the MAKS sequence observed 

by Yang et al.ni.

3A.2.5.5 Inductively coupled plasma-mass spectrometry analysis of MIOX

MIOX samples obtained from IMAC purification using nickel affinity (Sample A and B) 

or cobalt affinity (Sample C and D) were analysed using inductively coupled plasma-mass 

spectrometry (ICP-MS) (Section 2.6.3.1). Figure 3.33 shows the metahMIOX 

stoichiometry of various metals detected in these MIOX samples. Although no iron was 

added during expression or purification, the predominant metal observed in all samples 

was iron. This suggested that MIOX obtained iron from the expression medium. The
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iron:MIOX stoichiometry of ~ 0.8:1 was significantly below the iron:MIOX stoichiometry 

of 2:1 expected for a fully occupied di-iron MIOX sample. In samples A, B and D, a total 

metal:MIOX stoichiometry of ~ 1.5:1 was observed. In sample C, treated with 10 mM 

EDTA, the metal:MI0X stoichiometry was reduced to ~ 1:1.

Depending on the method of IMAC purification, the second most predominant metal in 

sample B, C and D was cobalt or nickel. Samples C and D also contained traces of 

manganese and zinc, whereas samples A and B contained traces of zinc, but not 

manganese. Sample A (treated with 1 mM CuSO4) had a copper:MIOX stoichiometry of 

0.4:1, whereas the three other samples contained no detectable levels of copper. The 

increased level of copper in sample A was similar to the combined loss of iron, nickel and 

zinc when compared to sample B, suggesting that copper displaced these metals.

ICP-MS metal analysis of MIOX

Figure 3.33 Metal analysis of MIOX

Sample A, MIOX purified by IMAC (Nickel affinity) + 2 mM CuSO4; Sample B, MIOX 
purified by IMAC (Nickel affinity); Sample C, MIOX purified by IMAC (Cobalt affinity) + 10 
mM EDTA; Sample D, MIOXpurified by IMAC (Cobalt affinity).
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3.4.2.5.6 Recombinant MIOX activity

The Orcinol assay107 (Section 2.6.3.2) was employed to assay for 1) the presence ofMIOX 

activity; 2) the importance of L-cysteine and Fe2+ on MIOX activity; 3) activity towards 

various inositol analogues; 4) inhibition of MIOX by metals. This end-point assay system 

was used for preliminary activity analysis only, not to provide detailed kinetic data. The 

Orcinol assay is based on the change in absorbance (A66o) due to increased levels of DGA, 

the product of the MIOX reaction. Different samples of purified MIOX showed minor 

differences in activity levels; however, each experiment was internally comparable. All 

activity levels were expressed as “% activity” compared with the activity of wild-type 

MIOX towards MI (or DCI), representing 100% activity.

Significant amounts of DGA were produced when both L-cysteine and Fe were pre

incubated with MIOX, confirming that the recombinant MIOX was active (Figure 3.34B). 

If either Fe2+ or L-cysteine was omitted from the reaction solution, MIOX activity was 

reduced by at least 50% when compared to the control (+ L-cysteine and Fe ). When both 

Fe2+ and L-cysteine were absent from the assay solution, MIOX activity was almost 

eliminated. Similar to previous studies114, this confirmed that Fe2+ and L-cysteine are 

required for maximal in vitro activity.

MIOX specificities towards DCI, MI and LCI and a number of inositol analogues were 

also studied (Figure 3.34C). The chemical structures of these analogues are provided in 

Figure 8.1, Appendix III. MIOX was almost equally active towards both MI and DCI, yet 

showed less than 5% activity towards LCI. When compared to MIOX activity towards 

DCI, MIOX showed less than 20% activity towards 4-Deoxy-DCI and 5-Deoxy-DCI, and 

less than 10% activity towards 4-O-Butyl-DCI and 5-O-Butyl-DCI. MIOX showed 82% 

activity towards 3-Deoxy-DCI, yet showed no significant activity towards pinitol or 

quebrachitol.

The effect of metal incubation on MIOX activity was also studied (Figure 3.34D). Pre

incubation of MIOX with Cu2+ led to ~ 90% decrease in MIOX activity compared to 

control (1 mM Fe2+, no additional metal). Cu2+ had the same inhibitory effect on MIOX 

activity as pre-incubation of MIOX with 10 mM EDTA. Pre-incubation of MIOX with 

Co2+ led to a ~ 50% decrease in MIOX activity, but the remaining metals did not 

significantly perturb MIOX activity.
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Collaborative work, performed by Zhenzhen Li (School of Biological Sciences, University 

of Auckland), determined the kinetic parameters of MIOX to both MI and DCI using an 

oxygen uptake assay system. This assay allowed continuous analytical readings to be 

measured, allowing greater accuracy compared to the endpoint Orcinol assay. This 

revealed that MIOX had a Km of 4.90 mM and a Lmax = 3.42 pmol min'1 mg'1 towards MI, 

and aKm of 8.6 mM and a Lmax of = 1.31 pmol min"1 mg'1 towards DCI.
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Figure 3.34 MIOX Orcinol assay experiments

A) DGA standard curve. B) Effect of L-cysteine and Fe2+ on MIOX activity towards MI. C) 
MIOX activity towards various inositols and DCI analogues. 1, DCI; 2, MI; 3, LCI; 4, 4- 
Deoxy-DCI; 5, 4-O-Butyl-DCI; 6, 5-Deoxy-DCI; 7, 5-O-Butyl-DCI; 8, 3-Deoxy-DCI; 9, 
Pinitol; 10, Quebrachitol. D) Metal inhibition analysis of MIOX. Each sample contained 2 
mM L-cysteine and 1 mM ammonium ferrous sulfate prior to reaction commencement. 1 mM 
of each metal was pre-incubated with MIOX prior to reaction commencement, except for the 
positive control, where the metal solution was substituted with reaction buffer. One sample 
was treated with 10 mMEDTA to determine the effect of iron chelation.
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3.4.3 Analysis of MIOX expression in rat tissues

Multiple inoculations of purified recombinant MIOX into a single rabbit allowed the 

production of a MIOX polyclonal antibody (Section 2.6.3.3.1). Preliminary analyses of 

experiments using this polyclonal antibody are detailed below.

3.4.3.1 Specificity towards recombinant mouse MIOX

To test the potency and specificity of the polyclonal MIOX antibody (in serum), western 

blot analysis was used to visualise proteins which reacted with the polyclonal antibody 

(Figure 3.35A). At a 1000-fold dilution of the serum, the polyclonal antibody was able to 

detect 70 ng of purified MIOX with no significant background noise.

3.4.3.2 Detection of MIOX in rat tissues

As described in Section 2.6.3.3, homogenised rat tissues were analysed by western blot to 

detect the presence of endogenous MIOX (Figure 3.35B). Recombinant MIOX strongly 

reacted with the polyclonal antibody. A higher 60 kDa band was also identified, possibly 

representing an SDS-resistant MIOX dimer, such as was previously observed in SDS- 

PAGE analysis (Section 3.3.2.2). In each tissue, the polyclonal antibody cross-reacted 

with a similar ~ 60 kDa protein, possibly representing dimeric MIOX. Of the eight tissue 

samples, only kidney contained a 33 kDa protein that strongly cross-reacted with the 

polyclonal antibody. Assuming this protein to be MIOX, the polyclonal antibody was 

deemed of sufficient strength to detect MIOX in homogenised tissues.

The brain and pancreatic lysates contained a ~ 60 kDa and 45 kDa protein, respectively, 

that strongly cross-reacted with the polyclonal antibody. The soleus and red quadriceps 

lysate each contained a similar ~ 45 kDa protein similar to the pancreas; however, the band 

intensity was significantly reduced to that observed in the pancreas. The identities of these 

proteins have not yet been determined.
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Figure 3.35 Western blot analysis of MIOX in rat tissues

To estimate molecular weights of major bands, the films were overlaid on the corresponding 
stained PVDF membranes containing a lane with pre-stained Precision Plus Protein ladder 
(Invitrogen). A) Analysis of the polyclonal antibody specificity towards recombinant MIOX. 
Lane 1, 7 pg MIOX; Lane 2, 700 ng MIOX, Lane 3, 70 ng MIOX. B) Detection of proteins in 
rat tissue that react with the MIOX polyclonal antibody. Lane 1, 3 pg MIOX; Lane 2, 50 pg 
kidney lysate; Lane 3, 50 pg spleen lysate; Lane 4, 50 pg adipose lysate; Lane 5, 50 pg 
soleus lysate; Lane 6, 50 pg red quadricep lysate; Lane 7, 50 pg heart lysate; Lane 8, 50 pg 
brain lysate; Lane 9, 50 pg pancreas lysate.

3.4.3.3 Summary

Unlike FN3K-RP, MIOX was soluble when expressed in E. coli BL21 (DE3) pRP cells. 

Furthermore, the yield and purity of MIOX from E. coli was greatly enhanced in 

comparison to Sf9 expression of MIOX, even though the purification protocol was almost 

identical. MIOX was again shown to be monomeric in solution. DLS, however, revealed 

a much improved polydispersity index in E. co/z'-expressed MIOX than Sf9-expressed 

MIOX, highlighting its improved level of purity and its increased likelihood of 

crystallisation. The greater yield of purified MIOX allowed extensive analyses of the 

protein characteristics.

The Orcinol assay confirmed that MIOX was active towards MI and DCI. This result, in 

combination with CD and limited trypsin digestion showed that MIOX was in its 

biologically folded form, confirming that it was a suitable candidate for crystallographic 

analysis.
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DLS and native-PAGE analyses suggested that MIOX underwent a conformational change 

on the addition of substrate, in which the overall protein structure compacted. It is likely 

that a multitude of events contribute to this compacting process. The discovery that MI 

significantly slowed the tryptic cleavage of the N-terminal region suggested that the N- 

terminus becomes more tightly associated with the rest of the protein structure, and thus 

may contribute to the observed protein compaction.

Addition of MI to MIOX, therefore, was advantageous in three regards. First, it appeared 

to protect the N-terminus from degradation due to local stabilisation. By preventing MIOX 

truncation, it may also prevent dimerisation and hence sample heterogeneity. Second, it 

led to improved protein homogeneity as MIOX did not remain as a 50:50 mixture of two 

MIOX forms, as suggested by native-PAGE. Third, from a scientific perspective, a 

structure complexed with a physiological substrate would provide substantially more 

information that a structure lacking substrate.

Based on these key findings, MIOX was pre-incubated with 20 mM MI prior to further 

crystallisation experiments. Based on previous kinetic studies of MIOX35, 114, this 

concentration of MI was believed sufficient to occupy the MIOX substrate binding site. In 

further attempt to improve monodispersity, MIOX was incubated with 1 mM ammonium 

ferrous sulfate prior to size-exclusion chromatography to fully saturate the di-iron site.
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Chapter Four

MIOX structure determination

4.1 Scope of this chapter

This chapter describes the experimental methods used for MIOX crystallisation, X-ray data 

collection, phase determination, structure determination and refinement.

4.2 Crystallisation, cryo-protectant screening and heavy atom 
derivatisation

4.2.1 Crystallisation

Following purification of MIOX from E. coli cells (Section 3.4.2), crystallisation 

experiments were performed using the Cartesian nanolitre dispensing robot (Section 

2.7.2.1). A number of conditions were found which gave various crystal morphologies and 

spherulites (Figure 4.1). None of the crystals (Figure 4.1A-D) diffracted, nor did any 

subsequent crystals obtained from fine-screens of these conditions. Fine-screening of a 

condition that initially gave spherulites (Figure 4.IE) yielded MIOX crystals in 4.4 M 
sodium formate (Figure 4.IF). The best crystals grew from a 3 pi volume of 20 mg mL'1 

MIOX in 50 mM MES pH 6.0, 50 mM NaCl, 2 mM TCEP, 20 mM znyo-inositol mixed 

with 3 pi of precipitant solution (unbuffered 4.4 M sodium formate). Whereas the 

spherulites (Figure 4.IE) formed in less than 24 h, the crystals (Figure 4.IF) took 2-3 

weeks to grow to an average size of 0.2 mm x 0.1 mm x 0.05 mm. The final pH of this 

solution was 6.5, measured by a pH meter (MeterLab). Adjusting the pH or supplementing 

the mother liquor with additives did not improve either crystal morphology or size. 

Increasing the crystallisation volume (5 pi + 5 pi) led to larger crystals, most likely due to 

a longer equilibration time. Inclusion of 1 mM ammonium ferrous sulfate and 20 mM MI 

during protein preparation (Section 2.5.4.2) was found to be necessary for optimal 

crystallisation.
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Figure 4.1 Results of MIOX crystallisation trials

Crystals or spherulites (shown) were obtained with the following precipitants. A) 0.2 M zinc 
acetate, 10% PEG 8000, MES pH 6.0; B) Unbuffered 0.2 Mzinc acetate, 20% PEG 3350; C) 
Unbuffered 0.4 M magnesium sulfate, 25%> PEG 3350; D) Unbuffered 0.2 M zinc acetate, 
20°/oPEG 3350; E) Unbuffered 3.0 M sodium formate; F) Unbuffered 4.4 M sodium formate.
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SDS-PAGE analysis of a MIOX crystal dissolved in SDS-PAGE loading buffer (following 

rigorous washing) strongly suggested that these MIOX crystals contained the full length 

enzyme. The protein in a dissolved crystal co-migrated with the full length 33 kDa MIOX 

(Figure 4.2). Other analyses clearly illustrated that the 30 kDa truncated MIOX gave a 

visibly distinct band from that of the full-length protein (Section 3.3.2.3.3).

kDa
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3 42

50

37 -
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Figure 4.2 SDS-PAGE analysis of a MIOX crystal

Lane 1, PrecisionPlus protein standard; Lane 2, semi-purified MIOX (full-length); Lane 3, 
blank; Lane 4, dissolved MIOX crystal.

4.2.2 Screening for an optimal cryo-protectant

A room temperature mount of a MIOX crystal in 4.4 M sodium formate revealed 

diffraction to ~ 3.0 A. A number of commonly used solutions were then screened to 

determine their usefulness as a MIOX cryo-protectant (Section 2.8.1.1) during data 

collection at 110 K. MIOX cryo-protected in 4.4 M sodium formate supplemented with 

5% glycerol or 5% PEG4000 resulted in poor diffraction (> 10 A). When the crystals were 

cyro-protected in 4.4 M sodium formate supplemented with 5% ethylene glycol, they then 

diffracted to ~ 3 A resolution, showing that, unlike glycerol and PEG4000, ethylene glycol 

did not affect diffraction quality compared to X-ray diffraction at room temperature. 

Furthermore, this cryo-protectant did not lead to ice rings in the X-ray diffraction pattern. 

MIOX crystals were, therefore, cryo-protected in unbuffered 4.4 M sodium formate with 

5% ethelyne glycol. Crystals were transferred to 5 pi of cryo-protectant solution for 15 s 

before being flash-frozen into liquid nitrogen for X-ray data analysis at a synchrotron 

beam-line.
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4.2.3 Preparation of heavy atom derivatives

Following MIOX incubation with four compounds, native-PAGE analysis was used to find 

promising derivatives (Section 2.8.1.2) that could be utilised for MIOX structure 

determination (Figure 4.3). Native MIOX migrated as two distinct bands as previously 

observed in native-PAGE analysis. Incubation of MIOX with 1 mM Hg2SO4, 1 mM 

CHsHgCl and 1 mM K^PtCU led to a different banding pattern in each case. 1 mM 

(CHsAPbOAc led to a similar banding pattern to native MIOX, albeit with significantly 

less intensity of the lower band. Based on these results, CFFHgCl was chosen for crystal 

derivatisation. Crystals removed from a crystallisation drop were transferred to cryo

protectant solution containing 5 mM CH3HgCl, incubated for 5 min and then removed with 

an appropriately sized cryoLoop. Excess heavy metal derivative solution was removed by 

stringently washing the crystal five times in 5 pi fresh cryo-protectant lacking heavy metal. 

Crystals were then flash-frozen in liquid nitrogen for subsequent analysis by X-ray 

diffraction.

12 3 4 5

Figure 4.3 Native-PAGE analysis of MIOX derivatisation

Lane 1, MIOX + 1 mM Lane 2, 1 mM CH3HgCl; Lane 3, MIOX; Lane 4, MIOX + 1
mM K2PtCl4; Lane 5, MIOX + (CH3)3PbOAc.
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4.3 Data collection and data processing

4.3.1 Data collection

4.3.1.1 Preliminary data collection

Preliminary diffraction analysis showed that the MIOX crystals belonged to the primitive 

orthorhombic space-group, R2i2i2i with approximate cell parameters of a = 44.9 A, Z> =

77.3 A and c = 84.8 A. Most crystals diffracted to 3-5 A resolution and displayed 

anisotropy of varying severity. Crystals were screened by collecting two diffraction 

images separated by a 90° rotation and crystals were chosen on the basis of having 

minimal anisotropy in both images. Diffraction analysis of potential derivative crystals 

revealed that they were isomorphous to the native crystals and diffracted to a similar 

resolution limit, suggesting that the heavy atom soaks did not disturb the crystal packing. 

Crystals displaying optimal X-ray diffraction characteristics were flash-frozen in liquid 

nitrogen and stored for synchrotron data collection.

4.3.1.2 Synchrotron data collection, data processing and scaling

Four crystals were used to solve the MIOX structure. Crystals 1-3 were used for X-ray 

data collection at the ESRF, whereas crystal 4 was used for data collection at the SSRL. 

Crystal 1 was a potential Hg derivative crystal previously soaked in CEhHgCl (Section

2.8.1.2 and Section 4.2.3), whereas crystals 2, 3 and 4 were native MIOX crystals. Data 

sets were collected from both crystal 1 and 2 at the appropriate peak and inflection point 

wavelengths for Hg and Fe, respectively. X-ray diffraction data from crystals 3 and 4 were 

collected at an appropriate remote wavelength of Fe (see Table 4.1 for details).

At the ESRF, a preliminary fluorescence scan was performed on crystal 1 and crystal 2. 

For crystal 2, a strong excitation peak was observed at 1.7389 A, confirming the presence 

of intrinsically bound iron atoms in this MIOX crystal. In the case of crystal 1, this 

detected a second fluorescence peak at 1.0062 A, confirming the presence of Hg atoms in 

this crystal.

Following collection of the first few diffraction images for each crystal, the data were 

indexed (Section 2.8.2.2), confirming that all crystals belonged to the orthorhombic
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spacegroup P2\2\2\ and had almost identical unit cell lengths of a = 44.6 A, b = 77.2 A, c 

= 85.0 A. The program STRATEGY was utilised to determine the number of images 

required to obtain a complete data set and X-ray data were collected as shown in Table 4.1. 

After processing the images in MOSFLM (Section 2.8.2.2), each data set was scaled and 

merged using SCALA (Section 2.8.2.3). The 7?merge and the mean 7/(7/ values suggested the 

high resolution cut-off for each data set as shown in Table 4.1.

Crystal name Crystal 1 Crystal 2 Crystal 3 Crystal 4

Data collection parameters

Synchrotron ESRF ESRF ESRF SSRL

Detector type ADSC Quantum- 
210

ADSC Quantum- 
210

ADSC Quantum- 
210

Marusa
marmosaic 325 

CCD
Beamline ID29 ID29 ID29 BL9-2

Oscillation angle (°) 1 1 1 1

Temperature (K) 210 210 210 210

Wavelength (A) 1.0062 1.7389 1.0719 0.9795

Data processing

Space group />2,2,2,

Unit cell lengths (A) a=44.87,
b=77.26, c=84.84

a=44.51,
b=77.20, c=85.99

3=44.55,
b=77.09, c=84.19

a=44.60,
b=77.21, c=85.39

Unit cell angles (°) a=p=y=90

Resolution range (A) 57-2.4 (2.5-2.4) 57-2.8 (3.0-2.8) 57-2.6 (2.7-2.6) 45-2.0(2.1-2.0)

Total reflections 45940 (4849) 24632 (3403) 31226 (3539) 243171 (35238)

Unique reflections 12311 (1587) 7448 (1047) 9145 (1172) 20619(2954)

Completeness 96.4 (87.6) 97.1 (95.7) 95.5 (87.5) 100(100.0)

Wilson B factor (A2) 32.7 62.5 61.1 28.8

Multiplicity 3.7 (3.1) 3.3 (3.3) 3.4 (3.0) 11.8(11.9)

Mean (//a) 12.8(3.5) 15.4 (3.7) 12.4 (2.3) 18.9(4.0)

R r1 'merge 0.065 (0.223) 0.060 (0.309) 0.082 (0.502) 0.087 (0.602)

f Rraerge = ££| Ijhkl) - tyhkl) | /££/,(/»*/) 
hkl i I hkl i

Table 4.1 Synchrotron data collection statistics

Data processing statistics. Values for the highest resolution bin are given in parentheses.

Using the program MATTHEWS, the Matthews coefficient (V,„) for each crystal was 
calculated to be between Vm = 2.18-2.23 A3 Da’1, and suggested one MIOX molecule in 

the asymmetric unit with a solvent content between 44-45%.

Significant radiation damage was observed for crystals 1 and 2 during X-ray data 

collection at their inflection point wavelengths and these data were therefore not utilised in 

the final phase determination. They were, however, used in the initial determination of Hg
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and Fe sites using MAD, so the data collection statistics for these data sets from crystals 1 

and 2 are shown in Table 8.1, Appendix I.

4.4 Phase determination using AutoSHARP

X-ray data collection provides the amplitudes <3f structure factors, but the phase 

information is lost, which leads to the “phase problem”. Therefore, to determine the 

structure of a macromolecule using X-ray diffraction data, the correct phases must be 

detennined.

Currently, there are three methods used for phase determination, namely isomorphous 

replacement (IR), single/multiple anomalous scattering and molecular replacement. 

Although not utilised during this research, molecular replacement is a technique that can be 

used to solve a structure using only a native data set, where a previously determined 

structure with significant sequence identity can be used to determine the phases of the 

unknown structure.

The isomorphous replacement method depends on the addition of extra scattering material 

(e.g. one or more heavy atoms) without any change in the rest of the crystal structure; i.e. 

no change in the protein molecules or their packing, such that they are termed 

isomorphous. By measuring the intensity differences between the native and derivative 

crystals (the isomorphous differences), it is possible to locate the heavy atom sites and use 

the knowledge of their positions to estimate the native phases. A single derivative gives 

two possible phases for each reflection; however there are two ways of overcoming this 

ambiguity. First, a second derivative can be used, such that in the two solutions for the 

phase of each reflection, one should agree with a solution for the first derivative, where the 

common solution between both derivatives should be the correct one. This is called 

multiple isomorphous replacement. Second, it is possible to use the anomalous scattering 

(see below) from the heavy atom used for isomorphous replacement; this method is called 

single isomorphous replacement with anomalous scattering (SIRAS). Again, this provides 

two solutions, one of which should agree with the isomorphous replacement solution.

The normal scattering power (f0) of an atom, at X-ray wavelengths far from the absorption 

edge, depends on its number of electrons (i.e. its atomic number Z and its oxidation state). 

The energy where the X-ray photons can excite an electron out of one of its orbitals to an
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unoccupied orbital of higher energy is called an absorption edge and has a characteristic 

value for any particular element. The energy can be emitted at a lower energy as 

fluorescence (as the electron drops back into its orbital) which results in a decrease in the 

scattering (f), known as the dispersive correction. Some photons, however, are absorbed 

and re-emitted at the same energy (scattered) but with a phase shift of 90°, where the 

scattering (if ’) is retarded compared to a normally scattering photon, leading to anomalous 

scattering, such that f = fo + f + if”. This occurs specifically at the absorption edge 

(where the X-ray energy is enough to excite inner electrons) although it still occurs above 

this energy. This has the effect that Friedel’s Law breaks down; i.e. |Fhki| #|F.h,-k,-i| where 

the differences between |F+| and |Fj are called the anomalous differences. At the 

absorption edge, both f and if’ will have their maximum values, although f is negative 

and if’ is positive, as exemplified in Figure 4.4. At the inflection point wavelength, the 

value of if ’ is still quite high, although f remains at its maximum (negative) value. At a 

remote wavelength, the values of f and if’ are both substantially less.

Wavelength [A]

Figure 4.4 The absorption edge of selenium

This figure provides an example of the anomalous scattering of Se as the wavelength passes 
through the K absorption edge. At the peak wavelength, f and f are at their maximum 
values. At the inflection point, fl' is lower than at the peak, but still quite high, butfl remains 
at its maximum (negative) value. Figure adapted from Blow, Outline of Crystallography for 
Crystallographers, 4th edition.
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This means that when utilising a single wavelength (e.g. peak), the anomalous differences 

can be used for phase determination. If more than one wavelength is used (e.g. peak, 

inflection point and/or remote), the anomalous differences at each wavelength as well as 

the dispersive differences (due to the different values of f) between the measurements at 

different wavelengths can be used for phase determination. With the use of tunable 

wavelengths at synchrotrons, this phase information can be maximized by collecting X-ray 

data at the peak, inflection point and/or remote wavelength for a specific element such as 

mercury or iron. This approach is becoming more popular than isomorphous replacement 

as non-isomorphism is overcome by collecting X-ray data at different wavelengths from 

the same crystal.

In order to solve the phase problem, therefore, both a Hg derivative and three native (iron- 

containing) MIOX crystals were utilised for structure determination. It was believed that 

the intrinsic iron in MIOX could also provide significant anomalous signal if X-ray data 

were to be collected at the iron absorption edge.

Using AutoSHARP (Section 2.8.2.5), two initial MAD experiments were performed. In 

the first, an attempt was made to determine the phases from the anomalously scattering Hg 

atoms in crystal 1. In the second, an attempt was made to use phase information from the 

anomalously scattering Fe atoms in crystal 2. A third experiment, also using AutoSHARP, 

and utilising a single-wavelength anomalous diffraction/single isomorphous replacement 

with anomalous scattering (SAD/SIRAS) method, ultimately provided sufficient phase 

information for structure determination. The experimental phases were improved following 

collection of a 2.0 A resolution native data set, which allowed completion of the model 

with a final Rftee 25.8%. These four experiments and their results are detailed in this 

section.

Appendix II (Table 8.2) provides a full description of the phasing statistics from each 

experiment performed using AutoSHARP.

4.4.1 Hg-MAD phasing utilising the Hg peak and inflection data

The first attempt at phase determination utilised the two-wavelength data from the mercury 

heavy atom derivative (crystal 1), for which data were collected at the Hg peak wavelength 

(1.0062 A) and the Hg inflection point wavelength (1.0092 A). SHELXC found a
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significant Hg-anomalous signal to 2.6 A (d"/sig value of 1.46 in the outer resolution 

shell). With a 2.6 A resolution cut-off, SHELXD found six mercury sites from both the 

MAD experiment and the systematic SAD experiment (Section 2.8.2.5). The best solution 

in the MAD experiment had a correlation coefficient (CC) of 33.32, CCweak of 22.23 and a 

PATFOM of 8.70, whereas the best solution from the SAD experiment had a CC of 48.60, 

CCweak of 30.57 and a PATFOM of 14.44. SHARP found three additional Hg sites and 

refined each of the nine sites until they reached convergence. The refined Hg sites led to an 

overall anomalous phasing power (PP) of 2.336, 7?Cuiiis of 0.599 and figure of merit (FOM) 

of 0.535. SHARP also detected a significant dispersive signal between the Hg peak and 

inflection point data, and this also contributed to the phases, with a phasing power of 

E410. Following solvent flattening using DM, the overall FOM increased to 0.734. 

Analysis of the resulting experimental map showed clear protein-solvent boundary and 

regions of continuous protein secondary structure, confirming that the phases had been 

determined, although the map was deemed insufficient to build a protein model as the 

electron density corresponding to protein was poorly defined.

Using CAD and FFT in the CCP4 program suite, a Hg anomalous map, with coefficients 

|F+| and |Fj, was calculated by combining the anomalous differences from the Hg peak data 

with the final phases from DM (FOM = 0.734). Seven peaks identified by SHARP 

corresponded to the seven highest peaks observed in the Hg anomalous map (Table 4.2).

Metal Fractional coordinates 
(SHARP)

Occupancy
(SHARP)

B factor 
(SHARP)

Height (a) in
Hg anomalous map

X y z
Hgl -0.586 -0.637 -0.236 0.81 29.16 29.40
Hg2 -0.606 -0.759 -0.315 0.75 47.89 26.90
Hg 3 -0.518 -0.623 -0.365 0.72 120.06 14.70
Hg4 -0.993 -0.802 -0.305 0.31 21.58 12.10
Hg 5 -0.820 -0.799 -0.334 0.24 56.90 10.20
Hg6 -0.616 -0.651 -0.105 0.84 133.07 8.10
Hg7 -0.199 -0.781 -0.164 0.14 12.31 7.80

Table 4.2 Hg-MAD SHARP-refined Hg sites

The fractional coordinates of the top seven SHARP-refined Hg sites, corresponding to the 
top seven unique peaks in the Hg anomalous map. Also shown are the SHARP-refined 
occupancies and B factors of each site and their corresponding heights in the anomalous 
map. These seven sites were used in the SAD/SIRAS phasing described in Section 4.4.3.
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4.4.2 Fe-MAD phasing from the Fe peak and inflection data

X-ray diffraction data collected at the iron anomalous peak wavelength (1.7389 A) and the 

inflection point wavelength (1.7407 A) were used to calculate MAD phases based on the 

position of the two intrinsic Fe atoms. Analysis of the anomalous data with SHELXC 

indicated that a significant signal only extended to 5.1 A (d"/sig value of 1.38). With a 3.5 

A resolution cut-off, SHELXD found 18 Fe sites from the MAD experiment, whereas a 

systematic SAD experiment led SHELXD to find six potential Fe initial sites. The best 

solution in the MAD experiment had a correlation coefficient (CC) of 29.51, CCweak of 

8.90 and a PATFOM of 4.10, but the best solution from the SAD experiment had a CC of 

53.07, CCWeak of 14.33 and a PATFOM of 9.41. Refinement of these six sites in SHARP 

led to the omission of three of the six sites giving an overall anomalous PP of 0.935, 7?cuiiis 

of 0.843 and FOM of 0.441. Following solvent flattening in DM, the FOM increased to 

0.747. The fractional coordinates of the three refined sites, their occupancies and their B 

factors are shown in Table 4.3. Analysis of the DM map revealed that, although a clear 

protein solvent boundary was observed, the protein electron density was discontinuous, 

suggesting that the phase information provided by the iron anomalous scattering was not 

sufficient to build the protein model.

Metal Fractional coordinates 
(SHARP)

Occupancy
(SHARP)

B factor 
(SHARP)

X y z
Fe 1 -0.810 -0.298 -0.161 2.47 56.54
Fe2 -0.844 -0.348 -0.152 0.64 1.00
Fe 3 -0.796 -0.253 -0.159 0.53 73.12

Table 4.3 SHARP-refined Fe sites

In order to clarify the position and number of iron atoms in MIOX, an Fe anomalous map 

was calculated using the anomalous differences from the Fe peak data together with the 

previously determined Hg-MAD DM phases (Section 4.4.1). Contoured at 9 o, the Fe 

anomalous map clearly revealed two distinct peaks separated by a distance of ~ 3.8 A, with 

heights of 12.1 (Fe 1) and 10.2 a (Fe 2) (Figure 4.5A). The third highest peak observed in 

the Fe anomalous map, considered to be noise, had a height of 4.2 a and was ~ 14 A away 

from the two strongest peaks. Fel corresponded to a Hg site (Hg 9) detected by SHARP in 

the Hg-MAD phasing (Section 4.4.1). This atom had much higher anomalous signal from 

the Fe peak data compared with the Hg peak data, confirming it to be Fe. Although only 

one iron atom was expected (MIOX was not known to be a di-iron enzyme at this time),
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the second peak in the Fe anomalous map was assumed to be a second iron atom due to its 

strong signal from the Fe peak data. The positions of the two Fe peaks observed in the Fe 

anomalous map (Figure 4.5B) were used for the subsequent SAD/SIRAS experiment 

(Section 4.4.3).

Metal Fractional coordinates 
(Fe anomalous map)

Occupancy
(estimated)

B factor 
(estimated)

Height (o) in
Fe anomalous 

mapX y z
Fe 1 0.326 0.820 0.152 1.00 30.0 12.10
Fe2 0.304 0.777 0.171 1.00 30.0 10.20

Figure 4.5 Fe anomalous map revealing two iron atoms

The Fe anomalous map is contoured at 9 a, showing the two strongest peaks separated by a 
distance of ~ 3.8 A. A) The two peaks, nominated as Fel and Fe2, had peak heights of 12.1 
and 10.2 a, respectively. The coordinates of the two strongest peaks and their corresponding 
height are shown. B) The Fe coordinates used for SAD/SIRAS phasing.

4.4.3 Combined SAD/SIRAS phasing

To utilise the anomalous scattering from the two intrinsic Fe atoms and the anomalous and 

isomorphous differences provided by the seven Hg atoms, a SAD/SIRAS experiment was 

performed with a resolution cut-off of 2.35 A. This used the Fe peak data set from crystal 

2 to provide the anomalous scattering from the intrinsic iron atoms, and the Hg peak data 

set from crystal 1 to provide the Hg atom anomalous differences. The inflection point data 

sets from crystal 1 and crystal 2 were considered to be unreliable because of radiation 

damage, but the inclusion of the remote data set from crystal 3 enabled contributions from 

the Fe and Hg dispersive differences to be incorporated in the phasing. SHELXD was not 

used to find heavy atom sites in this experiment. Instead, the top seven SHARP refined Hg 

coordinates from the Hg-MAD phasing and the two Fe sites observed in Fe anomalous 

map were used for SHARP phase refinement. This experiment led to similar overall 

phasing power, 7?cuiiis and FOM values as previously observed in the Hg-MAD phasing (see
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Appendix II). Following solvent flattening in DM, however, the FOM increased to 0.873, 

significantly higher than the FOM from either of the previous phase calculations. The 

resulting experimental map had a distinct solvent protein boundary and analysis of the 

protein electron density revealed an almost continuous polypeptide chain with good 

sidechain density (Figure 4.6). This 2.35 A experimental map was used to build a partially 

complete MIOX model.

Figure 4.6 Analysis of the SAD/SIRAS 2.35 A resolution experimental map

A) Electron density of the SAD/SIRAS experimental map (contoured at 1 a) showing a clear 
solvent protein boundary. B) Superposition of the final model (PDB code: 2HUO), shown in 
red, highlights the well-defined protein backbone in the electron density. A closer inspection 
of the map revealed good side-chain electron density.

4.4.4 Use of high resolution native data for phase improvement

Only a partial model could be built with the initial SAD/SIRAS phases due to poor 

electron density in a number of regions in the protein (Section 4.5.1.2.2). In an attempt to 

improve the phases and, hence the experimental map, crystal 4 was used to collect a native 

data set at a remote wavelength (0.9795 A). Whereas previous native crystals had seldom 

diffracted beyond 2.5 A, crystal 4 diffracted to 2.0 A and lacked anisotropy. The 

SAD/SIRAS phasing calculation was repeated using the X-ray data from crystal 4 as a 

remote native data set instead of crystal 3. The resulting 2.0 A experimental map (FOM 

0.852) had clear electron density in a number of loops that were poorly defined in the 2.35 

A experimental map. The improved experimental phases were sufficient to allow 

completion of the structure (Section 4.5.1.2.4).
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4.5 Model building, refinement and validation

4.5.1 Model building

4.5.1.1 Automated building and iterative structure refinement

The first attempts at model building utilised the 2.35 A resolution SAD/SIRAS-phased 

electron density map (Section 4.4.3). Arp-WARP was used for automated model building 

and was able to build only 10% of the polypeptide chain. Analysis revealed that the model 

had been sensibly built into the electron density. This Arp-WARP model was used as a 

guide for manual model building as described below.

4.5.1.2 Manual building

4.5.1.2.1 Building of a poly-Ala model

The handedness chosen by AutoSHARP during SAD/SIRAS phasing was determined to be 

correct as helices were clearly right-handed rather than left-handed. A poly-Ala backbone 

was built into three sections of continuous electron density that corresponded to residues 

38-151, 164-256 and 267-280. This utilised the 'helix-build', 'baton-build' and 'fit loop' 

tools in COOT. All attempts to model the a-carbon backbone corresponding to residues 1- 

37, 152-163, 257-266 and 281-285 were unsuccessful at this stage due to poorly defined 

electron density in these regions. The two Fe atoms were modelled based on their peak 

positions observed in a Fe peak anomalous map (Figure 4.7). This partially built poly-Ala 

model was then used for sequence assignment (Section 4.5.1.2.2).
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Figure 4.7 Modelling of the di-iron centre

The Fe anomalous map was calculated using the anomalous differences from the Fe peak 
data (crystal 2) together with the 2.35 A SAD/SIRAS phases. When the Fe anomalous map 
(contoured at 10 a and shown in red mesh) was superimposed on the 2.35 A experimental 
map (contoured at 1.2 a and shown in blue mesh), the two iron atoms could be located and 
modelled. The final model (PDB code: 2HUO) is shown in cyan, stick mode. Fe atoms are 
shown as orange spheres. The observed distance between the two iron atoms in the Fe peak 
anomalous map was 3.7 A.

4.5.1.2.2 Sequence assignment

Careful analysis of the 2.35 A experimental map revealed that the electron density 

surrounding the di-iron centre was particularly well defined and contained electron density 

typical of aromatic amino acids, suggesting that this would be an ideal area to begin 

sequence assignment. The first assigned sequence was

DWFHKVGLLHDLGKIMALWGEPQWAVVGDTFPV, corresponding to helix a5 

(residues 114-132) and the 14 amino acids following it. This stretch of sequence contained 

three distinguishable tryptophans which provided useful references for sequence 

assignment. Sequence assignment was continued through the different sections of the 

poly-Ala model until each residue in three segments had been assigned, accounting for 

76% of the protein sequence.
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4.5.1.2.3 Iterative model building and refinement

Following sequence assignment to the poly-Ala model, the first refinement resulted in the 

Rfree dropping from 44.2% to 41.8%. The improved 2FO-FC and F0-Fc electron density 

maps generated from REFMAC were used to further iteratively build and refine the model 

in attempt to complete the model, however exhaustive attempts to build into the poorly 

defined regions (regions 1-37, 152-163, 257-266 and 281-285) were unsuccessful and the 

Rfree did not fall below 40%.

During this model building and refinement, unassigned electron density in the 2FO-FC and 

F0-Fc electron density maps was observed directly adjacent to Fe2 and was recognised as 

corresponding roughly to the size and shape of a MI molecule. As MIOX was co

crystallised with MI, it was considered that this electron density very likely corresponded 

to MI, although it was not included because the protein model was not yet complete.

4.5.1.2.4 Phase extension using the 2.0 A resolution native data set

When the 2.0 A resolution X-ray data set became available, the experimental phases were 

recalculated (Section 4.4.4). The quality of the resulting 2.0 A experimental map was 

clearly better than the 2.35 A experimental map, in that it showed continuous electron 

density in regions which were previously unable to be modelled, as exemplified in Figure 

4.8. Using the ‘fit loop’ and ‘baton-build’ tools in COOT, residues 28-37, 152-163, 257- 

266 and 281-285 were modelled into the protein electron density. No electron density was 

observed in the 2FO-FC and F0-Fc maps for residues 1-27, however, even though previous 

SDS-PAGE analysis of a MIOX crystal had confirmed it to be the full-length protein 

(Section 4.2.1). Examination of the crystal packing showed that there was significant 

solvent space adjacent to the current N-terminus, and it was concluded that residues 1-27 

were probably disordered.
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A B C

Figure 4.8 Improvement in the electron density maps after phase improvement and 
model refinement

Electron density maps, contoured at 1 o, are shown in blue mesh, with the final model shown 
in yellow stick mode. Following recalculation of the experimental phases to 2.0 A 
resolution, the protein regions previously containing poor electron density were 
dramatically improved to allow a continuous model to be built from residues 28-285. The 
density for Phel61, originally found in a poorly defined loop between residues 151-163, is 
shown here as an example of the improved electron density following phase recalculation.
A) 2.35 A experimental map; B) 2.0 A experimental map; C) 2FO-FC map following 
refinement of the final model.

The un-modelled density adjacent to Fe2 in the 2.0 A experimental map, believed to 

correspond to MI, was well defined in comparison to the 2.35 A experimental map. 

Contoured at 1.0 o, this density suggested the presence of a ring-shaped molecule, and 

when viewed edge-on (Figure 4.9D), showed a single protrusion of the electron density 

from an otherwise planar density. This allowed MI to be unambiguously positioned into 

the electron density, with the observed protrusion corresponding to the only axial hydroxyl 

group in MI, at the C2 position (Figure 4.9). This orientation meant that the hydroxyl 

groups of Cl and C6 in MI were bound in a bidentate fashion to Fe2, with covalent bond 

distances of ~ 2.1 A. The Mi-protein interactions will be further analysed in Section 5.3.2.
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Figure 4.9 Improvements in the MI electron density during structure 
determination

Fe2 is shown as an orange sphere and MI is shown in yellow stick mode. The electron 
density is contoured at 1.0 a and shown in blue mesh in: A+B) 2.35 A experimental map; C 
and D) the 2.0 A experimental map; E and F) the 2FO-FC map. The poorly defined electron 
density in the 2.35 A experimental map did not allow modelling of MI. The MI electron 
density was dramatically improved following recalculation of the experimental phases 
utilising the 2.0 A native data (ciystal 4). When the MI electron density was viewed edge-on, 
the axial hydroxyl group of C2 in MI was positioned into the density as shown in D.

Following completion of the protein model (residues 28-285) and modelling of MI, a 

single round of refinement caused the 7?free to drop from 41% to 35%.

4.5.1.2.5 TLS refinement

TLS refinement can be used to compensate for the difference in thermal motion at different 

regions of the protein molecule. A TLS domain, each with its own set of TLS tensors, can 

range from a single residue to the whole protein model. Identification of the best set of
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TLS domains is a matter of trial and error, in which the protein molecule is divided into 

TLS domains, and refinement is repeated systematically until the best result, defined by the 

largest drop in Rfree, is obtained. When TLS refinement (TLS domain: residues 28-285) 

was incorporated into REFMAC refinement, the Rfree dropped to 31%. As the Rrree did not 

drop as substantially when the protein was divided up into smaller TLS groups, further 

refinements incorporated TLS refinement with one TLS group (residues 28-285).

4.5.1.2.6 Completion of refinement

With the entire protein model now built, except for residues 1-28, subsequent refinement 

and model building used phases exclusively from the model instead of the 2.0 A resolution 

experimentally determined phases.

4.5.1.2.7 Restraint of the iron-ligand bond distances

Analysis of the di-iron site revealed that the ligands coordinating the two iron atoms were 

being drawn towards the electron density of the iron atoms during refinement. To prevent 

this from occurring, the covalent bond distances were restrained to the distances observed 

in the 2.0 A experimental map, unbiased by the protein model. The observed distances 

were almost identical to the relevant Fe-ligand distances most commonly observed in high 

resolution protein structures185’ 186; 187. Utilising these restraints, a repeat of the previous 

refinement resulted in the Rfree dropping substantially from 30% to 27%.

4.5.1.2.8 Inclusion of water molecules

Using the ‘COOT:find waters’ tool in REFMAC, water molecules were automatically 

assigned to un-modelled F0-Fc density with a height greater than 2.0 a. These water 

molecules were then systematically analysed in COOT. Waters with a height of over 1 o 

in the resulting 2FO-FC electron density map that were within 2.4-3.5 A distance of a nearby 

nitrogen or oxygen atom were considered to be correctly-placed water molecules. Any 

modelled water molecules which did not comply with these constraints were omitted from 

the model. Further analysis of the 2FO-FC and F0-Fc electron density maps was used to 

locate further water molecules that obeyed the same hydrogen bonding constraints. 

Iterative water modelling and refinement was repeated until no further electron density was
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observed for water molecules. In total, 155 water molecules were modelled into the 

structure. Modelling of these waters led to a decrease in the Rfree from 27% to 25.8%.

4.5.1.2.9 Detection and modelling of a formate ion

During the addition of water molecules to the model, unexplained electron density was 

observed that was too large for a single water molecule and could not be modelled as a 

water cluster (Figure 4.10). It did not correspond to protein backbone or sidechain density 

as the surrounding region was well-defined and already modelled. Similarly, the density 

did not fit that of a MIOX substrate, MI or DCI, or that of the MIOX product, DGA, all of 

which are substantially larger than the observed density. It was considered that the 

electron density could represent a formate ion, since 4.4 M sodium formate was used in 

crystallisation. A formate ion was modelled into the electron density and shown to fit well, 

and further refinement of this model led to no further electron density in the resulting 2F0- 

Fc and F0-Fc maps. A bias-removed OMIT map contoured at 7 o revealed significant 

positive difference density at this site.

Figure 4.10 Detection of a formate ion in the MIOX structure

Stereo representation of the formate binding site. The final protein model is shown in cyan, 
stick mode and formate is shown in yellow, stick mode. Contoured at 1.5 a, the 2FO-FC 
electron density map is shown in blue mesh. A biased-removed OMIT map of formate is 
superimposed and shown in red mesh, contoured at 7 a. During completion of the model, 
unexplained electron density in the 2FO-FC and Fo-Fc maps suggested that a molecule, other 
than water or a substrate/product was at this site. This was modelled at a formate ion as 
MIOX was crystallised in 4.4 M sodium formate, and was shown to fit well into the electron 
density.
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4.5.1.2.10 Detection of a Fe-bridging water/hydroxide ion

Strong positive difference density was observed in the F0-Fc map in a position that was 

suggestive of a di-iron bridging aquo species. A water molecule (OW304) was modelled 

at this position (Figure 4.11) and the model was refined. No negative difference density 

was observed in subsequent F0-Fc map. The bridging aquo group was putatively assigned 

as a bridging hydroxo species, for reasons which will be discussed in Section 7.4.3, and 

restrained to the observed Fe-OH bond distance of 2.0 A.

Figure 4.11 Modelling of a di-iron bridging hydroxo species

The protein model is shown in cyan, stick model, water/hydroxide molecules as red spheres, 
iron atoms as orange spheres, and MI in yellow stick mode. The 2FO-FC electron density map 
is shown in blue mesh, contoured at 1.5 a. A superimposed biased-removed OMIT map for 
OW304 is contoured at 5.7 a and shown in red mesh revealing the presence of a bridging 
aquo species.

4.5.2 Refinement

The final refined model comprised residues 28-285, two Fe(III) ions, the zzzyo-inositol 

substrate, a formate ion and 155 water molecules (Table 4). The iron atoms were 

suspected to be in the fully oxidized state due to the time taken to crystallise MIOX (2-3 

weeks) and due to the absence of L-cysteine in the crystallisation solution. Three residues
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(Phe28, Lys45 and Glu265) were truncated to their a-carbon backbone as no sidechain 

electron density was evident in the F0-Fc or 2FO-FC maps.

Final refinement of the model
Resolution range (A) 45-2.0
Number of reflections (working/test) 19,516/1,057
R (%) 0.206 (0.274)
A'ree (%) 0.258 (0.324)
Protein atoms 1,942
Substrate atoms 12
Metal atoms 2 Fe3+
Other molecules 1 formate
Water molecules 155
Rms deviations, bond lengths/angles (A/°) 0.021, 1.7
Average B factor (A2) 31.07

Table 4.4 Refinement statistics of the final model

Values for the highest resolution bin are given in parentheses.

4.5.3 Validation

Once the model had been completed, it was validated using PROCHECK. Residues that 

appeared to be outliers were checked in COOT for possible errors. In a number of cases, 

refinement of the model led to the same outliers being reported by PROCHECK. In such 

cases, if the electron density was well-defined and the refined position matched the 

electron density, the outlier was retained. Validation of the final model in PROCHECK 

showed that all polypeptide chain torsion angles fip,\fi) were within the allowed regions of 

the Ramachandran plot (Figure 4.12) with 90.1% of residues in the most favoured regions. 

A further 9.9% (22 residues) were found in the additionally allowed regions and no 

residues were found in the generously allowed regions or disallowed regions. 

PROCHECK reported nine residues with distorted main-chain bond lengths: Phe28, Val40, 

Phe41, Asp85, Val91, Alal09, Alal38, Thrl43 and Aspl95. The main chain bond angle 

of Asp85 N-Ca-C was 11.2° away from the ideal small-molecule value; however, the 

electron density at this position was well-defined.
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Figure 4.12 PROCHECK Ramachandran plot for MIOX at 2.0 A resolution

Glycine residues are shown as triangles and other residues are shown in squares. The most 
favoured regions are shown in red, additionally allowed regions are shown in yellow, 
generously allowed regions are shown in tan and disallowed regions are shown in white. A 
good quality model would be expected to have over 90% of the residues in the most favoured 
regions.

Prior to deposition of the structure in the Protein Data Bank, the final model was further 

validated using NUCHECK. This reported one bond distance, the C(3-Cy2 bond of Val40, 

which deviated from the standard dictionary by more than 0.015 A (> 6.0 r.m.s.d.). It also 

reported two residues, CP-Cy-S8 of Met71 and N-Ca-C of Asp85, with bond angles which 

deviated by more than 1.7° (> 6.0 r.m.s.d) from standard values. These three outliers were 

checked and were shown to reflect the observed electron density and were therefore not 

adjusted. NUCHECK found no waters that were greater than 3.5 A from a nitrogen or 

oxygen atom.

The best validation was an independent determination of the structure using unbiased 

phase information. Following deposition of the mouse MIOX structure, publication and 

during the completion of this thesis, the human MIOX structure (solved by SAD to 1.5 A)
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was deposited in the PDB (Hallberg, B.M. et al., Structural Genomics Consortium; PDB 

code: 2IBN, unpublished results). The human and mouse MIOX sequences are ~ 90% 

identical, and would therefore be expected have an almost identical structure. When 

superimposed, the human and mouse structure had an r.m.s.d. of 0.479 A across 238 

aligned residues (2IBN began at Ser36 and the model lacked a number of loops, assumed 

to be poorly ordered), where the polypeptide backbones overlaid continuously throughout 

the protein, providing strong validation of the correctness of the MIOX model. 

Importantly, the active-site of the human MIOX structure contained a di-iron centre, MI 

substrate and bridging water/hydroxide in the same configuration that was observed in the 

mouse MIOX structure, confirming that the active-site electron density had been correctly 

interpreted and modelled.
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Chapter Five

Structural analysis of MIOX

5.1 Scope of this chapter

This chapter presents the overall MIOX structure, its active-site and other structural 

regions of particular interest. Furthermore, the structural relationship of MIOX to the HD 

superfamily is given. The structural analyses presented in this chapter will be discussed in 

detail in Chapter Seven.

Unless otheiwise stated, all structural pictures are shown with the Fe atoms coloured as 

orange spheres, MI is shown in yellow stick mode, water/hydroxide ions as red spheres and 

protein residues shown in stick mode. All hydrogen bonds are shown as broken lines and 

covalent bonds are shown as solid lines.

5.2 Overall protein structure

Analysis of the MIOX structure confirmed the protein was monomeric in the crystal as 

only a few intermolecular hydrogen bonds were observed, and no buried protein surfaces 

were present. This finding is in agreement with both DLS and size-exclusion 

chromatography results, which revealed MIOX was monomeric in solution. MIOX 

consists of nine a-helices, one short antiparallel P-ribbon and various loops of different 

lengths (Figure 5.1 and 5.2). The position and types of the major secondary structure 

elements are detailed in Figure 5.3. The model begins at Phe28 as no electron density was 

visible for the first 27 amino acids. Helices a4-a8 form the core of the structure and 

contribute six ligands to the di-iron centre. Helices a4 (residues 94-111) and a5 (residues 

113-132) form an antiparallel pair and contribute three of the six di-iron ligands, His98, 

Hisl23 and Aspl24, to Fel; Aspl24 bridges the di-iron pair. Two of these Fe ligands, 

namely His 123 and Asp 124 are found together and constitute the conserved HD motif in 

the HD-domain superfamily (Section 5.5).
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Helices a6 (residues 193-206) and a7 (residues 210-220) form a second antiparallel pair 

and contribute another two iron-binding ligands to Fe2, whereas helix a8 contributes the 

sixth ligand, also to Fe2. Four other a-helices, al-3 and a9, decorate the protein surface. 

Helix al (residues 36-51) packs against two loops formed from residues 83-93 and 

residues 135-143; both loops are important in substrate specificity (Section 5.3.2). Helix 

a2 (residues 53-64) overlays helix a7 and helices a3 and a9 cover the a4-a5 antiparallel 

helices such that a4-a7 are mostly covered. An extended 55-residue region consisting of 

numerous loops and three single-turn a-helices are seen between helices a5 and a6 

(residues 132-194), although this region does not contain any 3-sheet or longer a-helical 

structure. Residues 132-194 had well defined electron density in the 2.0 A experimental 

map, signifying that this region was well ordered, regardless of the lack of regular 

secondary structure. Although the first section of this region harbours two residues 

(Glyl41 and Asp 142) required for substrate binding, the importance of the remainder of 

this structure is still unclear.

A large alignment of 40 putative MIOX sequences (Figure 8.2, Appendix IV) revealed that 

43 residues (15%) were completely conserved across all sequences. Mouse MIOX is ~ 

90% identical to other mammalian MIOX proteins (e.g. rat, human and pig) and is ~ 45% 

identical to its bacterial counterparts (e.g. F. johnsoniae). A representative sequence 

alignment is shown in Figure 5.3, but unless otherwise stated, sequence conservation will 

be discussed in terms of the alignment in Appendix IV. Of the 43 conserved MIOX 

residues, 25 of them are within ~ 10 A of the di-iron/substrate binding site and most are 

found in conserved clusters within the sequence alignment (residues 80-90, 98-147, 164- 

199 and 218-257). The 43 invariant residues in MIOX are listed in Table 5.1, which 

provides a hypothesis for each of their roles.
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A

C2

Figure 5.1 Structure of MIOX

A) Ribbon diagram of the MIOX structure. Helices are labelled al-a.9 with the helices that 
provide iron ligands coloured in blue. The loop that covers the MIOX active-site (residues 
82-95) is coloured red. B) A topology representation of the MIOX structure. The main 
helices (helices al-a.9) are shown in large circles, coloured as in (A). The short anti
parallel [> ribbon is shown with green triangles. Four single-turn helices are shown in small 
white circles. The two iron atom positions in MIOX are represented with orange circles.
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Figure 5.2 Different views of the MIOX structure

Stereo ribbon diagrams of the MIOX structure coloured as in Figure 5.1. A) The “top” 
helical portion of the protein facing out of the page B) MIOX rotated 90° from A to reveal 
the active-site C) MIOX rotated 180° from B.
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Accession codes
M. musculus gi 55793669
H. sapiens gi 55793671
B. taurus gi 76617327
D. rerio gi 66910506
F. johnsoniae gi 90587746
F. bacterium gi 38714087
C. albicans gi 68467613
C. neoformans gi 57227591

Figure 5.3 Sequence alignment of putative MIOX sequences

A representative set of sequences from Appendix IV. The MIOX secondary structure is 
shown directly above each sequence block, with the Jpred secondary structure prediction 
shown above the observed secondary structure.
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Residue Proposed role
Arg29 Secures the substrate binding pocket by forming a "latch" with Tyr31 and Aspl42.
Val40 Interacts with Glu86 (Q-loop stability).
Gln51 In loop connecting helices a3 and a4, adjacent to formate ion. May be involved in 

allosteric binding of acyclic glucuronic acid.
Thr52 In loop between helices a3 and a4, interacts with other protein regions for stability.
Leu80 Interacts with Asn95, providing structural support between helices a3 and a5, at the start 

of the Q-loop.
Asp85 Q-loop residue that hydrogen bonds to MI (02).
Ser87 Q-loop residue that hydrogen bonds to MI (02 and 03).
Asp88 Q-loop residue where carboxyl oxygen may hydrogen bond to MI (02) and probably 

coordinates the C3-0H group of DCI through 052.
Pro89 Q-loop residue that allows the loop to reverse direction at its apex.
Asp90 Interacts with Phe28 to help stabilise "latch" involving Arg29.
His98 Fel ligand.

GlnlOl Interactions between helices a3 and a4 for structural stability.
Glul04 In a conserved cluster of residues at the protein surface between helices a4 and a9, 

possibly important in protein-protein interactions.
Argl07 In a conserved cluster of residues at the protein surface between helices a4 and a9, 

possibly important in protein-protein interactions.
Trpll5 In a conserved hydrophobic region possibly important in structural stability.
Hisl23 Part of HD-domain motif and coordinates Fel.
Asp124 Part of HD-domain motif and bridges Feland Fe2.
Glyl26 A sidechain would clash with Hisl94, which coordinates Fe2.
Lysl27 Coordination of MI (01).
Glnl36 Interaction with Val84 (Q-loop stability)
Glyl41 Coordination of MI (03).
Asp142 Coordination of MI (05 and 06).
Gly 147 May be involved in allosteric binding of acyclic glucuronic acid.
Asnl64 May be involved in allosteric binding of acyclic glucuronic acid.
Asp166 May be involved in allosteric binding of acyclic glucuronic acid.
Gly 177 Permits tight loop between residues 174-177
Glyl84 Permits tight loop between residues 183-187 and interacts with Feu234 for structural 

stability between two polypeptide segments (residues 181-186 and 233-238).
His 194 Fe2 ligand
Asp195 Interacts with His220 (Fe2 ligand) and Ser 221 (coordinates MI); active-site stability.
Tyrl97 Coordination of carboxyl group of Trp285 (C-terminal residue).
Arg218 7t-stacks with Tyrl97 and forms a salt-bridge with Glul90 to stabilise helices a6 and al.
His220 Fe2 ligand.
Phe222 7i-stacks with Tyr231, where Tyr231is orientated towards the formate binding site and 

may be important in the allosteric binding of DGA.
Tyr223 71-stacks with Arg29 to stabilise the "latch".
His226 Interacts with, and stabilises His220, a Fe2 ligand.
Tyr231 Oriented towards formate ion binding site, approximately 3 A from the binding pocket.

May be involved in allosteric binding of acyclic glucuronic acid.
Asp239 Forms hydrogen bonds with Leul85 and Tyr215 for structural stability between the 

helices a7 and a8.
Asp253 Fel ligand.
Leu254 On protein surface in helix a8, may be involved in protein-protein interactions.
Tyr255 On protein surface in helix a8, may be involved in protein-protein interactions.
Lys257 Probably coordinates the C3-0H group of DCI.
Tyr270 In a conserved cluster of residues at the protein surface between helices a4 and a9, 

possibly important in protein-protein interactions.
Tyr271 In a conserved cluster of residues at the protein surface between helices cx4 and a9, 

possibly important in protein-protein interactions.

Table 5.1 Invariant residues in 40 MIOX sequences and their proposed role
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5.3 Active-site

5.3.1 Di-iron site

The MIOX di-iron site is positioned between two pairs of antiparallel helices (a4/a5 and 

a6/a7) and a fifth helix, a8 (Figure 5.4). The distance between Fel and Fe2 is 3.65 A, 

which as discussed in Section 7.4.1, is similar to other di-iron proteins188. A key feature 

relevant to the antiferromagnetic coupling of the two iron atoms that it is doubly bridged, 

first by the carboxylate group of Asp 124, symmetrically through Asp 051 and 052, and 

second by a water/hydroxide (OW304), where the latter is hydrogen bonded to Asp253 

052, with a distance of 2.7 A. Fel is coordinated with a distorted octahedral geometry 

(Table 5.2C), by His98 Ns2, His 123 Ne2, Asp 124 052 and Asp253 051, the bridging 

water/hydroxide OW304 and a water molecule OW305, where the latter is hydrogen 

bonded to OW52 at a distance of 2.5 A. Fe2, also coordinated in a distorted octahedral 

fashion (Table 5.2C), is bound by Aspl24 051, Hisl94 Ns2 and His220 Ne2, the bridging 

water/hydroxide OW304 and two oxygen atoms, O1 and 06, of the MI substrate.

Figure 5.4 The di-iron centre

Stereo ribbon diagram of the di-iron site in MIOX, coloured in cyan, cartoon mode. Iron 
binding ligands are represented in stick mode. Fel is octahedrally coordinated through 
His98, Hisl23, Aspl24 Asp253, OW305 and OW304. Fe2 is octahedrally coordinated 
through His220, MI (O1 and 06), Hisl94, Aspl24 and OW304.

The covalent bond distances at the di-iron site are in the range of 1.99-2.14 A (Table 

5.2A), where the Fe-ligands are supported through numerous hydrogen bond interactions
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with surrounding protein residues and water molecules (Table 5.2B). The six Fe-binding 

ligands are all invariant in the MIOX sequences analysed, highlighting their importance in 

the MIOX mechanism.

Helix a5, which harbours His 123 and Asp 124 is completely buried within the MIOX 

structure and serves an important role in di-iron binding. This helix changes from a 

classical a-helix to a 3i0 helix at the Hisl23-Aspl24 position allowing both residues to 

come into contact with the di-iron pair. The 3jo helix continues for three full turns after 

this His-Asp sequence.
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Table A
Fel bond Distance (A) Fe2 bond Distance (A)

His98 Ne2 2.03 His 194 Ne2 2.01
Hisl23 Ne2 2.03 His220 Ne2 2.08
Asp124 052 2.04 Aspl24 051 2.04
Asp253 051 2.08 OW304 2.00

OW304 1.99 01 (MI) 2.12
OW305 2.14 06 (MI) 2.11

Table B
Atom 1 Fe Atom 3 Angle

(°)
Atom 1 Fe Atom 3 Angle

(°)
His98 Ne2 Fel Asp253 051 91.8 Asp124 051 Fe2 MI-01 92.2
His98 Ne2 Fel His 123 Ne2 94.2 Aspl24 051 Fe2 OW304 89.0
His98 Ne2 Fel Asp 124 052 88.8 Asp124 051 Fe2 His220 Ne2 89.2
His98 Ne2 Fel OW305 71.6 Aspl24 051 Fe2 Hisl94 Ne2 83.4

OW304 Fel Hisl23 Ne2 104.5 MI-O6-Fe2 Fe2 His220 Ne2 91.8
OW304 Fel Asp 123 052 89.6 MI-O6-Fe2 Fe2 OW304 93.3
OW304 Fel OW305 89.3 MI-O6-Fe2 Fe2 Hisl94NE2 94.3
OW304 Fel Asp253 051 92.7 MI-O6-Fe2 Fe2 MI-01 86.7
OW305 Fel Asp253 051 106.3 His 194 Ne2 Fe2 MI-01 97.2

Asp253 051 Fel His 123 Ne2 87.1 MI-O1 Fe2 OW304 81.9
Hisl23 Ne2 Fel Asp 124 052 83.9 OW304 Fe2 His220 Ne2 101.6
Asp 124 052 Fel OW305 82.4 His220 Ne2 Fe2 Hisl94 Ne2 79.5

Table C
N His98 Hisl23 His 194 His220 0 Asp 124 Asp253
N5l OW44 

(2.9 A)
Glyl20 0 
(2.6 A)

Vall39O 
(3.1 A)

Ile217O 
(2.6 A)

051 Fe2 Fel

Ne2 Fel Fel Fe2 Fe2 082 Fel OW304 
(2.7 A)

Tables 5.2A-C Analyses of the di-iron centre in MIOX

Table A provides a description of the Fe bond lengths observed in the final MIOX model. 
The observed bond lengths in the 2.35 and 2.00 A experimental maps were similar to the 
iron-ligand distances most commonly observed in high-resolution structures ' ’ . Table
B provides the bond angles of Fel and Fe2, showing how close the geometry is to being 
perfectly octahedrally coordinated. Table C provides a list of the hydrogen bond network 
that acts to stabilise the six Fe-binding ligands and di-iron site, with the bond distances 
shown in parentheses. The covalent bond interactions are shown in bold.
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5.3.2 Substrate site

The MI binding site, completely buried within the protein, is positioned between the di

iron site, two sections of polypeptide (140-142 and 220-223) and an Asp-rich Q-loop 

(residues 82-95), found at the protein surface.

The Q-loop begins where the C-terminus of helix a3 and the N-terminus of helix a4 are 

brought together, stabilised through numerous hydrogen bonds; these include Asp81 081 

to Ser96 Oy (2.6 A), the peptide CO of Leu80 to the peptide NH of Ser96 (3.3 A) and the 

peptide NH of Asn95 to the peptide CO of Leu83 (2.8 A). The beginning of the Q-loop 

(residues 82-95), measures ~ 6.0 A across, whereas at its widest distance (between residues 

87 and 92), the loop diameter is ~ 9.0 A. Four intra-hydrogen bonds are observed within 

the Q-loop that act to stabilise the structure (Figure 5.5). The first two hydrogen bonds 

involve a water molecule in the interior of the loop which bridges the peptide NH of Asp85 

(2.8 A) and the peptide CO of Phe93 (3.2 A), such that it inter-connects the two opposite 

sides of the loop. Third, Asp85 081 is hydrogen bonded to Ser87 Oy (2.5 A), where both 

of these residues are involved in substrate coordination (see below). Fourth, Asp88 081 is 

hydrogen bonded to the peptide NH of Asp90 (2.9 A). The Q-loop is also secured through 

three salt bridges between Asp85 and Lysl27 (2.31 A), Asp88 and Lys257 (2.97 A), and 

Asp92 and Arg39 (2.98 A). Finally, Glnl36, Val40 and Phe28 stabilise the Q-loop by 

hydrogen bonding to the Q-loop residues Val84, Glu86 and Asp90, respectively. Most 

residues in this loop are highly conserved in MIOX sequences, including a distinctive 

DxSDPD motif (residues 85-90), which is invariant in all sequences, strongly supporting 

its important functional role, as discussed below.
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F93

Figure 5.5 The Qt-loop in MIOX

The Q-loop in MIOX shown in cyan, stick mode, with helices a3 and a.4 shown in 
transparent, cartoon mode. MI, in the background, is shown in yellow, stick mode. The Q- 
loop is here defined as the residues found between 82-95. A number of hydrogen bonds 
secure the interaction between helices a3 and a.4 at the beginning of the Q-loop. Within the 
Q-loop, four hydrogen bonds stabilise the structure with further support by a number of 
other hydrogen bonds from surrounding residues (not shown). Residues 85 to 90 comprise 
the DxSDPD motif where Asp85, Ser87 and Asp88 interact with the bound MI.

As shown in Figure 5.6, the hydroxyl groups of Cl and C6 in MI are bound to Fe2, each at 

a distance of 2.1 A, thus bracketing the C1-C6 bond that is cleaved in the MIOX reaction. 

MI is further bound by a number of other protein residues that decorate the active-site, and 

the hydrogen bond distances are given in the description under Figure 5.6. The 01 of MI 

forms a strong hydrogen bond with Lysl27 N£. Within the highly conserved DxSDPD 

motif in the Q-loop, three residues interact with MI: Asp85 051 (to 02), Ser85 Oy (to 01 

and 02) and the peptide NH of Asp88 (to 03). The 04 in MI is hydrogen bonded to 

peptide NH of Glyl41 and Asp 142 051, which are found in the polypeptide "platform" 

under the substrate. 05 of MI is similarly bound by Asp 142 051, and 06 is hydrogen 

bonded to Ser221 Oy. Three water molecules, OW52, OW40 and OW66, also interact 

with MI. Where OW52 is hydrogen bonded to 01 of MI, OW40 and OW66 interact with 

03 and 04 in MI. Asp 124, OW40 and OW66 also interact with Arg29 and Tyr31 near the 

N-terminus which closes the active-site in MIOX in the substrate-bound state (see Section
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5.4.3 for further description). The array of hydrogen bonds between MI and MIOX 

suggests why the MI electron density is well-defined both in the 2.0 A experimental map 

(Section 4.5.1.2.4) and the 2FO-FC map, as shown in Figure 5.6.

All of the residues involved in substrate coordination are invariant in the sequences 

examined. The only exception is Ser221, which in one sequence is substituted for Phe in 

X lactativoragi. Based on the mouse MIOX structure, the residues directly involved in 

substrate binding could be defined in the highly conserved motif DxSx40Kx.-15GDx.-79S.

Figure 5.6 MIOX substrate binding site

Stereo ribbon diagram of MIOX coloured in cyan, with background helices shown in cartoon 
mode and relevant residues shown in stick mode. The final 2FO-FC electron density of MI 
(blue mesh), contoured at 1 a, shows the well-defined electron density for the substrate. MI 
is bound in a bidentate fashion to Fe2 through the hydroxyl groups of Cl and C6. MI is 
further bound (with hydrogen bond distances shown in parentheses) in the following 
manner: O1 to Lysl27 N£ (2.67 A), OW52 (2.63 A), OW305 (2.98 A); 02 to Asp85 081 
(2.39 A), Asp85 082 (3.48 A), Ser87 Oy (2.78 A), the peptide NH of Gly 141 (3.3 A) and 
OW52 (3.18 A); 03 to Ser87 Oy (2.7 A) and peptide CO (3.07 A), the peptide NH of Asp 8 8 
(2.91 A) and OW40 (2.93 A); 04 to Asp142 081 (2.81 A), OW40 (2.65 A) and OW66 (3.34 
A); 05 to Aspl42 081 (2.96 A) and the peptide NH (3.39 A); 06 to Ser221 Oy (2.88 A). For 
clarity, the hydrogen bond to Asp88 and OW66 are omitted from this diagram.

5.3.3 Modelling of DCI
MIOX is active towards both MI and DCI35. As the structures of MI and DCI are almost 

identical (Section 1.3.3.1), DCI could be confidently modelled into the active-site of 

MIOX such that it completely superimposed MI, except at the hydroxyl group of C3 in MI, 

which differs between the two substrates (Figure 5.7A and B). Assuming that DCI binds
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into the MIOX active-site in this orientation, the axial position of the C3 hydroxyl group 

would result in the loss of hydrogen bond interactions with Ser87 Oy and OW40 as 

observed with MI; however these could be substituted with interactions with Asp88 052 

and Lys257 NQ modelled at a distance of 3.3 A and 3.2 A, respectively. Both Lys257 and 

Asp88 are invariant in MIOX sequences, signifying their likely importance in DCI binding. 

Asp88 is part of the DxSDPD motif located in the O-loop in MIOX.

Figure 5.7 DCI modelled in the MIOX active-site

Stereo ribbon diagrams of MIOX coloured in cyan, with DCI coloured in pale green, stick 
mode. The numbering of DCI is according to MI, for clarity. A) The substrate binding 
coordination of MI showing the hydrogen bond interactions which stabilise it in the active- 
site. B) Superimposition of DCI on MI (MI not shown) reveals the likely hydrogen bonding 
arrangement of DCI in the MIOX active-site. Although hydrogen bonds are lost with Ser87 
and OW40, the 03 of DCI may instead hydrogen bond to Lys257 and Asp88.
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5.4 Other features of the structure

5.4.1 The C-terminus

The C-terminus of the polypeptide chain makes a number of intimate interactions with the 

rest of the structure. Residues 283-285 form a short antiparallel P-ribbon with residues 69- 

71, with the terminal COO' group of Trp285 hydrogen bonding to the peptide NH group of 

Tyrl97 (2.45 A), the peptide NH of both Tyr68 (2.78 A) and Lys69 (3.22 A), as well as to 

water molecule OW30 (3.6 A). These interactions allow the terminal Trp285 to bury its 

side-chain into a hydrophobic core within the structure (Figure 5.8). Tyrl97 is completely 

conserved in all MIOX sequences, highlighting its important role in C-terminal stability. 

Trp285 is strongly conserved, substituted only by Phe in a number of MIOX sequences.

Figure 5.8 The C-terminal arrangement in MIOX

MIOX is shown in slate, stick mode (with background secondary structure shown in cartoon 
mode). The sidechains of residues 69-71 and 283-284 are not shown, for clarity. Residues 
283-285 form a short antiparallel P-ribbon with residues 69-71, illustrating the hydrogen 
bonding network that stabilises the C-terminus of MIOX.

5.4.2 Analysis of the formate ion binding site

The polypeptide chain in MIOX between residues 132-194 is dominated by an extensive 

series of loops; however the exact role of this region in MIOX is still unclear as it is distant 

from the active-site, found in the helix-rich region of the protein (see Figure 5.1). Analysis 

of the aligned 40 putative MIOX sequences showed that only six amino acids (Glyl47,
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Asnl64, Aspl66 and Glyl77, Tyrl79 and Glyl84) are completely conserved between 

residues 143-194.

Most likely an artifact of crystallisation, a formate ion is bound into the structure between 

three sections of protein (residues 50-53, 145-150 and 164-167), located within this 

extensive series of loops in MIOX (Figure 5.9A). Where these polypeptide segments meet, 

Gln51, Glyl47, Cysl48 (except one sequence), Asnl64, Aspl66 are invariant, and Prol45 

is strongly conserved; however, the formate ion is likely to interact only with the peptide 

NH of Glyl47. The Asnl64 N52 and 051, peptide CO of Pro 145, peptide CO of Cysl48, 

Asp 166 052 and Tyr231 O are oriented towards the formate ion although they do not 

directly interact with it. The strong sequence conservation surrounding this site may 

reflect an important function of these residues such as allosteric binding of another 

molecule/ion other than formate.

The formate binding pocket is spherical in shape measuring ~ 7 A in each direction, and is 

significantly larger than the formate ion itself (Figure 5.9B), suggesting that it may be 

functionally geared to accommodate a larger molecule. The most likely candidate that may 

bind in this site is DGA, the product of the MIOX reaction. Although it has not yet been 

modelled, the size of the pocket suggests that it could accommodate a molecule such as 

DGA, which is only ~ 5.5 A wide. It is likely that, given a larger molecule does bind at 

this site, many of the conserved residues at this site may interact with it, which will be 

further discussed in Section 7.4.5.
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Prol45 Prol45Gln51Gln51

Tyr231Tyr231
Glyl47 Glyl47

FormateFormate

Aspl66Aspl66

Asnl64Asnl64

Prol45 Prol45Gln51

Tyr231 Tyr231

Asnl64Asnl64

Figure 5.9 The formate binding site

Stereo ribbon diagram of the formate binding site in MIOX. MIOX is shown in cyan, with 
relevant residues shown in stick mode. Formate is shown in yellow, stick mode. A) Glyl47 
interacts with the formate ion. Gln51, Prol45, Tyr231, Cysl48, Aspl66 and Asnl64, which 
are also strongly conserved, contain hydrogen bonding groups that are oriented towards, yet 
do not interact with the formate ion. B) The formate binding pocket is highlighted with a 
mesh surface slabbed through the protein, revealing its large volume.
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5.4.3 Critical role for Arg29 and Tyr31 from the N-terminal region

Arg29, the second amino acid in the model, hydrogen bonds with Tyr31 and OW66, and 

forms a salt bridge with Asp 142. In tum, OW66 and Asp 142 interact with MI. Tyr31 is 

hydrogen bonded to OW40, which also hydrogen bonds with MI. Collectively, these 

interactions are structurally important in securing the MI binding pocket (Figure 5.1 OB). 

The strong conservation of Arg29, Tyr31 and Asp 142 across all MIOX sequences reflects 

their important structural and functional role in MIOX. We believe that in the substrate- 

free state, Arg29 does not interact in such an intimate fashion with the active-site, leading 

to the instability of MIOX at the N-terminus as previously observed (see Figure 3.22). A 

space-filling diagram shows that when Arg29 is omitted, there is a direct channel to the 

MIOX active-site (Figure 5.10A). This suggests that this may be the entrance channel for 

the substrate and that Arg29 and Tyr31 provide a latch, together with Asp 142, that closes 

the active-site when the substrate is bound.

Figure 5.10 Role of Arg29 and Tyr31

A) Spacefilling diagram of MIOX with Arg29 omitted (purple), with Arg29 shown in blue, 
stick mode. This shows the putative substrate entrance channel to the active-site. B) Ribbon 
diagram of MIOX with residues Arg29, Aspl42 and Tyr31 shown in stick mode. The 
hydrogen-bond interactions that form between Arg29, Asp 142 and Tyr31 form a "latch" over 
the substrate-binding site when substrate is present.
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5.4.4 Water channel in MIOX

Of the 23 internal waters seen in the MIOX structure, 13 are located in an almost 

continuous path linking one surface near the N-terminus (between Arg29, Vall55 and 

Thr227) to another surface (between the antiparallel helix pair a6/a7 and residues 192-194) 

(Figure 5.11).

Figure 5.11 Water channel in MIOX

Surface waters and a number of internal waters were omitted for clarity’. Formate is shown 
in cyan, stick model. A) Stereo mesh diagram of the MIOX surface (slabbed) revealing 
internal cavities in the structure with the almost continuous water channel passing from one 
surface to the other. B) Stereo ribbon diagram of MIOX showing the pathway of the water 
channel through the protein secondary structure. The orientation in Fig. A and B is different.

A further five internal waters are present in the active-site pocket, but do not appear to be 

linked to this water channel. The remaining five internal waters are positioned elsewhere 

within the protein and do not contribute to this water channel. The water channel extends 

through the region composed of extensive loops (residues 132-194) and passes directly 

under the residues 140-142 important for substrate binding. Within this putative water
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channel, one water molecule is hydrogen bonded to Glyl41, which in turn directly 

hydrogen bonds to 03 of MI. The possible role of this water channel will be discussed in 

Section 7.4.5.

5.5 Evolutionary relationships

5.5.1 MIOX belongs to the HD-domain superfamily

A search of the Protein Data Bank with SSM (Secondary Structure Matching) suggested 

that MIOX is structurally unrelated to other di-iron oxygenases such as RNR and 

MMO190. MIOX was, however, found to be structurally similar to a small number of 

structurally characterised proteins that shared an “HD-domain” fold (Table 5.3). 

Following structural alignment, a sequence comparison showed less than 5% overall 

sequence identity. Structurally, MIOX was most similar to four microbial proteins, from 

Pyrococcus furiosus (PDB code: 1XX7), Archaeoglobus fulvida (PDB code: 1YNB), E. 

coli (PDB code: 1WPH) and Streptococcus dysgalactiae (PDB code: 1VJ7), and one 

human protein, the phosphodiesterase (PDE) 5A (PDB code: 1X0Z). The first three 

microbial proteins are of unknown function, but the fourth, from 5. dysgalactiae, is the N- 

terminal hydrolase domain of stringent-response guanosine polyphosphate [ppGpp(p)] 

hydrolase/synthase (RelA/SpoT) homologue from E. coli™. Although exemplified here 

with PDE5A, further comparisons showed that the catalytic domains of several PDEs also 

have this HD-domain fold.

PDB
code

Protein Name Organism RMSD Superimposed
residues

# matched 
residues

Sequence identity 
over superim
posed residues 
(%)

1XX7 Hypothetical protein Pyrococcus
fulvida

2.974 172 97 15.5

1YNB Hypothetical protein Archaeoglobus
fulvida

2.642 167 84 14.3

1WPH Hypothetical protein E. coli 3.258 177 93 11.8
1X0Z Human

Phosphodiesterase 5A
H. sapiens 2.691 326 100 16.0

1VJ7 RelA/SpoT homologue Streptococcus
dysgalactiae

2.427 326 87 13.8

Table 5.3 Structural similarity of MIOX to other proteins of known structure

Proteins of structural similarity to MIOX were detected by searching the PDB with SSM. 
The top five protein hits detected with SSM were superimposed with MIOX in COOT, 
generating the statistics given above.
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Structural conservation of these proteins and MIOX is limited mainly to helices a3-a8 

(MIOX numbering) as shown in Figure 5.12. A number of short loops are also conserved 

and where relevant, will be further discussed. The relative orientation of these helices 

varies from one protein to another and the pair-wise structural conservation thus differs 

depending on the proteins being superimposed. Structural alignment is more pronounced 

for helices a4, a5 and a8 whereas greater variation is seen for helices a3, a6 and a7. A 

feature of the three uncharacterised microbial proteins is that they all lack helix a7. The 

secondary structure observed in MIOX between helix a5 and a6 is unique in MIOX, where 

this region is truncated by ~50 amino acids in the other five proteins.
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Protein a3 a4- a5 a6 a7 a8
MIOX 71-82 95-129 193-205 210-220 243-256
1XX7 2-13 30-75 87-100 - 114-127
1WPH 4-16 30-75 92-108 - 126-140
1YNB 10-23 39-81 96-106 - 116-128

RelA/SpoT 592-606 612-658 680-693 714-722 753-767
PDE5A 22-39 49-83 87-93 96-107 135-147

Figure 5.12 Structural superimposition of MIOX with five HD proteins

Ribbon diagrams are shown for each protein which are coloured as follows: MIOX (slate), 
1XX7 (grey), 1WPH (wheat), 1YNB (cyan), PDE5A (magenta) and the RelA/SpoT 
homologue (orange). MIOX, PDE5A, the RelA/SpoT homologue and 1XX7 display a metal, 
shown as a sphere in the same colour as its protein. Labelled according to MIOX, helices 
a3- a8 are conserved within these HD-domain proteins. The residue ranges in the conserved 
helices are shown in the accompanying table. A number ofprotein regions were omitted for 
clarity.
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Helices a4, a5 and a.8 in MIOX provide the ligands for Fel (His98, Hisl23, Aspl24 and 

Asp253) and there are exact equivalents in each of the other five HD-domain proteins 

(Figure 5.13A). In each structure except 1YNB and 1WPH, which have no metal bound, a 

metal atom overlays Fel in MIOX. In the two apo-structures, the equivalent residue to 

Hisl23 in MIOX is oriented away from the metal site, whereas in the metal-bound 

proteins, the His ligand contributes to the octahedral coordination of the metal. The 

number of residues between the conserved metal binding ligands differs between the HD- 

domain proteins as shown in Table 5.4. The number of residues between “His98 and 

“His 123” is closely conserved in each of the HD-domain proteins, but varies more 

dramatically between “Asp 124” and “Asp253”. When all six HD-domain proteins are 

compared, this motif could be defined as Hx^HDx^gD. Intriguingly, the distortion of 

helix a5 at His 123 and Asp 124, seen in MIOX, also occurs in the other five proteins, 

allowing the HD residues to be presented together as metal ligands. In each protein, helix 

a5 changes at this position from classical a-type hydrogen bonding to 3io-type and the 

bridging Asp residue has <p, y angles of-100° and 20°.

Protein “His98” Gap “Hisl23/Aspl24” Gap “Asp253” Bound metal 
at the Fel 

site in MIOX
MIOX H98 25 H123/D124 129 D253 Fe
1XX7 H33 34 H67/D68 56 D124 Ni
1WPH H33 35 H68/D69 68 D137 -
1YNB H42 32 H74/D75 49 D124 -

RelA/SpoT H53 24 H77/D78 66 D144 Mn
PDE5A H617 36 H653/D654 110 D764 Zn

Table 5.4 Comparisons of the spacing between metal-binding residues in HD- 
domain proteins

In contrast to MIOX, none of the four microbial proteins has a second metal that overlays 

Fe2 in MIOX, nor does any have the conserved substrate-binding residues present in 

MIOX. Interestingly, however, the PDE5A structure does contain a second metal, with a 

Mg2+ corresponding to Fe2 in MIOX (Figure 5.13B). Although the ligands coordinating 

Fe2 in MIOX are not conserved in human PDE5A, the Mg2+ is bound to the conserved 

bridging Asp residue (Asp 124 in MIOX) and is octahedrally coordinated together with five 

water molecules. OW304 and OW305 in MIOX, proposed to be important in MIOX 

activity (Section 7.4.6), are also conserved, and overlay in PDE5A.

The Q-loop in MIOX (residues 82-95) is present within each of these proteins but is 

significantly shorter in the RelA/SpoT homologue and PDE5A. The Q-loop in the three
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uncharacterised microbial proteins is a similar size to that seen in MIOX, but is swung 

away from their respective putative active-site (Figure 5.13C). Functional Q-loops are 

often involved in binding of substrates and enzyme catalysis, and can undergo significant 

movement during the binding of a substrate into the active-site. As these microbial 

proteins do not have a bound substrate, it is probable that the position of the Q-loop in each 

protein represents an open conformation, but swings inwards towards the active-site upon 

substrate binding, as observed in the MIOX structure.

A sequence alignment was performed to further compare the three hypothetical microbial 

proteins (Figure 5.14A). This showed a low overall sequence identity (~ 15%), but did 

reveal seven invariant residues (out of a total of 24 completely conserved residues) at their 

hypothetical active-sites, which superimposed with the substrate-binding site in MIOX 

(Figure 5.14B). Three of the seven conserved residues are positioned in the Q loop, which 

in MIOX is critical for substrate-binding. Although these proteins have low sequence 

identity, they display high structural conservation with an r.m.s.d. of ~ 1.7 A across ~ 140 

residues (85 % of the entire protein).
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His98His98

Asp253Asp253 Asp 124Asp 124

Hisl23His 123

Aa
Ser87

Figure 5.13 Further structural comparisons of the HD-domain proteins

A) Proteins are coloured as in Figure 5.12. Stereo ribbon diagram of the six superimposed 
HD-domain proteins highlighting the conserved metal site. Residues are numbered 
according to MIOX. Fel in MIOX corresponds with Mn in the RelA/SpoT homologue, Ni in 
1XX7 and Zn in PDE5A but there is no corresponding metal seen in 1WPH or 1YNB. B) 
PDE5A is shown in grey and its two metal atoms, Zn and Mg, are shown in light and dark 
grey, respectively. Stereo ribbon diagram of MIOX superimposed with PDE5A, highlighting 
the conserved di-metal site. C) Proteins are coloured as in Figure 5.12. Stereo ribbon 
diagram of MIOX superimposed on the 5 HD-domain proteins, highlighting the conserved 
D-loop important in MIOX substrate binding (residues 82-95).
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A
1XX7 1 
1WPH 1 
1YNB 1 
consensus

1 2 3 4 5
----- SIDLILLAGKjLkRIPjRkq^LIKGVPNPHsfvhl
-MKQSHFFAHLSR L<LIb R-
MDDWKFIHEVGS L <LTE R SGfelLKLGIRLE

HSYRVAFITLLLAEELKKKGV-EID 
LMRNVRljEffvjSE H 3LQVAMVAHALAAIKNRKFGGNVN 

1kE H 4FRAAIIAFILALKSGES----- VEK

1XX7 57 
1WPH 58 
1YNB 58 
consensus

5LP----------------LSAQKYLNKEEAEAKALKDVLPEYTELFEE
DLPTPVKYFNSQIAQEYKAIEKIAQQKLVDMVPEELRDIFA

VEKALKIAII HE Li 
AERIALLAMY HE A, 
ACKAATAALE HE LI KIARRYVSCDEEGAR- -EEQLSWME

1XX7 109 
1WPH 118 
1YNB 103 
consensus

----- YSKALTLEG-QLVKIA »
PLIDEHAYSDEEKSLVKQSPP 
----- SKPDFSDVE-VYVSDA

LDMIIQAYEYELSGAKNLSEFWN-ALEDLEKLEIS—RY 
LCAYLKCLEELAAGNNEFLLAKTRLEATLEARRSQEMDY 
LELAFQGVEYSQQVSYAIRFAENVELKTDAAKEIY—RV 
* *

1XX7 162 
1WPH 178 
1YNB 157 
consensus

LREIIEEVRRLKDDH--------------
FMEIFVPSFHLSLDEISQDSPL 
LMERKNPVWWR----------------------

Figure 5.14 Sequence alignment of 1XX7,1WPH and 1YNB

B

A) A sequence alignment of 1XX7, 1WPH and 1YNB revealed a low level of overall sequence 
identity. Red and black boxes indicate invariant putative catalytic residues and metal- 
coordinating residues, respectively. Note the similar lengths of the three proteins. B) Stereo 
ribbon diagram of 1XX7, 1WPH and 1YNB, which are coloured as in Figure 5.12. The 
conserved microbial residues are shown in stick mode, labelled 1-7. MIOX, and its bound 
substrate, MI, are superimposed on the three microbial proteins (although only MI is shown, 
in yellow, stick mode), revealing the positions of the conserved active-site residues in the 
three hypothetical proteins.
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Chapter Six

Mutagenic studies of MIOX

6.1 Scope of this chapter

The MIOX:MI complex structure provided a description of the substrate interactions, 

clearly identifying that MI binds in a bidentate bridging mode, through the hydroxyl 

groups of Cl and C6, to Fe-2. Furthermore, the structure revealed that MI is directly 

coordinated by residues Lysl27, Asp85, Ser87, Glyl41, Aspl42 and Ser221, which 

hydrogen bond to hydroxyl groups on the MI molecule. To test the importance of the 

substrate-binding residues in MIOX, site-directed mutagenic studies were employed. 

Several N-terminal truncation MIOX mutants were previously designed for structure 

determination as an alternative to the full-length MIOX structure. Such N-terminal 

truncation mutants could also be used to probe the importance of its N-terminus, which 

harbours the putative NAPDH binding site suggested by Yang et al. to involve residues 21- 

24 (with sequence MAKS)117. The N-terminal region also includes Arg29, which the 

structural analysis shows to make important active-site interactions. Therefore, the 

truncated MIOX mutants could also be utilised to test the importance of this region in 

enzyme activity.

6.1.1 Design of mutants

6.1.1.1 Site-directed mutants

Single-site mutagenesis was employed to change each of these residues individually to Ala 
to abolish their respective substrate interaction, thus giving rise to the mutants MIOX°85A, 

MIOXSS7A, MIOXKI27A, MIOX0142A and MIOXS22,A. This would give insight into the 

importance of each interaction to MIOX activity. Asp 124, whose carboxyl group bridges 

between the two irons, was also mutated to Ala (MIOX0124 in order to test the 

importance of this residue for the integrity of the di-iron site and for MIOX activity.
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6.1.1.2 Truncation mutants

Four N-terminal primers were designed in order to give mutants in which the N-terminal 
region was truncated at different positions (Figure 6.1). Mutant 1 (tMIOX1320) began at 

Glu20, and was designed to truncate MIOX before the MAKS motif (residues 21-24); 

mutants 2-4 (tMIOX827, tMIOX330 and tMIOXY31, respectively) were designed to truncate 

MIOX after the MAKS sequence. The latter two would truncate MIOX after Arg29 

whereas the former would truncate between Arg29 and the MAKS sequence.

0KVDVGPDPSLVYRPDVDl{|MAKSKlgFI®TSGPLLDRVFTTYKLMHTHQTVDFVSRKR

I IT l*H

tMIOX™

tMIOX1''30

tMIOXS27

IMIOXE2°

mioxw_t

W-T 1 2 3 4

putative Arg-29 
NADPH

binding site

Figure 6.1 Truncations of the MIOX N-terminus

Four N-terminal truncated MIOX mutants were designed in which the N-terminal amino 
acids began at Glu20 (mutant 1), Ser27 (mutant 2), Asn30 (mutant 3) and Tyr31 (mutant 4), 
each highlighted by red arrows. The putative NADPH binding motif (MAKS) and Arg29 are 
shown with blue arrows.

6.1.2 Generation of mutants

Site-directed mutants were kindly provided by James Dickson, Maurice Wilkins Centre 

(University of Auckland). The desired mutation was confirmed to be present in each of the 

six mutants.

After the truncated MIOX mutants were amplified (Section 2.3.4.1), they were analysed by 

agarose gel electrophoresis (Figure 6.2). A band of ~ 850 kb band was observed for 
tMIOX0'30 and tMIOXY31, but no amplification product was obtained for tMIOX1''20 or 

tMIOX327. Numerous attempts to amplify the latter two mutants were unsuccessful. 

Because of the similarity between tMIOX0'30 and tMIOXY31, only the latter was cloned into
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pProEX HTb and transformed into E. coli BL21 (DE3) pRP cells (Section 2.3.4.4). 

Ampicillin-resistant colonies were selected, amplified and stored at -80°C as glycerol 

stocks.

850b

650b

B

1 2

Figure 6.2 Amplification of truncated MIOX mutants by PCR and subsequent 
ligation into pProEX HTb

A) Agarose gel electrophoresis of truncated MIOX mutant PCR products. Lane 1, 1 Kb Plus 
DNA ladder; Lane 2, tMIOX820; Lane 3, tMIOX527; Lane 4, tMIOlf3"; Lane 5, tMIOXY31. B) 
Agarose gel electrophoresis of pProEXHTb,MIOX} 31. Lane 1, 1 Kb Plus DNA ladder; Lane 2, 
pProEX HTbtMIOXY31 following NcoI/EcoRL digestion, showing a 850 kb insert corresponding 
to tMIOXY31.

6.1.3 Expression and purification of MIOX mutants

All mutants were expressed and purified following the protocols used for wild-type MIOX 

(Section 2.4.4.2 and Section 2.5.4.2), except only the IMAC purification was used to semi

purify the mutant proteins. All mutants were obtained in a soluble foim. In order to 

accurately compare mutant activity, wild-type MIOX (MIOXW'T) was also expressed and 

purified in parallel with these mutants. The His6 tag was not cleaved from these proteins 

as previous analysis had revealed this did not affect MIOX activity (not shown). Although 

the IMAC purification procedure did not yield protein of the required purity for 

crystallisation, it was deemed sufficient to allow preliminary comparisons of MIOX 

activity (Figure 6.3).
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15

10

Figure 6.3 SDS-PAGE analysis of IMAC purified MIOX mutants

Lane 1, PrecisionPlus protein standard; Lane 2, MIOXK127A; Lane 3, MIOXS221A; Lane 4, 
MiOLf87A; Lane 5, MIOX°I42A; Lane 6, MIOXD,24A; Lane 7, MIOX085'1; Lane 8, MIOX"'7; 
Lane 9, tMIOX™.

6.1.4 Native-PAGE analysis of truncated MIOX
Analysis of the truncated MIOX mutant (tMIOXY3>) by native-PAGE revealed the presence 

of a higher molecular weight band with strong intensity most likely due the formation of a 

stable dimer (Figure 6.4). Although a full length MIOX sample was not used for an 

internal comparison, the typical doublet band presumed to be the MIOX monomer is 

visible lower into the gel, although less pronounced. Addition of substrate did not affect 

the banding pattern (not shown).

l

dimer?

doublet bauds c
Figure 6.4 Native-PAGE analysis of the tMIOXv31 mutant

The upper band may correspond to a tMIOX'31 dimer, although the lower doublet band is 
still observed, similar to native-PAGE analysis of wild-type MIOX.
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6.1.5 Activity studies on mutants

Using the Orcinol activity, the activity of each mutant was determined as its % activity 
towards MI and DCI, relative to wild-type MIOX (Figure 6.5). MIOX8'27A and MIOXS22,A 

displayed no activity, and the MIOX°85A, MIOX01427* and MIOX°I24A mutants each showed 

less than 10% activity when compared to wild-type MIOX. The MIOXS87A mutant, 

however, showed approximately 75% activity to MI and 40% activity to DCI when 
compared to wild-type MIOX. The truncation mutant, tMIOX131, showed less than 10% 

activity to both MI and DCI compared to wild-type MIOX.

Figure 6.5 Comparison of the MIOX mutant activities to wild-type MIOX activity

Each mutant was analysed  for activity towards both MI and DCI. Mutant activities towards 
MI and DCI were expressed as % activity compared to wild-type (100%). All site-directed 
MIOX mutants, except MIOXS87A, showed less than 10% activity. MIOXS87A showed 75% and 
42%> activity towards MI and DCI, respectively.

182



Chapter Seven

Discussion

7.1 Introduction

The goal of this research was to investigate the structures of two proteins implicated in 

diabetes mellitus in order to understand the structural basis of their biological activities and 

to open the way to new anti-diabetes therapies. Of the two proteins chosen, one of them 

(FN3K-RP) proved to be refractory to crystallisation, although there are still a number of 

options that could be explored. The other protein, zzzyo-inositol oxygenase, was 

crystallised (though not without difficulty) and its X-ray structure was solved.

7.2 Fructosamine-3-kinase related protein

7.2.1 Expression and purification

Although recent studies have shown that FN3K and FN3K-RP are both involved in a 

protein deglycation pathway96’ 97', detailed characterisation of these kinases has been 

hampered by the difficulty in obtaining sufficient quantities of purified protein. Isolation 

of FN3K or FN3K-RP from erythrocytes has required extensive purification procedures to 
even partially purify low amounts of the proteins96,102,104. In an attempt to obtain greater 

protein yields, Delpierre et al. cloned human and mouse FN3K into a pET3a vector and 
expressed the recombinant proteins in E. coli BL21(DE3) pLysS cells96. Although the 

yield and purity of FN3K were low even after a four-step purification procedure, sufficient 

material was obtained for initial FN3K activity studies. In a later study, Delpierre et al. 

attempted to express the human and mouse FN3K-RP using the same methods used for 

recombinant FN3K, but mouse FN3K-RP was insoluble (in very low amounts) and human 

FN3K-RP was not expressed at all97. When eukaryotic expression of FN3K and FN3K- 

RP in mammalian HEK cells was attempted, the resulting protein yield and purity were 

again poor. No reports thus far have detailed an efficient method to obtain large quantities 

of highly purified FN3K or FN3K-RP.
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In the current research, FN3K-RP was obtained in a highly soluble form when 

recombinantly expressed in Sf9 cells using the baculovirus expression system. These 

methods yielded sufficient recombinant FN3K-RP (at least 7.5 mg L’1) to be easily purified 

using a two-step procedure. The N-terminal His6 tag was extremely useful for purification 

of recombinant FN3K-RP using cobalt affinity chromatography.

FN3K-RP was also produced in large quantities when recombinantly expressed in E. coli 

BL21 (DE3) pRP cells, albeit in inclusion bodies. This compares to the complete lack of 
human FN3K-RP E. coli expression previously reported97. The only significant 

differences between the two expression methods were the expression vector and E. coli cell 

line utilised. It is possible that soluble FN3K-RP from E. coli could be rescued from the 
inclusion bodies by protein refolding techniques192. Alternatively, chaperone-assisted 

folding193 may improve yields of soluble FN3K-RP. Both of these techniques are 

commonly used to improve yield of soluble protein, in cases where poor protein solubility 

occurs.

7.2.2 Characterisation of recombinant FN3K-RP in solution

The oligomeric state of FN3K-RP has not previously been determined, although crude 
estimates of FN3K implied that it might be a 36 kDa monomer96. Based on amino acid 

sequence, the molecular weight of FN3K-RP, including the His6 tag, was calculated to be 

37.7 kDa. Results from dynamic light scattering and size-exclusion chromatography have 

both strongly implied that FN3K-RP has a molecular weight of 65 kDa, suggesting that the 

protein forms a homogeneous dimer in solution (Figure 3.7 and 3.8). This homogeneity is 

further supported by the presence of a single band on native-PAGE analysis (Figure 3.11). 

SDS-PAGE analysis also suggested that the molecular weight of the denatured monomer 

was ~ 36 kDa, suggesting that the protein had undergone minor degradation at the N- or C- 

terminus. Later collaborative efforts performed by Leo Payne (School of Biological 

Sciences, University of Auckland), utilising mass spectrometry analysis, revealed that 

FN3K-RP was ~ 37.5 kDa, confirming it to be the full-length protein.

Two pieces of evidence indicate that the recombinant FN3K-RP was well-folded in 

solution. First, the recombinant enzyme was shown to be able to phosphorylate lysozyme 

glycated with allose. Secondly, limited proteolysis analysis was consistent with a molecule 

comprising two stable, folded domains (Figure 3.12). FN3K and FN3K-RP are known to
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belong to the S-T/Y kinase-like family, in which the members consist of two a + (3 
domains linked by a hinge region105’ 194. The trypsin cleavage which was observed in 

FN3K-RP was likely to occur at the hinge region which separates the two domains. Given 

that S-T/Y kinases typically harbour their active-site between these two domains, no 

attempt was made, therefore, to crystallise the individual domains of FN3K-RP as a 

structural understanding of FN3K-RP would require the presence of both domains, 

preferably with bound substrate.

7.2.3 Crystallisation experiments of FN3K-RP

The recombinant FN3K-RP purified during this research was not crystallised, and to the 

best of our knowledge, its structure remains to be solved.

Several factors seem likely to contribute to the failure to crystallise FN3K-RP. First, the 

recombinant FN3K-RP was highly soluble, such that only ~ 20% of crystallisation 

experiments led to protein precipitation. Increasing the protein concentration, lowering the 

salt concentration or adjusting the buffer pH closer to the pi of FN3K-RP may increase the 

likelihood of precipitation or crystallisation of FN3K-RP. Second, SDS-PAGE and 

dynamic light scattering analyses of purified FN3K-RP indicated that the protein was over 

90% pure, but the polydispersity indexes (Cp/7?h = ~ 40%) of purified FN3K-RP suggested 

that it was not of crystallisation quality and may require further purification in order to 

crystallise. FN3K-RP binds strongly to blue sepharose and can be easily removed using a 

salt gradient96. In future work, an additional purification step such as this may improve the 

purity of FN3K-RP, increasing the likelihood of crystallisation. Third, FN3K-RP was not 

co-crystallised with an appropriate substrate. All co-crystallisation experiments for FN3K- 

RP were performed with a synthetic ffuctosamine, 1 -deoxy-1-morpholinoffuctosamine, 

prior to the discovery that FN3K-RP was specific only towards psicosamine and 

ribulosamine but not fructosamine substrates . Proteins in the S-T/Y kinase-like family 

are known to bind their substrate in the cleft between the two a + p domains194. It is 

probable that, in addition to ATP and Mg2+, substrate binding in the active-site would 

stabilise the two domains in FN3K-RP, and hence improve the chance of crystallisation. 

Fourth, the 3 kDa N-terminal His6 tag could not be cleaved from FN3K-RP and may have 

been a hindrance to crystallisation. The inability to cleave the Hisg tag could be due to the 

rTEV protease cleavage site being inaccessible to the protease perhaps because the 

cleavage site was partially or fully buried within the protein structure. A recent study
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indicates that the presence of affinity tags used for purification has a profound effect on 
crystallisation and diffraction quality195. It may be important, therefore, to use a different 

affinity tag on FN3K-RP that can be successfully removed prior to crystallisation 

experiments.

7.3 Myoinositol oxygenase

7.3.1 Expression in rat tissues

The MIOX polyclonal antibody developed during this research was utilised to probe for 

MIOX expression in various rat tissues (Figure 3.35). This polyclonal antibody showed 

minimal background noise to other Sf9-lysate proteins, but cross-reacted with a 33 kDa 

protein in kidney lysate, likely to be endogenous MIOX. No other rat tissue contained a 

protein of this size with affinity towards the polyclonal antibody. This result concurs with 
previous studies suggesting that MIOX is predominantly expressed in the kidney62,109,117. 

The polyclonal antibody also cross-reacted with a ~ 60 kDa protein in each tissue, possibly 

representing dimeric MIOX; however, further work is needed to identify these proteins. 

Interestingly, the polyclonal antibody showed strong cross-reactivity towards another ~ 60 

kDa protein in the brain and a ~ 45 kDa protein in the pancreas, but these proteins have not 

yet been isolated and identified. Given their strong reactivity with the antibody, it is 

tempting to suggest these proteins may be oligomers or alternative isoforms of MIOX. 

MIOX has never been identified in either of these tissues.

MIOX has previously been found as part of a 250 kDa protein complex which showed both 

MIOX and glucuronate reductase activity; however, beyond a preliminary activity analysis, 

this complex has not been extensively characterised and the components of this complex 

are still largely unknown115. The possibility that other proteins may exist in this complex 

is supported by the estimated molecular weight of the complex and the presence of more 

than one activity. Immobilizing the MIOX polyclonal IgG to resin may be sufficient to 

isolate, using a pull-down technique, a MIOX-associated complex from kidney cell lysates. 

Any proteins associated with this complex could then be identified by mass spectrometry 

analysis. Identification of the components of this complex would provide a clearer 

understanding of inositol catabolism, both in a normal and a disease state.
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7.3.2 Expression and purification

Recombinant MIOX was soluble when expressed in both eukaryotic and prokaryotic cell 

systems. Bacterial expression yielded considerably higher amounts of recombinant MIOX, 

which allowed stringent selection of the purification fractions, and also led to a higher final 

purity, as indicated by DLS analysis (Figure 3.30). The large yield of purified MIOX from 

E. coli cells allowed aliquots to be stored at -80°C, with the thawed aliquots displaying the 

same characteristics (e.g. full length monomer, no loss of enzyme activity) as the freshly 

purified enzyme. This aspect was important as it saved considerable time and effort, and 

led to a high level of reproducibility in crystallisation and other analyses.

In 2004 Amer et al., who also used recombinant bacterial expression to produce MIOX, 
found the final yield of the enzyme was substantially lower (-0.5-4 mg L"1)116 than that 

observed in our work (-200 mg L’1)196, as shown in Table 7.1. They noted that mouse 

MIOX was the most soluble species, followed by human and, finally, rat, and that 

supplementation of the expression media with 60 mM MI at the time of induction 

improved the yield of soluble MIOX by 5-10 fold116. In the current research, the 

recombinant MIOX yield was doubled to - 400 mg L'1 if a fresh transformation was 

utilised to seed expression cultures.

Study Vector Expression 
cell line

Induction
(OD600)

Expression
temp.

Expression
time

Max. yield 
(mg L1)

Amer et al., 
2004

pET17b BL21 (DE3) 
pRIL

0.6 37°C 4 hours -4

This research pProEX
HTb

BL21 (DE3) 
pRP

0.9 28°C 12 hours -400

Table 7.1 The MIOX expression techniques used in the current study and those of 
Amer et al., 2004.

A number of variations were observed between the methods used during the present work 
and those of Amer et al.116. Some of these factors may have contributed to the differences in 
recombinant MIOX expression in E. coli cells.

The purification methods used here, which included both metal affinity and size-exclusion 

chromatography, were sufficient for obtaining highly purified MIOX that was ultimately 

used to determine the MIOX crystal structure. Arner et al., who also aimed to crystallise 

MIOX, used a three-step purification to purify recombinant MIOX, including DE-52 anion 

exchange chromatography, Sephacryl 200 gel size-exclusion chromatography, and finally a 
phenyl-HIC purification step116. However, their final SDS-PAGE analysis clearly revealed
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a higher level of contaminants in solution, and to date, they have not reported MIOX 

crystallisation or structure determination. Although MIOX from Arabidopsis thaliana has 

also been recombinantly expressed and purified, the yield and purity of the protein was not 

discussed197.

Our MIOX expression and purification method provides a considerably enhanced yield and 

purity than any studies published to date. Importantly, these new methods will provide an 

abundant source of recombinant MIOX for further X-ray crystallographic studies, 

activity/inhibition analyses and mechanistic studies.

7.3.3 MIOX characterisation in solution

7.3.3.1 Molecular weight

The present study showed that MIOX is a monomeric 33.2 kDa protein in solution (Figures 

3.17, 3.18, 3.28, 3.30) which is in agreement with recent characterisation of recombinant 

MIOX from various sources35,116.

7.3.3.2 NADPH affinity

Mouse MIOX, or renal specific oxidoreductase, was previously described as having 

NADPH affinity as it bound to a reactive blue 4-agarose column (Sigma) suggested to be 
due to a binding motif (sequence MAKS, residues 21-23) near the N-terminus of MIOX117. 

This motif is not conserved in other mammalian MIOX sequences, and a study using 
recombinant pig MIOX has shown that it did not display any NAPDH affinity35. The lack 

of sequence conservation of this NADPH binding motif in MIOX proteins suggests that 

this tetrapeptide sequence observed by Yang et al.ni is unlikely to be important in MIOX 

function. Our analysis showed that recombinant mouse MIOX did not display any 

NADPH affinity, even though the same type of column was utilised as in the study by 

Yang et al.n7.

Further studies using the tMIOX020 and tMIOXS27 truncation mutants will help to clarify 

whether the MAKS motif is required for MIOX activity. If the tMIOXE2° mutant is active 

whereas the tMIOXS27 mutant is not, residues 20-27 (which include the MAKS sequence) 

could be defined as being important in MIOX activity. If the lMIOXE2<) and tMIOXS27 

mutants display a similar activity profile, it can be deduced that this MAKS sequence is not
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required for MIOX activity in vitro. It is clear that MIOX does not require NAPDH for in 

vitro activity.

7.3.3.3 Enzymatic activity

The Orcinol assay107 was used to provide a measure of MIOX activity (Section 3.4.2.5.6). 

In agreement with previous studies35,114, the recombinant MIOX required both L-cysteine 

and Fe2+ for substantial activity; approximately 95% activity was lost in the absence of 

these activators. MIOX showed similar activity towards MI and DCI, but was largely 

inactive towards LCI. This dual specificity of MIOX towards both MI and DCI is in 

agreement with previous work35. The kinetic constants of the recombinant MIOX for MI 

and DCI were determined through collaborative efforts, and was found to have similar 
activity to MI to that observed from a study performed by Amer et al.116. Until now, the 

kinetic constants of MIOX to DCI have not been accurately measured; however, Amer et 

al. estimated, using the Orcinol assay, that MIOX was more active towards MI than DCI . 

In the present study, the oxygen uptake assay of MIOX supported this observation, where 

MIOX was clearly shown to be more active towards MI (Km = 4.9 mM, Emax = 3.42 pmol 
min'1 mg'1) than DCI (Km = 8.6 mM, Emax =1.31 pmol min'1 mg"1).

In future studies, the oxygen uptake assay will be used to provide further kinetic data on 

MIOX activity and inhibition. As this real-time assay allows readings to be taken 

throughout the reaction experiment, it provides more accurate data (when compared to the 

Orcinol assay) that can be used for activity analysis. Furthermore, inhibition studies of 

MIOX will be greatly enhanced using this system, as reliable inhibition constants can be 

generated. A downfall of the oxygen uptake assay is that it is slow-throughput in 

comparison to the Orcinol assay, where the latter can be used to screen up to 96 inhibitors 

in a number of hours. Therefore, the combination of the two assay systems will be used to 

efficiently screen any potential inhibitors, using the Orcinol assay, where promising 

inhibitors can be more thoroughly examined using the oxygen uptake assay system.

7.3.3.4 N-terminal degradation and dimerisation of MIOX

Evidence from the present studies showed that trypsin rapidly cleaved MIOX between 

Arg29 and Asn30 to form a stable 30 kDa protein; this degradation also occurred 

spontaneously over a number of weeks at room temperature (Figures 3.21 and 3.22). SDS-
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PAGE analysis of purified samples of MIOX usually revealed a faint 30 kDa band (Figure 

3.17 and 3.29), likely to be a similar N-terminally truncated form of MIOX. Size- 

exclusion chromatography suggested that this 30 kDa truncated form of MIOX dimerises 
to form a 60 kDa species (Figure 3.17 and 3.28). Native-PAGE analysis of the tMIOXY31 

mutant also suggested that much of the truncated MIOX forms a dimer (Figure 6.4); 

however, further analysis is required to confirm its oligomeric state. Importantly, the 

tMIOXY31 mutant showed no MIOX activity when compared to wild-type MIOX (Figure 

6.5); possible mechanisms for this inactivity will be discussed in Section 7.4.4. The N- 

terminal lability of MIOX was also observed by Amer et al, who showed that the protein 

spontaneously degraded to a form in which Thr32 was the N-terminal amino acid, giving a 

29.7 kDa protein116. Their purified MIOX samples also contained traces of a ~ 60 kDa 

protein, which they identified to be dimeric MIOX with substantially reduced enzyme 

activity116. The results from the present study and that of Amer et al. indicate that the 

observed 60 kDa protein seen in MIOX purifications represents a 30 kDa truncated form of 

MIOX that dimerises in vitro.

7.3.3.5 Substrate binding induces a conformational change in MIOX

A previous study found that MIOX separated as two distinct bands, with different pi, on an 

iso-electric focusing gel115. These MIOX isoforms displayed similar levels of activity, but 

no conclusion was drawn as to the nature of these two forms. The present work revealed 

that MIOX separates into two bands during native-PAGE, suggesting that these bands 

represent two forms of MIOX that differ in protein size and/or net charge. Importantly, the 

relative intensities of the native-PAGE doublet band were perturbed by MI and DCI 

incubation but not by other sugars (Figure 3.31). Pre-incubation of 20 mM MI or DCI led 

to a reduction in the intensity of the upper band, and an increase in the relative intensity of 

the lower band. Dynamic light scattering analysis of MIOX incubated with MI indicated 

the hydrodynamic radius had decreased following MI incubation, suggesting that the lower 

native-PAGE band represented a smaller, more compact species than the higher band 

(Figure 3.30). Both these analyses suggest that substrate binding to MIOX results in a 

conformational change of the protein. It is therefore possible that the two isoforms 

observed by Reddy et al.n5 were due to MIOX with and without bound substrate.

190



7.3.3.6 Metal content in MIOX samples and the effect of metals on MIOX 

activity

Previous spectroscopic studies of MIOX have clearly indicated that MIOX contains two 

bound atoms of iron per monomer123. Unexpectedly, our ICP-MS analysis of the 

recombinant MIOX samples in the present research gave a Fe:MIOX stoichiometry of only 

— 0.8:1, significantly below the 2:1 stoichiometry which would be expected for MIOX with 

a fully occupied di-iron centre (Figure 3.33). On further analysis, however, it was evident 

that the samples’ total metal iomMIOX stoichiometry of - 1.5:1 was closer to the expected 
ratio for a fully occupied MIOX centre, with the other metallic elements (Ni2+, Co2+, Zn2+ 

and Mn2+) contributing substantially to the observed metal content. The results for 

samples purified using Ni2+ or Co2+ IMAC resins showed that significant amounts of these 

metal ions had probably been stripped from the purification columns. One sample, treated 

with 1 mM CuCb, also contained significant levels of Cu2+. It is assumed that these other 

metals detected in MIOX samples were bound at the MIOX di-iron site, since no other 

metal ions were observed in the protein structure away from the di-iron active-site.

Many metallo-enzymes can promiscuously bind different metals, and some can even use 

various metals for catalysis198’199. This is not the case for MIOX, however, in which only 

iron can be utilised for its catalytic mechanism114. Without incubation with iron, the 

activity level of MIOX is low, both for enzyme purified from tissue114 and recombinant 

sources35. This is in agreement with studies of MIOX isolated from rat kidney, showing 

that MIOX samples contained two atoms of iron per protein molecule in the most active 
MIOX fractions yet other less active fractions contained significantly less iron115. In our 

studies, the observation that MIOX retains -20% activity when no iron is pre-incubated in 

the assay solution suggested that intrinsic iron obtained from the media allows for MIOX 

activity, albeit at considerably lower level (Figure 3.34). This is consistent with the idea 

that weak binding at at least one of the iron sites may lead to different levels of occupancy. 

Phosphodiesterases (PDEs) have been shown to bind two metals in their active-site, 

although one metal is poorly coordinated by protein ligands, resulting in lower occupancy 

at this site200. The Zn2+ ion in PDE, which superimposes with Fel in MIOX (Figure 5.13), 

is unambiguously found in all PDEs. Numerous types of divalent cations have been found 

at the second metal site of PDEs, which superimposes with Fe2 in MIOX, usually at a 

reduced occupancy201’202. Based on structural analysis of MIOX, Fe2 is similarly likely to
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be less coordinated than Fel in the absence of substrate as it would be coordinated by only 

three protein ligands, whereas Fel would remain coordinated by four ligands. Also, Fel 

occupies the site that is conserved across all HD-domain proteins, whereas Fe2 is a specific 

addition to MIOX. Our current hypothesis, therefore, is that recombinant MIOX may bind 

a range of divalent cations at the Fe2 site, similar to PDEs, due to weaker binding in the 

absence of substrate. Furthermore, the high expression levels of MIOX in E. coli observed 

during this study may contribute to its partial iron occupancy, where sufficient iron is not 

available from the media such that MIOX reverts to other divalent cations to take its place.

Following activation with Fe2+ and L-cysteine, MIOX retained at least 90% activity after 

addition of ImM Ni2+ K+, Zn2+, Mn2+, Li+ or Mg2+, suggesting that MIOX preferentially 

binds iron over these other divalent cations (Figure 3.34). Pre-incubation of recombinant 

MIOX with Fe2+ prior to activity assays most likely displaces any divalent cations at the 

more promiscuous of the two iron sites, thus giving full iron occupancy, which was also 

found to be critical in crystallisation. Pre-incubation of MIOX with 1 mM Co or Cu , 

however, reduced MIOX activity by 50% and 85%, respectively (Figure 3.34). The latter 
treatment led to the same effect as EDTA chelation. This Cu2+ inhibition of MIOX is 

consistent with a previous study, which showed that 1 mM CUSO4 could almost completely 

inhibit MIOX114. The mechanism of Co2+ and Cu2+ inhibition remains to be definitively 

established, but it is probable that these metals displace one of the iron atoms in MIOX, 

leading to inactivity. The increase in Cu2+ levels in CuCl2-treated MIOX was equal to the 

cumulative loss of other divalent cations, including Fe2+, suggesting that Cu2+ displaced 

these other metals at the di-iron centre (Figure 3.33). Recent studies have suggested that 

an aberration in transition metal regulation during diabetes mellitus, specifically leading to 
increased levels of copper, may lead to diabetic complications203, 204. It is possible that 

increased levels of copper, and possibly other metals, may also affect MIOX function in 

the kidney in diabetes mellitus.

7.3.4 Crystallisation

Although MIOX expressed from both Sf9 cells and E. coli cells was soluble and easily 

purified, only the MIOX isolated from E. coli cells crystallised. A number of factors may 

have contributed to this result. Treatment of MIOX with 20 mM MI and 1 mM ammonium 

ferrous sulfate during purification may have improved the homogeneity of the sample by 

fully occupying the substrate site and di-iron site, respectively. The homogeneity was
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further improved through more stringent selection of purification fractions based on DLS 

analysis, which was made possible due to the larger yield of recombinant MIOX from E. 

coli cells. Another critical factor in MIOX crystallisation was believed to be protein 

concentration as MIOX only crystallised when the protein concentration was >20 mg mL'

1. Finally, the use of the robotic crystallisation facility allowed high-throughput screening 

of crystallisation space with significantly smaller volumes of protein solution when 

compared to manual crystallisation experiments and with much greater speed and 

accuracy. The fact that only one crystallisation condition ever led to characterised MIOX 

crystals emphasised the importance of this expanded crystallisation screening space.

The crystals which grew in 4.4 M sodium formate had a distinctive brown colour that was 

reminiscent of highly concentrated MIOX in solution due to the presence of iron (Figure 

4.1). As expected, the crystals contained the full-length MIOX protein (Figure 4.2), as N- 

terminal degradation was significantly inhibited by pre-incubation with MI (Figure 3.32).

7.4 The MIOX structure

7.4.1 Structural comparison with other di-iron proteins

Proteins containing iron at their active centre are known to participate in a wide variety of 

functions including O2 transport, O2 activation and insertion into an unactivated C-H bond, 

phosphate ester hydrolysis and electron transfer . Proteins containing heme iron or iron- 

sulphur clusters can participate in a number of these functions, but proteins with a Fe2O 

unit are capable of all these functions, and possibly are involved in other functions not yet 

discovered205. It is now evident that proteins containing an oxo-bridged dinuclear iron 

centre are widespread in biology, with their functions governed by the particular 

polypeptide environment that surrounds the iron centre. Detailed spectroscopic and 

structural studies of numerous di-iron proteins have begun to unravel the different 

mechanisms that are used in such proteins. It has been suggested that convergent evolution 

has led to a similar protein structural core that stabilises the dinuclear oxo-bridged iron 

centre while allowing a wide variety of functions .

The mostly a-helical MIOX structure can be compared with other di-iron proteins of 

known structure such as ribonucleotide reductase (RNR)189, methane monooxygenase 

(MMO)190, A9-desaturase206, hemerythrin (Hr)207’ 208, ferritin209 and purple acid
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phosphatase (PAP)210. Like MIOX, most of these di-iron proteins share a similar structural 

core in which the di-iron site is buried within a 4-helix bundle (Figure 5.1). To date, the 

only exception is PAP, comprised of two P-sheets sandwiched by surrounded a-helices, 

where the di-iron site is found within an exposed loop region of the structure . The 

similar 4-helix core of most di-iron oxygenases suggests that their deeply buried metal site 

may protect the cell against the potentially damaging oxygen radical intermediates that can 

form during their enzymatic reactions124. The remainder of the MIOX structure, however, 

shares no further similarity with other di-iron proteins. Other helices decorate the protein 

surface, and the series of extensive loops between residues 132-194 are unique in MIOX, 

which dominates much of the structure. Given that the active-site is found buried within 

the helical core of the structure, the exact role of this region in MIOX is unclear. MIOX 

shares no sequence homology with any other di-iron proteins which suggests that despite 

its similar structural core, MIOX does not seem to be related to these proteins through 

divergent evolution.

7.4.2 Evolutionary conservation of the EID fold in MIOX

Searches of the Protein Data Bank with SSM (Table 5.3) revealed that the closest structural 

matches to MIOX are not to any of the well-known di-iron oxygenases, such as RNR or 

MMO190. MIOX was found, instead, to be most structurally related to three microbial 

proteins (PDB codes: 1XX7, 1WPH and 1YNB) of unknown functions as well as to the N- 

terminal hydrolase domain of a stringent-response guanosine polyphosphate [ppGpp(p)] 

hydrolase/synthase (RelA/SpoT) homologue from E. colim (PDB code: 1VJ7), and the 

catalytic domain of eukaryotic phosphodiesterase 5A (PDE5A)200 (PDB code: 1XOZ). 

The two latter proteins have previously been reported to belong to the HD-domain 

superfamily211. Structural alignment of these five proteins with MIOX clearly showed that 

MIOX and the three uncharacterised microbial proteins also belong to this superfamily.

Among the HD-domain proteins, PDEs are a family of metallo-enzymes that are involved 

in many functions including immune response, inflammation and memory and, therefore, 

proteins in this family are drug targets for the treatment of many disorders . PDEs 

control the level of cAMP and/or cGMP, which in turn act as second messengers important 

in many physiological processes200. The RelA/SpoT enzyme family enables bacteria to 

survive long periods of nutrient limitation by producing an intracellular signalling 

alarmone, (p)ppGpp, leading to a stringent response mechanism191. The E. coli RelA/SpoT
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homologue utilises its hydrolase and synthetase domains to carry out hydrolysis and 

synthesis, respectively, of (p)ppGpp in a reciprocal regulatory mechanism212. Besides the 

RelA/SpoT homologue and PDEs, the HD-domain superfamily also includes the 
characterised bacterial exopolyphosphatase, Ppx 213, tRNA nucleotidyltransferase214 and 

deoxyguanosine triphosphate triphosphohydrolase (dGTPase)215. Ppx is involved in the 

bacterial stringent response, where it hydrolyses the long-chain polyphosphates that allow 

bacterial survival during the stationary phase216. tRNA nucleotidyltransferases (tRNA- 

NTs) synthesise and repair the 3’-terminal CCA sequences of mature tRNAs, which are 
required for tRNA aminoacylation reaction and for translation on the ribosome214. 

dGTPases carry out the Mg2+-dependent hydrolysis of dGTP to deoxyguanosine and 

tripolyphosphate217’218.

The HD-domain superfamily appears to include proteins of quite diverse function, with 

extremely low sequence homology; however, each harbour four strongly conserved 

residues (two His and two Asp) which were hypothesised to be important in metal 

coordination211. The common phosphohydrolase activity of most HD proteins that have 

been characterised suggested that this domain could be specialised for this role . Since 

the HD-domain superfamily also includes many uncharacterised proteins from bacteria, 

archaea and eukaryotes, identified by a conserved set of His and Asp residues, it was 

hypothesised that many or all of these proteins might also be phosphohydrolases .

7.4.2.1 An overall structural comparison of HD-domain proteins

To date, the structures of only a few proteins containing the HD-domain have been solved. 

These include catalytic domains of PDEs 1-5 and 9, the RelA/SpoT homologue , Ppx , 

and MIOX111. The catalytic core of PDEs is highly conserved, and PDE5A is here taken as 

a representative of all PDEs. We have also identified three microbial proteins in the PDB 

which contain the HD-domain, but no published data are available on their structure or 

function. When the structures of all the HD-domain proteins are compared, the matching 

regions correspond mainly to helices a3-a8 of MIOX, together with some connecting loops 

(Figure 5.12). Helices a4, a5 and a8 contribute the four Fel ligands (His98, Hisl23, 

Asp 124 and Asp253) in MIOX and there are exact equivalents in each of the HD-domain 

proteins examined (Figure 5.13A). The one exception is Ppx, in which Asp 124 in MIOX 

is substituted by Glu. These four residues coordinate a divalent cation in PDE5A (Zn ), 

the RelA/SpoT homologue (Mn2+), MIOX (Fe3+) and 1XX7 (Ni2+), but there is no metal in
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1WPH, 1YNB or Ppx. The di-iron site of MIOX shares a striking resemblance to the di

metal site present in all PDEs, which contains both a bridging carboxylate ligand and a 

bridging aquo species, as well as a terminal water ligand observed at the MIOX di-iron site 

(Figure 5.13B). The ligands that bind the second metal ion (Fe2 in MIOX) are not 

conserved in PDEs, where the second metal ion (Mg2+) is coordinated by the bridging 

Asp318 (Asp 124 in MIOX) as well as five water molecules. Helices a3, a6 and a7 are 

also present in all the HD-domain proteins, although they tend to vary in length and 

orientation and are generally less closely conserved than the helices involved in metal 

coordination.

A number of loops that link the conserved helices are also well conserved between the HD 

proteins. One of these loops, the fi-loop observed between helices a3 and a4 in MIOX, is 

of similar length in the RelA/SpoT homologue and the three uncharacterised microbial 

proteins, but is significantly shorter in PDEs and Ppx (Figure 5.13C). The observation that 

Asp85, Ser87 and Asp88 in the Q-loop in MIOX bind MI suggests that this loop in the 

other microbial HD proteins may also be involved in substrate binding, as discussed below. 

The remaining helices al, a2 and a9 in MIOX are not observed in any other HD proteins. 

Furthermore the protein region which spans residues 132-194 in MIOX is unique to other 

HD-domain proteins, and may have evolved for a role specific to MIOX, as further 

discussed in Section 7.4.5.

7.4.2.2 The active-sites of HD-domain proteins

Although all of the HD-domain proteins seem to have a common structural core 

surrounding the first metal site, the MIOX active-site is not conserved in other HD-domain 

proteins, and the MIOX substrate specificity, protein-substrate interactions and catalytic 

mechanism are distinct from the other HD proteins analysed. One key difference in the 

HD-domain active-site architecture is the substrate-binding cleft, which in PDEs and the 

RelA/SpoT homologue is exposed to the solvent. A similar cleft is also observed in the 

structures of Ppx and the three uncharacterised microbial proteins although no substrate 

was observed at this site. This cleft is not observed in MIOX, and instead, the substrate

binding pocket (at least in the substrate-bound state) is completely buried in MIOX due to 

the N-terminal “latch” involving Arg29 (Figure 5.10). The respective substrate binding 

residues and surrounding secondary structure in PDEs, the RelA/SpoT homologue, Ppx
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and MIOX are not conserved, reflecting their unique substrate specificities and 

mechanisms.

Mechanistically, PDEs use their conserved catalytic domain to bind cAMP and/or cGMP 

in the active-site, with the phosphate group bound in a bridging mode between the two 

metal ions219. This is different to MIOX in which MI binds to its di-iron centre solely 

through one metal ion, Fe2. The Q-loop (residues 82-95) and the polypeptide chain 

involving residues 140-142, which contribute substrate binding residues in MIOX, have no 

equivalents in PDEs. Instead, a hydrophobic clamp in PDEs secures the purine base of the 

substrate and increases affinity through the interaction of a number of protein residues 

from surrounding helices and water molecules219. The water/hydroxide which bridges the 

two metal ions in the PDEs is involved in nucleophilic attack on the phosphorus atom to 

hydrolyse the phosphodiester bond, yielding AMP or GMP201. Despite the conservation of 

the di-metal site and bridging hydroxide there does not appear to be any mechanistic 

relationship between MIOX and PDEs.

The crystal structure of the RelA/SpoT E. coli homologue complexed with a substrate 

analogue, ppG2’:3’p, showed that this analogue does not bind to the metal ion (Mn ), but 

is instead hydrogen bonded to numerous protein groups and water molecules191. The 

authors proposed that its natural substrate, (p)ppGpp, would directly bind to the Mn ion, 

but the overall binding mode would be similar to the analogue. Reflecting the differences 

in substrate specificities, the residues involved in substrate binding are clearly different 

between MIOX and the RelA/SpoT homologue. Of particular interest, the Q-loop in 

MIOX, which binds MI through Asp85 and Ser87, is also found in the RelA/SpoT 

homologue in which it provides two residues, Arg44 and Lys45, that bind ppG2’:3’p. 

Arg44 also plays a central role in a “clutch and release” mechanism, where upon substrate 

release it loses numerous inter-domain interactions, yet gains several intra-domain 

interactions. The authors suggest that Arg44 may also be involved in priming the Mn ion 

for bidentate coordination of substrate191.

One of the three domains in E. coli Ppx was identified as an HD-domain due to its striking 

similarity to the catalytic domain of PDE4 . The role of this HD-domain in Ppx is still 

unclear as the HD motif is not conserved, where the Asp is substituted by Glu, and there 

was no metal bound at this site in the crystal structure. Interestingly, mutation of this Glu 
to Ala resulted in a 65% loss in activity, reminiscent of MIOX0'244, suggesting that this
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Glu residue and its “HD-domain” are somehow important in enzyme function, and likely 

coordinates a metal ion at this site. No substrate was found in this crystal structure, yet the 

putative active-site was suggested to be in a cleft between the two remaining domains.

The crystal structure of a tRNA-NT is not yet available but biochemical analysis has 

revealed that the protein has two domains, where the N-terminal domain contains 

nucleotidyltransferase activity, and the C-terminal domain, identified as an HD-domain, 

has 2’,3’-cyclic phosphodiesterase, 2’-nucleotidase and phosphatase activity214. Sequence 

comparisons between the E. coli tRNA-NT and PDEs revealed that the critical residues 

involved in PDE catalysis are not conserved in tRNA-NT, suggesting that they use a 
different mechanism to hydrolyse the 2’,3’-cyclic phosphodiester bond214.

Although the overall sequence identity was very low, the three uncharacterised proteins 

had seven conserved residues in their putative active-site cleft (not including those 

involved in metal coordination), suggesting that they may bind similar substrates (Figure 

5.14A). Three of the seven conserved residues are located in the Q-loop that is common 

with MIOX and the RelA/SpoT homologue (Figure 5.14B). Superimposition of E. coli 

RelA/SpoT homologue with the three uncharacterised microbial proteins showed that the 

only conserved residue in their active-sites was Arg44 in the RelA/SpoT homologue. This 

suggests that this highly conserved Arg residue also has a functional role in these 

uncharacterised proteins. The other substrate binding residues in RelA/SpoT are not 

conserved in the three uncharacterised microbial proteins, suggesting that it has a different 

function and substrate specificity to the uncharacterised proteins which share a conserved 

set of active-site residues. Interestingly, the E. coli 1WPH sequence has an unreported 

95% identity to E. coli nucleoside 5'-monophosphate phosphohydrolase sequence (YfbR, 

E.C. 3.1.3.5). YfbR, annotated as belonging to the HD-domain superfamily, has specific 

nucleotidase activity towards deoxyribonucleoside 5'-monophosphates and is believed to 

play a role in intracellular nucleotide metabolism in E. coli214. This study showed that 

YfbR required a divalent cation for activity, where Co2+ was the most efficient metal. 

Therefore, it is almost certain that 1WPH has this same activity, and that given the 

conservation of the active-site between it and 1YNB and 1XX7, the latter proteins may 

also be involved in similar processes in their respective organisms.

Despite the fold similarity observed in HD-domain proteins, it is clear that, at least in the 

structurally characterised HD-domain proteins, the metal centre is used to catalyse
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different enzymatic reactions. Classification of MIOX as belonging to the HD-domain 

family extends the functional breadth of proteins in this family beyond phosphohydrolase 

activity to include oxygenase activity. This is presumably a specific consequence of the 

di-iron site, since iron is uniquely competent in oxygen activation, but it is likely that other 

such oxygenases may be found among the HD-domain proteins.

7.4.2.3 Summary

The extremely low sequence homology of proteins in the HD family, referred to as the 

twilight zone of sequence identity220, has meant that the identification of HD-domain 

proteins through sequence has relied on high-powered profile sequence searches using 

programs such PSI-BLAST221. The recent structural annotation of several proteins 

possessing an HD-domain has allowed clearer understanding and recognition of the HD- 

domain. Our analysis has shown that the key structural elements that distinguish 

RelA/SpoT, PDEs, MIOX, and the three uncharacterised proteins as HD-domain proteins 

are the antiparallel helix pair a4/a5, providing two Asp and one His metal ligands 

(including the HD motif), and helix a8, which provides the second Asp ligand. The HD 

motif in each of these proteins is found in helix a5, which is distorted to allow both 

residues to be presented together as metal ligands. Parts of helix a3, a6 and a7 are also 

structurally conserved; albeit at a lower level.

The conserved structural core of HD-domain proteins, regardless of sequence identity, 

emphasizes that, in evolution, protein structure is more conserved than sequence. 

Throughout evolution, protein sequences diverge through mutations in their coding DNA 

resulting in large or small alterations in the protein structure. Some residues are less 

susceptible to mutation, due to a functional importance220. Often protein cores remain 

structurally conserved, but loops or peripheral structural elements are freer to change, and 

sequences can differ by up to 80% before any significant structural changes occur222. 

MIOX and the other HD-domain proteins seem to be distant homologues, but still have a 

few functionally conserved residues. The structural conservation surrounding their metal 

site and their conserved set of metal ligands suggests that they are related by divergence 

from a common ancestor, with the proteins having evolved to have different functions. 

Various reports have confirmed that there is little correlation between the fold type and 

function ’ . Where proteins in this family use the conserved metal centre and fold for
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different functions, characterisation of HD-domain proteins has, so far, supported this 

notion.

7.4.3 The MIOX active-site

7.4.3.1 The functional Q-loop

Residues 82-95 form the Q-loop in MIOX which includes a number of amino acids 

(Asp85, Ser87 and Asp88) that directly coordinate MI (Figure 5.5). Q-loops can be 

defined based on their role in protein function, namely stability, folding or enzymatic 

function224. These Q-loops are typically between 6-16 residues in length and, as the Greek 

omega symbol figuratively describes, they are considerably narrower at the terminus of the 

loop where it widens as the loop progresses towards the apex, at which point the 

polypeptide chain reverses direction to complete the loop. Typically, the loops are less than 

10 A wide at the start of the loop, where it is less than two-thirds the diameter of the widest 

part in the loop224. These structures are most often found at the surface of proteins, and in 

the case of functional Q-loops, they are almost always found in close contact with the 

protein active-site224. The length, shape and location of this loop in MIOX, as described in 

Section 5.3.2, are consistent with the notion that it is a functional Q-loop involved in 

enzymatic catalysis.

As Q-loops are often found on the protein surface, most residues found in them are 

typically non-hydrophobic, where the most commonly observed residues are as follows: 

Asn > Cys (disulfide bond) > Gly > Pro > Asp > Cys (free cysteine), Ser > Tyr > Lys > His 
> Thr > Arg > Glu > Gin > Trp > Phe > Ala > Leu > Val > lie > Met224. The sequence 

observed in the Q-loop in MIOX, defined between residues 82-95, is: Asp-Leu-Val-Asp- 

Glu-Ser-Asp-Pro-Asp-Val-Asp-Phe-Pro-Asn. Therefore, the five Asp residues, two Pro, 

one Ser, one Asn and one Glu in this MIOX sequence reflect the most commonly observed 

residues in Q-loops; however, the remaining two Val, one Phe and one Leu in MIOX at 

this site are rarely found in Q-loops.

At the apex of the Q-loop, the DxSDPD motif (residues 85-90) is present and is invariant 

in all MIOX sequences analysed. Within this motif, Asp85, Ser87, Asp88 interact with the 

MI substrate. Pro89 is presumably conserved to allow the Q-loop to reverse direction, and 

both Pro and Gly are typically observed at this position in these structures. Asp90 does not,
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however, interact with the substrate, but it makes an important hydrogen bond with Phe28 

to support the N-terminal latch that forms over the substrate-binding pocket.

Q-loops lack the regular hydrogen bonding pattern observed in regular secondary 

structures of the a-helix and P-strand. Q-loops, however, are not deficient in hydrogen 

bond interactions, where on average, they show one hydrogen bond per amino acid, where 
a significant number of these are intra-hydrogen bonds224. In MIOX, a complex 

arrangement of intra-hydrogen bonds is observed at the beginning of the loop which act to 

stabilise it. Throughout the remainder of the loop, four intra-hydrogen bonds are observed, 

where two are formed through a bridging water molecule found in the centre of the loop. 

Another strong interaction is found between Asp85 and Ser87 (2.5 A), where these two 

residues are involved in substrate binding. Finally, Asp88 is hydrogen bonded to the 

peptide NH of Asp90 (2.9 A). Therefore, these two latter hydrogen bonds are likely to be 

critical in supporting residues 85-90 which comprise the DxSDPD motif at the apex of the 

Q-loop.

7.4.3.2 The di-iron centre

The functional properties of di-iron oxygenases are guided by the coordination of the di

iron centre often through His and Glu/Asp residues, and the arrangement at this site strictly 

determines the mechanistic details of the reaction. In many di-iron proteins such as RNR, 

MMO, and A9 desaturase, the characteristic four helix cluster contains two copies of the 

conserved (D/E)ExxH motif that contributes the two His and four Asp/Glu ligands124. In 

Hr, in contrast, a different pattern of ligation is seen, in which there are five His ligands 

and two carboxylates that coordinate the two iron atoms . In PAP, which is structurally 

unique among di-iron proteins, three His ligands, two Asp ligands, one Asn and one Tyr 

coordinate the di-iron site210. The di-iron coordination in MIOX uses a different 

combination of His and carboxylate ligands again, with four His and two Asp (Figure 5.4). 

The higher proportion of negatively charged carboxylate ligands in RNR and MMO may 

enable these enzymes to stabilise intermediates that involve higher oxidation states such as 

Fe(IV)/Fe(IV)124’ 188. The smaller number of negatively charged ligands in MIOX, as in 

Hr, may mean that only lower oxidation state intermediates are accessible, such as the 

proposed (superoxo)Fe(III)/Fe(III) intermediate123.
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All di-iron proteins studied to date have been shown to contain a di-iron bridging p-oxo, 

hydroxo or aquo species, as well as at least one bridging carboxylate ligand . The exact 

nature of this former bridging species is difficult to determine through crystallography, but 

can be established by spectroscopic studies, for example using Mossbauer and Raman 

spectroscopy225. The MIOX structure contains a water-derived species, found to bridge the 

di-iron centre, which had strong positive difference density in a biased-removed OMIT 

map contoured at 7 o (Figure 4.11). Given the time taken for crystallisation and the fact 

that L-cysteine was not added to the crystallisation solutions, it is likely that the MIOX 

structure determined in the present work represents the Fe(III)/Fe(III) form. Assuming that 

both irons in the MIOX structure are Fe(III), the net charge would be 4+, where the 6+ of 

the metal ions are counter-balanced by only 2- from the protein ligands (two Asp and four 

His). This high net positive charge suggests that the bridging species is a hydroxo opposed 

to an aquo species. This interpretation is supported by the observed bond lengths (Table 

5.2A), because the Fe-OW304 bond lengths are 2.0 A, significantly greater than 1.8 A 

expected for a p-oxo species226. Finally, the likely hydrogen bond interaction between 

Asp253 and OW304 also argues that it is a hydroxo, not an oxo species (Figure 5.4). 

Similar to all other di-iron proteins characterised thus far, the di-iron centre in MIOX 

harbours a bridging carboxylate, Asp 124. Mutation of this bridging carboxylate to Ala 

(MIOXd,24A) led to a colourless inactive protein (Figure 6.5), supporting that this residue is 

important for coordinating the di-iron centre in MIOX, and critical in enzyme activity.

The two Fe ions in MIOX, assumed to be in the oxidized state, are separated by 3.65 A, 

further apart than that observed in the fully oxidized RNR (3.4 A) and MMO (3.1 A)225. 

These latter two di-iron oxygenases are known to undergo carboxylate shifts of their 

bridging Glu ligand to become monodentate during their conversion to the fully reduced 

di-iron state, causing the Fe-Fe distances to increase to 3.9 A and 3.3 A, respectively225. 

Alternatively, in the deoxy-, oxy-, and met- forms of Hr, the Fe-Fe distance is restrained 

between 3.2-3.3 A due to the relative inflexibility of its di-iron bridging Asp ligand such 

that no carboxylate shifts are observed, and the bridging Asp ligand remains in a bidentate 

mode225. In the oxy-Hr, O2 binds to the only available coordination site, at one of the iron 

atoms, whereas in oxidized MMO, O2 bridges the di-iron centre225. The use of Asp 

residues in MIOX, rather than the more flexible Glu ligands, as observed with RNR and 

MMO, suggests that, similar to Hr, MIOX has a relatively rigid di-iron centre that does not 

undergo carboxylate shifts during the transition from oxidized to the mixed and reduced
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state. This di-iron site in MIOX is also well stabilised through a complex network of 

hydrogen bonds (Table 5.2C).

7.4.3.3 The substrate binding site

The orientation of the MI substrate in MIOX is unequivocal due to its well defined electron 

density (Figure 4.9). MI binds in a bidentate fashion to Fe2 through the hydroxyl groups 

of Cl and C6 and is further coordinated through hydrogen bond interactions with the 

sidechains of Asp85, Ser87, Asp88, Lysl27, Aspl42 and Ser221, and a number of water 

molecules (Figure 5.6). The substrate binding residues observed in the MIOX structure are 

completely invariant in all 40 putative MIOX sequences, except for one species where a 

Phe is substituted for Ser221 (Appendix IV). This conservation highlights the importance 

of these residues in enzyme function.

To the best of our knowledge, the structure of MIOX represents the first crystallographic 

evidence of bidentate substrate binding to a single iron atom of a dinuclear site. The 

observed mode of MI binding, furthermore, is different from the mode of substrate binding 

proposed by Xing et al.n3. The authors demonstrated a diminished spread of the g values 

for the Fe(II)/Fe(III)-MI state of MIOX (-1.95, -1.81, -1.81) compared to the 

Fe(II)/Fe(III) state of MIOX (-1.95, -1.66, -1.66), and suggested this could be due to a 

strengthing of the exchange coupling between the two iron ions upon MI binding. To 

explain this observation, the authors suggested that MI may bind directly to the di-iron 

centre of MIOX, with the hydroxyl group of Cl bridging the two iron atoms (Figure 1.12); 

the bridging alkoxide from MI could provide a more efficient pathway for super-exchange 

than the bridging ligands in substrate-free MIOX. Furthermore, they speculated that this 

mode of coordination of MI would allow abstraction of the hydrogen from Cl in MI by the 

(superoxo)Fe(III)/Fe(III) intermediate. Since MI does not bridge the di-iron centre, how 

then do we explain the increased exchange coupling when it binds? The most likely 

explanation is that the bridging hydroxo species may not bind or is converted to an aquo 

species in the substrate-free state, leading to a decreased exchange coupling between the 

two metal ions.

The MIOXKI27A, MIOX°85A, MIOX°142A and MIOXS221A mutants had virtually no MIOX 

activity, showing that these substrate interactions are necessary for normal enzymatic 
function (Figure 6.5). The MIOX8S7A mutant, however, still retained 75% and 42% activity
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towards MI and DCI, respectively. In agreement with this result, MIOX retained 85% 

activity towards 3-Deoxy DCI (Figure 3.34), yet was virtually inactive towards the 4- 

Deoxy DCI and 5-Deoxy DCI substrate analogues. This suggests that the interaction 

between the C3 hydroxyl group of inositol with Ser87 of MIOX is not critical for substrate 

specificity and activity. The greater effect of the MIOXSS7A mutant on activity towards DCI 

is puzzling, however. The only difference between DCI and MI is in the configuration at 

C3, with MI having an equatorial hydroxyl and DCI an axial hydroxyl at this position 

(Appendix III). In the proposed DCI binding configuration, the axial C3 hydroxyl would 

not hydrogen bond to Ser87, but is instead oriented towards Lys257 and Asp88 (Figure 

5.7). The reduced activity of the MIOXSS7A mutant towards DCI is, therefore, difficult to 

rationalise. Two possibilities present themselves. First, DCI may not bind to MIOX in the 

proposed orientation; however, given the structural similarity of MI and DCI it is highly 

likely that the binding mode is correct. Secondly, and our favoured hypothesis, the loss of 

Ser87 would disrupt the limited intra-hydrogen bond network in the Q-loop, inflicting 

secondary effects on substrate binding/catalysis, particularly with the interactions 
involving Asp85. Structural analysis of a DCI-MIOX complex and the MIOXSfi7A mutant 

structure would help comprehend this unexpected result, and, importantly, would clarify 

the origin of the dual specificity of MIOX towards both MI and DCI.

Enzymatic assays showed that MIOX has little, if any, activity towards LCI. Native- 

PAGE analysis also revealed that LCI did not lead to a shift in the intensities of the doublet 

band as observed with MI and DCI, suggesting that LCI did not bind to MIOX. Therefore, 

modelling of LCI into the active-site seemed counter-productive. If LCI does bind, the 

mode of interaction could similarly be observed through a LCI-MIOX structure.

7.4.4 The N-terminus of MIOX

Previous studies have demonstrated the formation of a 30 kDa, truncated form of MIOX 

which is catalytically inactive. In the present work, this 30 kDa truncated MIOX was 

formed during prolonged storage and could also be produced by limited proteolysis with 

trypsin (Figure 3.22 and 3.21, respectively). The latter was shown to correspond to a form 

in which the N-terminal 30 residues had been cleaved off. Our studies showed that trypsin 

cleavage was substantially reduced when MIOX was pre-incubated with MI, presumably 

as a result of substrate-induced conformational change that reduced access to the cleavage 

site (Figure 3.32). The structure of the MI0X:MI complex showed that the Arg29
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sidechain stabilises the active-site by forming a hydrogen bond network with Tyr31, 

Aspl42, OW66 and OW40 (Figure 5.10). In the absence of MI, the rate of trypsin 

cleavage at Arg29 was much greater, suggesting that Arg29 was more exposed to the 

solvent, probably due to its dissociation from this internal hydrogen bond network. 

Calculations of the solvent-accessible surface of MIOX show the existence of a direct 

channel to the MIOX active-site. This channel is covered by the sidechain of Arg29, 

suggesting that this residue, and possibly the surrounding residues, may act as an active- 

site “latch”, allosterically regulating MIOX activity by opening and closing during 

catalytic turnover. In our structure, it is evident that this latch is closed in the substrate 

bound state. Similar structural “latches” (or “flaps”) have been observed in D-amino acid 

oxidase ’ , cholesterol oxidase , and pancreatic lipase , where they have been shown

to control the active-site accessibility. Mattevi et al. hypothesised that this “flap” in D- 

amino acid oxidase was important in substrate specificity and controlled the rate of 

catalytic turnover227. If the latch in MIOX is involved in a similar role, its removal by 

proteolysis would have deleterious effects on enzyme function. The active-site “flap” in 

pancreatic lipase was suggested to prevent protein aggregation caused by exposure of the 

internal hydrophobic active-site230. The lack of residues 1-30, as observed in the truncated 

form of MIOX, may expose the hydrophobic core of MIOX, such that it dimerises to cover 

this exposed region. As the tMIOX827 mutant was not expressed and purified, its activity 

could not be compared to tMIOXY31. If tMIOXS27 has significantly higher activity than 

tMIOX131, it could be assumed that the latch is critical for MIOX activity whereas the 

former 27 residues, harbouring the putative NADPH binding motif, are not.

Even with bound MI, the N-terminal 28 residues were disordered in the MIOX structure, 

highlighting its apparent flexibility. This region harbours the putative NADPH binding 

motif (MAKS) identified by Yang et al., however the role of this tetrapeptide sequence in 

MIOX, if any, remains unclear. The N-terminal 28 residues of MIOX may, however, be 

involved in protein-protein interactions in the previously reported multi-protein 

complex115. Such interactions could significantly improve the stability of the N-terminus, 

such that the observed in vitro degradation ofMIOX would be unlikely to occur in tissues.
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7.4.5 Possible functions of a water channel and allosteric binding site in 

MIOX

The function of the observed water channel in MIOX is unclear. Its continuous path 

through the enzyme (Figure 5.11), passing under the polypeptide chain residues 140-142 at 

the active-site, suggests that it could have an important role in enzyme mechanism. This 

water channel could constitute an access channel for molecular oxygen, required in 

catalysis, or act as a disposal system for byproducts of the reaction, such as H2O2 or H2O. 

There does not seem to be a direct link between OW305, the proposed site of oxygen 

binding, to the water channel. It is possible, however, that a number of poorly ordered 

waters were not modelled, such that the connection to the active-site was not clearly 

defined. A similar water channel has been reported in the crystal structure of fungal 

laccase from Cerrena maxima, where it is involved in O2 transport from the protein surface 

to the active-site231. An understanding of this water channel in MIOX may help to provide 

critical details of the MIOX mechanism including supply of O2 and removal of reaction 

byproducts.

Believed to be an artefact of crystallisation, the formate ion is found in an internal pocket 

between three sections of polypeptide chain (residues 50-53, 146-150 and 164-167), within 

the extended series of loops in MIOX (Figure 5.9). The strong conservation of residues 

surrounding the formate ion, Gln51, Prol45, Glyl47, Cysl48, Asnl64, Aspl66 and 

Tyr231, with Gly 147 hydrogen bonding to the formate ion, implies that this binding pocket 

has an important function. MIOX has been suggested to pass acyclic DGA, the product of 
the MIOX reaction, directly to glucuronate reductase in a multi-protein complex115. 

Therefore, DGA must occupy a site in MIOX from which it can be captured by the 

reductase. The close vicinity of the formate binding pocket to the protein surface suggests 

this to be an attractive position for DGA to sit. Analysis of the internal surfaces of MIOX 

reveals that, apart from the active-site, this binding pocket is the only one of substantial 

size, which is considerably larger than formate itself, and could potentially harbour a 

molecule as large as DGA. It is also possible that DGA binding at this site may inhibit 

MIOX through a negative feedback mechanism. Preliminary kinetic data on this 

recombinant mouse MIOX has suggested that DGA does allosterically inhibit enzyme 

activity (collaborative communication, not published). This has been observed, for 

example, in diguanylate cyclase, where the reaction product binds into a pocket distant

206



from the active-site, leading to feedback inhibition232. The complex formation between 

MIOX and glucuronate reductase would, however, presumably prevent feedback inhibition 

by efficiently relaying DGA to the reductase.

7.4.6 Mechanistic implications

The catalytic cycle for MIOX is novel amongst di-iron oxygenases as it carries out a full 4- 

electron oxidation of its substrate, returning to its Fe(II)/Fe(III) active state without need 
for an external reductant, such as NADPH121’ 126. All di-iron oxygenases that have been 

characterised mechanistically have been shown to involve activation of O2 from the fully 

reduced Fe(II)/Fe(II) state129’188; 233; 234; 235. Thus, the use of the mixed valent Fe(II)/Fe(III) 

state of MIOX as its resting state separates it mechanistically from other di-iron 

oxygenases125. The oxidized Fe(III)/Fe(III) state of MIOX has been shown to be 

inactive125 but can be converted to the active Fe(II)/Fe(III) state by reduction with L- 

cysteine. This is consistent with our Orcinol assay results which showed that MIOX had ~ 

50% activity when only Fe2+ was added (Figure 3.34). This suggested that much of the 

MIOX in the assay solution was in the Fe(III)/Fe(III) state, but could be fully activated by 

addition of F-cysteine, which presumably converted MIOX to the mixed valent 

Fe(II)/Fe(III) state.

Recent spectroscopic studies on MIOX have identified a key intermediate G which is 

believed to be a (superoxo)Fe(III)/Fe(III) species that forms after substrate and dioxygen 

binding126. This MIOX intermediate is believed to abstract the Cl hydrogen of MI, 

thereby leading to cleavage of the Cl-H bond and resulting in the formation of a probable 

(hydroperoxo)Fe(III)/Fe(III) species126. Xing et al. proposed two possible pathways by 

which the (hydroperoxo)Fe(III)/Fe(III) species proceeds to allow catalytic turnover of 

DGA126. Firstly, the intact hydroperoxo unit could be transferred to the substrate Cl 

radical, followed by deprotonation of the C6 hydroxyl by a base to give an aldehyde at this 

position. This would allow breakdown of the hydroperoxy moiety with concomitant 

breakage of the C1-C6 bond125’ 126. A more unlikely alternative is that the 

(hydroperoxo)Fe(III)/Fe(III) species proceeds to a higher valency Fe(IV)/Fe(V) species 

where a gem-diol(ate)intermediate would be formed by hydroxylation. The authors did not 

wish to further speculate as to the possible mechanism without verification of the substrate 

binding mode through X-ray crystallographic analysis.
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wereSerendipitously, the three mechanistic studies of MIOX by Xing et al)22’ 125, 126 

published just as this MIOX structure was nearing completion. The structure illuminates 

several key points in regards to the MIOX mechanism. Although the structure confirms 

that MI does bind directly to the di-iron moiety, as was deduced from substrate-induced 

spectroscopic changes123, the binding mode is fundamentally different from that suggested. 

Rather than bridging the two iron atoms via a (l-alkoxide bridge, as proposed, MI binds in 

bidentate mode to Fe2 through its Cl and C6 hydroxyl groups (Figure 5.6). This binding 
mode has major implications for the catalytic mechanism proposed by Xing et al)26, as 

discussed below.

The EPR spectra of the (superoxo)Fe(III)/Fe(III) intermediate G imply that oxygen binds 

to a single iron and not as a bridging species126. Since no free coordination position exists 

on Fe2 for oxygen binding, we suggest that oxygen must, therefore, bind to Fel by 
displacement of the terminal water ligand, OW305111. Oxygen has been shown to displace 

water ligands in other iron-dependent oxygenases. Ligand displacement is unlikely 

because all the His and Asp ligands are strongly supported by hydrogen bonds (Section 

5.3.1). Likewise this, and the use of less flexible Asp ligands in MIOX, rather than Glu, 

means that the carboxylate shifts that are observed in RNR and MMO are unlikely to occur 

in MIOX. It is possible that the bridging hydroxo species is displaced by molecular 

oxygen, but it is much more likely that the terminal water is displaced, as previously 

proposed126. Given this oxygen displacement at Fel does occur, the role of Fel is oxygen 

binding whereas the role of Fe2 is substrate binding111.

The substrate binding mode strongly supports the proposed C-H cleavage mechanism126. 

The Cl hydrogen is oriented towards the terminal water OW305 on Fel (Figure 7.1 A), and 

is only 2.8 A from it. Assuming that oxygen displaces OW305, the 

(superoxo)Fe(III)/Fe(III) species would be ideally placed to abstract the Cl hydrogen 

(Figure 7.IB). We modelled di-oxygen with end-on coordination where it fits well in this 

orientation, adjacent to MI111. This has been previously observed in a 

(superoxo)Fe(III)/Fe(III) complex formed by addition of O2 to a Fe(II)/Fe(III) inorganic 

complex, most likely in an end-on fashion to one Fe(II) atom236. Xing et al. suggested 

that, although less likely, oxygen could also bind in a side-on coordination , yet this does 

not fit as well in the MIOX structure as end-on oxygen binding. The MI binding mode 

clearly activates the substrate for attack. With four His ligands and two Asp ligands, the
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Fe(II)/Fe(III) site has a formal net positive charge of 2+ or 3+, depending on whether the 

bridging species is a hydroxo opposed to an aquo species111. The coordination of the Cl 

hydroxyl to iron, and its strong hydrogen bond with the e-amino group of Lysl27 (2.6 A), 

will promote ionization of the Cl hydroxyl and help activate the Cl-H bond for 

cleavage111. Mutation of Lysl27 to Ala abolished activity, consistent with this role (Figure 

6.5). The C6 hydroxyl must also be deprotonated prior to formation of the C6 aldehyde . 

This may also be assisted by the bidentate iron coordination, with the proton taken by the 

hydroxide from the hydroperoxy unit or by the bridging hydroxo species (OW304), 3.0 A 

away from 06; this bridging species could act as a catalytic base, assisted by the non- 

coordinated carboxylate oxygen of Asp253, to which it is hydrogen bonded.
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A

Figure 7.1 Mechanistic aspects of MIOX catalysis

A) A partially transparent oxygen molecule is modelled in an end-on fashion on top of 
OW305. As only Fel has a free coordination position, 02 must bind terminally to Fel. This 
positions O2 at 2.8 A distance from the Cl-H of MI (shown in grey), in perfect position for H 
abstraction by the (superoxo)Fe(III)/Fe(III) species. Lysl27 forms a strong hydrogen bond 
(2.6 A) with the oxygen of Cl which helps to ionize the hydroxyl group of Cl and activate the 
Cl-Hfor abstraction. The 06 of MI is 3.0 A from OW304, which may act as a catalytic base 
during the reaction. B) The (superoxo)Fe(III)/Fe(III) species, formed by replacement of the 
terminal water on Fel by an oxygen molecule. The Cl-H bond is homolytically cleaved by 
the (superoxo)Fe(III)/Fe(III) species to give the radical MI species observed in (ii). The 
radical MI accepts the superoxo adduct at Cl, forming the hydroperoxy derivative in (Hi). 
The C6 aldehyde is formed, possibly aided by the bridging hydroxide. This would allow 
breakdown of the hydroperoxy moiety with concomitant breakage of the C1-C6 to give DGA 
(iv). Figure 7.1 B adapted from Xing et al., 2006126, reproduced from Brown et al., 2006'".
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Understanding all the changes that occur at the di-iron centre during the catalytic cycle will 

require multiple crystal structures, for different states, as has been elegantly demonstrated 

for MMO237. Here, the authors illustrate that MMO undergo two carboxylate shifts during 

conversion from the reduced to oxidized form, leading to decreased coordination at Fe2, 

and hence increased flexibility at this site opposed to that of Fel, which remains 

octahedrally coordinated in each form. Those changes that do occur in MIOX will likely 

involve the bridging species, especially the water/hydroxide. Binding of MI not only 

activates the substrate for attack, but also conditions the di-iron cluster for oxygen 

activation. The observed increase in Fe-Fe exchange coupling that accompanies MI 

binding123 may result from conversion of bridging water to hydroxide. It is also possible 

that in the absence of substrate this aquo species does not bridge, and that an additional 

consequence of MI binding is to bring the two iron atoms closer together.

7.5 Structure guided inhibitor design

Both MI and DCI have been identified as components in inositol phosphoglycans51, which 

are important insulin signaling molecules. The observed correlation between 

hyperglycaemia and MI/DCI depletion ’ ’ ’ may be due to the observed upregulation 

of MIOX in this state60’ 64, which may be a determining factor in insulin resistance. 

Therefore, inhibitors of MIOX may prevent the increased loss of inositols resulting from 

MIOX over- activity during hyperglycaemia, and could therefore be used as a therapy to 

oppose insulin resistance.

A number of approaches can be taken in order to design inhibitors of MIOX. A rational 

approach would initially use the structural and biochemical knowledge of MIOX to design 

non-cleavable substrate analogues which would effectively bind to and block the protein 

active-site. Previous studies have already shown that a substrate intermediate of MIOX, L- 

/zzyo-inosose-l, is a competitive inhibitor of MIOX (Kx - 62 pM)122. Therefore, this 

represents a suitable starting point for inhibitor design. The MIOX active-site architecture 

and its binding pocket also suggest various positions on a non-cleavable MI/DCI analogue 

which could be altered to increase binding and specificity. One attractive position for 

derivatisation would be at Cl of MI, with an added group that occupies the terminal water 

position at Fel, which could prevent the binding of molecular oxygen utilised during 

MIOX catalytic reaction. It is possible, however, that alterations at this position may
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actually prevent inhibitor binding. The substrate binding cavity is considerably larger in 

size than the MI substrate, and includes a number of water molecules (Figure 7.2). 

Specifically, the cavity extends past C3 of MI towards the protein surface (and the putative 

substrate entrance) and past C2 of MI. The cavity also extends upwards above the 

substrate, presumably allowing for the dual specificity of MIOX towards both MI and DCI. 

Substituents on the C2 and C3 positions may therefore displace these waters, and instead 

allow interactions with various protein groups which should increase ligand binding 

affinity and specificity.

Figure 7.2 The substrate binding pocket in MIOX

MI binds into the active-site pocket which extends past C3 of MI towards the protein surface 
(likely to be the substrate entrance blocked by the Arg29 “flap ”). The cavity also extends 
past C2 of MI towards two water molecules, and upwards above the inositol ring towards 
Lys25 7, believed to be responsible for interaction with the C3 hydroxyl group in DCI.

An alternative approach to inhibitor design would utilise a fragment-based screening 

method to find small molecules that bind to MIOX. This initial method of finding 

promising “hits” has been used to develop a family of PDE inhibitors . Ligand binding 

modes and activity effects could then be determined through protein-inhibitor structure 

determination and activity assays, respectively. Structural analysis of inhibitor complexes 

could then guide optimisation of a promising inhibitor by introducing new interactions that 

improve potency (e.g. below K\ < 10 nM) and specificity.
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7.6 Conclusion

This work has developed new methods to recombinantly produce both FN3K-RP and 

MIOX with a significantly greater yield and purity than any previous study to date. High 

protein yield and purity is extremely beneficial for protein characterisation, and provides 

an important source of protein for crystallisation studies. Therefore, this work has laid 

groundwork for further research and analysis of both of these enzymes implicated in 

diabetes mellitus.

The most significant result from this thesis has been the determination of the crystal 

structure of MIOX in complex with its physiological substrate, zzzyo-inositol. The overall 

protein structure and its di-iron and substrate-binding sites have been elucidated, providing 

key details relevant to its novel enzymatic mechanism. The observation that MI binds to 

MIOX in a bidentate bridging mode to Fe2 through the hydroxyl groups of Cl and C6, 

corrects the previous proposal in which the hydroxyl group of Cl bridges between the two 

iron atoms. Site-directed mutagenic studies have helped understand the function of 

residues Asp85, Ser87, Lysl27, Aspl42 and Ser221, and have shown that the bridging 

carboxylate, a key feature in di-iron proteins, is required for activity. The dual specificity 

of MIOX towards MI and DCI was rationalised based on structural modelling, coupled 

with activity analysis of MIOX mutants and inositol analogues. Similarly, a truncation 

mutant highlighted that the N-terminal region is required for activity; here we hypothesise 

that Arg29 is involved in a “latch” that controls access to the active-site. Removal of this 

“latch” and the surrounding N-terminal region seems to affect the monomeric stability of 

MIOX, possibly by exposing the hydrophobic core of MIOX. A water channel and second 

binding pocket in MIOX have also been detected, and may have functional importance in 

MIOX.

MIOX is a di-iron oxygenase, but the structural analysis shows that its di-iron binding 

residues are distinct from other characterised di-iron proteins. Structurally, MIOX belongs 

to a protein family distinct from those of other di-iron oxygenases, i.e. the HD-domain 

protein family, which shares a conserved fold and metal-binding residues with MIOX. 

This classification of MIOX expands the known repertoire of HD-domain proteins beyond 

phosphohydrolase activity to include oxygenase C-C bond cleavage, as observed in the 

conversion of MI to DGA. The conserved set of metal-binding residues in HD-domain
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proteins supports the view that these proteins share a common, but very distant, ancestor 

but have maintained their structural core and critical metal-binding residues in order to 

carry out an array of functions.

Inositols are metabolites that cany out an wide assortment of important functions within 

the body238. Given MIOX is the only enzyme that is able to catabolise the breakdown of 

inositols, a structural understanding of MIOX gives new insight into their regulation. The 

structure of MIOX, therefore, represents a breakthrough in understanding its role in 

inositol regulation in both the normal and diabetic state. It has also provided a basis for 

inhibitor design, which may lead to the development of a clinical drug to oppose diabetes 

mellitus and its complications.
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Appendix I

Supplementary data collection statistics

Crystal name Hg inflection 
point (xtl 1)

Fe inflection 
point (xtl 2)

Data collection parameters
Synchrotron ESRF ESRF
Detector type ADSC

Quantum-210
ADSC

Quantum-210
X-ray source ID29 ID29
Oscillation angle (°) 1 1
Temperature (K) 210 210
Wavelength (A) 1.0062 1.7389

Data processing statistics
Space group />2,2,2,
Unit cell lengths (A) a=44.84,

b=77.22,
c=84.71

a=44.56,
b=77.24,
c=85.94

Unit cell angles (deg.) a=p=y=90
Resolution range (A) 57-2.6 (2.8-2.6) 57-2.8 (3.0-2.8)
Total reflections 65880 (9728) 25867 (3657)
Unique reflections 9558(1372) 7460 (1054)
Completeness 100.0(100.0) 97.0 (95.7)
Overall B factor (A2) 30.6 62.4
Multiplicity 7.0 3.5
Mean (I/o) 22.1 (7.3) 14.5 (3.7)
R-merge 0.062 (0.226) 0.067 (0.351)

Table 8.1 Data collection statistics used during phasing experiments

Crystal 1 and crystal 2 were collected at the inflection point for Hg and Fe, respectively. 
This data were used for the initial Hg-MAD and Fe-MAD phasing experiments to locate Hg 
and Fe sites, respectively (Section 4.4.1 and Section 4.4.2). They were not used, however, 
for the final SAD/SIRAS phasing experiment (Section 4.4.3) due to significant radiation 
damage that occured during data collection.
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Appendix II

AutoSHARP phasing statistics

Method Res
limits
(A)

SHARP statistics DM Hand
score

original/
inverse

Phasing power R-cullis

Hg
Ano

Hg
Iso

Fe
Ano

Fe
Iso

Hg
Ano

Hg
Iso

Fe
Ano

Fe
Iso

FOM FOM

MAD
(Hg)

2.60 2.35
(1.11)

1.41
(0.71)

- - 0.60
(0.87)

0.89
(0.99)

- - 0.54
(0.38)

0.73 1.21/0.79

MAD
(Fe)

3.60 - - 0.94
(0.61)

0.80
(0.50)

- - 0.84
(0.94)

0.80
(0.84)

0.44
(0.28)

0.75 0.53/0.38

SAD/
SIRAS

2.35 1.06
(0.21)

1.54
(0.77)

0.41
(0.11)

0.33
(0.13)

0.65
(0.99)

0.61
(0.84)

0.99
(1.00)

0.83
(1-18)

0.45
(0.155)

0.87 0.72/0.23

SAD/
SIRAS

2.00 1.05
(0.19)

1.08
(0.26)

0.30
(0.14)

0.28
(0.09)

0.76
(1.00)

0.83
(0.95)

0.99
(1.00)

0.91
(0.96)

0.28
(0.117)

0.85 0.57/0.26

Table 8.2 AutoSHARP phasing analysis

The experimental details including the phasing method, resolution limits and the statistical 
analyses provided by AutoSHARP are provided. The phasing power, RCuiiis and FOM are 
shown which illustrates how phasing of the MIOX structure was ultimately accomplished 
using a SAD/SIRAS approach utilising three isomorphous crystals (See section 4.4 for 
details). The phases were recalculated to 2.0 A when the SSRL data became available, which 
provided significantly better experimental maps to allow completion of the model.
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Appendix III

i

Chemical structures

2 3 4

Ml L-myo inosose-1 DCI LCI

5

4-Deoxy-DCI

7 8

OH OH

5-Deoxy-DCI 5-O-Butyl-DCI4-O-Butyl-DCI

9 10 11

D-glucuronic acid L-gulonic acid 3-Dehydro L-gulonic acid
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HO

15

JDH

HO'
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OH

16

xylitol

17

OH

HO

HO

D-xylulose

OH

18

OH
HO 

\ XO
„oAo

OH

OH

D-xylulose-5-phosphate

19

H2

H I

HO------C------ H
I
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I
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I

ch2oh

20

H2

H I
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I

H------C----- OH
I
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I

ch2oh

21

H2

H I
H C-----OH

I
H----- C----- OH

I
ch2oh

Fructosamine Psicosamine Ribulosamine

22 23

H------C-------- p
I

c=o
I

ch2

H C OH
I

H C OH
I

ch2oh

DMF 3-Deoxy-glucosone

Figure 8.1 Chemical structures referred to in this thesis

Structures 1-11 are the inositols and inositol analogues used during MIOX activity analysis. 
Structures 5-10 are numbered according to DCI, as they are DCI analogues. Compound 11 
is an LCI analogue, and is numbered according to LCI. Structures 12-18 are the 
glucuronate-xylulose pathway intermediates observed following MI/DCI catabolism. 
Structures 19-22 are the ketosamines/ketosamine analogues which are substrates of FN3K 
or FN3K-RP. Structure 23 is 3-Deoxy-glucosone, a product which forms following the 
FN3K/FN3K-RP deglycosylation pathway.
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Appendix IV

Sequence alignment of 40 putative MIOX sequences
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(2)

M.musculus 
H.sapiens 
R.norvegicus
R. norvegicus
B. taurus 
D.rerio
S. scrofa
C. familiaris 
P.pygmaeus 
A.mellifera 
X.laevis
T. nigraviridis 
A. gambiae
D. melanogaster 
C.briggsae

. sa ti va
A. thaliana 
P.radiata 
C.necformans 
A.fumigatusgi 
S,lactativoragi 
G.zeaegi 
A.oryzaegi 
P.chrysosporium 
C. immitisgi 
C.immitis 
C. globosum 
N. crassa
C. albicans
M. grisea
K. lactis
A.gossypii
D. hansenii 
U .may dis
C. gloesporioides 
S .purpuratus 
F. johnsoniae

usitatus
N. puncti forme 
F. bacterium

1
1
1
1

61
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

--------------------------------------------------------MKVDVGPDPSLVYRPDVDPEM----------------------
--------------------------------------------------------MKVTVGPDPSLVYRPDVDPEV----------------------
--------------------------------------------------------MKVTVGPDPSLVYRPDVDPEV----------------------
--------------------------------------------------------MKVDLGPDPSLVYRPDVDPEM----------------------
PGGPQGCGAQCPPPDPPAGPLFLPLAQAINLALDPDPSLVSQRDMEPEA---------------------
----------------------------------------------------------------MGPDPSLAYRP—ECH------------------------
--------------------------------------------------------------MKDPDPSQVYRPDMDPEA----------------------
--------------------------------------------------------MKVAVGPDPSLVYRPDMDPEK----------------------
--------------------------------------------------------MKVTVGPDPSLVYRPDVDPEM----------------------
--------------------------------------- MSTQTLLQPRQARILDPSDKYRPE-PVYA----------------------
----------------------------------------------------------MKIIQLDPSLTYRP----------------------------------
--------------------------------------------------------MKILLGPDPSLAYRPNVEKE------------------------
-------------------------------------------------------------------------------- LRPE-PKFV----------------------
--------------------  MRILAENQVQLLDPSELMRPE-PTFA----------------------
--------------------------------------------------------------------------------MKLENNVSY----------------------
--------- MTITIEQP----- HLDAIADRKVAGGGGGDNAAELVLDGG—FWPD--------------------
--------- MNISVENPVFVHEDSTTQKTGELRLDSDIPMSKISS DDEVFLAPE-------------------

----------------------------- MH APEINNH IKGEAVKLDKVS DEIDEVNVLKLKQKDAVEKTQAE-
--------- MAPVAMS SEPAVFNTKRD---------GHALEDLS DAIDTVNLLKNEMKKE----------------
------- MASPAAVATMTEPALIRTD------- EGNKLEITDENVLAVNVLKSQLQDE----------------
--------- MAPGAVIDDFSSHDG----------------- QALEVLSDKIDDVNVIK----------------------------
--------- MAPVAVAPETPVFNTKRD---------GQALEETSDAIDTVNVLKQNIKQDD--------------
----------------------------- MI PPPS-----------QWDLEEVSDAIDEVNKLKSAR----------------------
--------- MAPGWYT------- WGKPS---------PRELEDLCDEIDAVNAYQ-------- AKE-------------
--------- MAPELLLET------- NLVPT--------- GHQLENVSDNIDTVNELKASLKQTD--------------
--------- MA—AMVDVRPFHRD---------------GAALEAISDAVDTVNILKH--------------------------
--------- MAPSATYPIISTTHS---------------GADLEAISDAVDEINVLKFKAAQQVTEILNDN
------- MVNKVGKSTLDKSTNLDKS------- KGNILEKLDDDILHVNRIRGSLTNKTPITKTHS

--------------------- MSKDLGEIIHSD-------KGHLLELIDEDVQSINVIKTKLREQSK------------
----- MFNSKAAGVAVSASGHIHTD-------QGHILEQIDEDVQSVNAFKTRLKNSAHGSGVAE
------- MLVKQGIGKVKKDVIPQKVTKAEEGPLLEKIDNEVTLVNQLKGNIKNK---------------
—MAPIAVDPVMMATMPAAKTLTSVTTKGTAMDAISDMVDEVNVYRGTHPCAPQPCSEDD

--------- MKKHID----------- TDNPLK-
-------------------------------mgtah-
--------- MSQILQNFIKQAQYNPLH-

•NLDEWEDDLLMRYPDPSEVNESL-------------
■NLDQWDEFVEERYD-------------------------------
■SLEEWEEDLLNRYPDPHSIVK-----------------

consensus

M. musculus 
H. sapiens
R.norvegicus
R. norvegicus (2)
B. taurus
D.rerio
S. scrofa
C. familiaris 
P. pygmaeus 
A.mellifera 
X. laevis
T. nigroviridis 
A. gambiae
D. melanogaster 
C.briggsae
O. sativa
A. thaliana
P. radiata
C. neo formans 
A.fumigatusgi 
S.lactativoragi 
G.zeaegi 
A.oryzaegi 
P. chrysosporium 
C. immitisgi 
C. immitis 
C. globosum
N. crassa
C. albicans
M. grisea
K. lactis
A.gossypii
D. hansenii
U. may di 3
C.gloesporioides 
S.purpuratus 
F. johnsoniae 
S.usitatus
N. puncti forme 
F.bacterium 
consensus

---------------------------------------------------------------------------------- AKSKDSFRNYT----- SGPLL
22---------------------------------------------------------------------------------- AKDKASFRNYT SGPLL
22---------------------------------------------------------------------------------- AKDKASFRNYT SGPLL
22---------------------------------------------------------------------------------- AKSKGSFRNYT SGPLL

110---------------------------------------------------------------------------------- AKDKDSFRNYT SGPLL
15---------------------------------------------------------------------------------- EKDKTEFRNFE NGDLF
19 ---------------------------------------------------------------------------------- AKDKGSFRNYT SGPLL
22---------------------------------------------------------------------------------- AKDKGSFRNYE AGPLL
22---------------------------------------------------------------------------------- AKDKASFRNYT SGPLL
29-----------------------------------------------------------------------------------GKLKREFRDYSEDRNDPVK
15---------------------------------------------------------------------------------- EPENHQYRNYK DCPLL
21-----------------------------------------------------------------------------------TKEKEEYRNFE SGALF
9-----------------------------------------------------------------------------------DKEVSKFRDYTVDETDPLK

26-----------------------------------------------------------------------------------DKNPSKFRDYSMDTTDPLK
10-----------------------------------------------------------------------------------ESDGKTYRLYDVTAEDPIQ
41 -------------------------------------------------------------------------------- SNAFGNAFRNY—EAESERK
4 6-------------------------------------------------------------------------------- MNAFGRQFRDYT-DTNSERQ
1-------------------------------------------------------------------------------------------------------------------------

45----------------------------------------------------------- IDYDLASKFDQEKDKAAFRQYE-EACD------
4 3------------------------------------------------------------- RGLYDESEFDKNKDKTQFRQYE-DACD----
4 5--------------------------------------------------------------- KWKSESKFDSEKDKTQFRKYE-EACD----
33----------------------------------------------------------------- YDESSKFDKEKDKNTFRQYA-DATD----
4 4 ------------------------------------------------------------KDIYAESEFDKNKDKTKFRQYE-DACD------
29--------------------------------------------------------------- SWNDGSDFDAGKDKTKFRQYE-AACD----
36----------------------------------------------------------- RDIYQLPQFDQDKDKSQFRRYN-EARD------
40----------------------------------------------------------- GPSQ------ QFGDNKDKSKFRQYE-EACD-----
33-------------- MPTTAE P--------------------------------AFDAAS T FDT DKDKS TFRQYA- DACD------
43 NNNSSVPSSPTSESSSTSHEEEEEEEEEDLGDFDAPSHFDSTKDHSRFRQYT-TAES-----
53 IDDELKLE---------------------------EQSETAADENP7QIASEYYKNIDTKAFRQYE-LACD------
1-------------------------------------------------------------------------------------------------------------------------

4 o----------------------------------------------DPVPSKKRKMNDSTSVLDGINEEDFRQYN-QAKD------
54 TAGDAPAGTEEAAETE-CDTGNEEGQPASKRRKLLRPETEKPISEEDYRQYH-QARQ-----
4 9 ISQNMNEG---------------------------EKKE-------- ETWAAESEYLKTVDVKAFRQYE-LACD------
59-----------------------------------------------------------QAWRTEGSQFDSEKDKDDFRRYE-DALD----
1-------------------------------------------------------------------------------------------------------------------------
1-------------------------------------------------------------------------------------------------------------------------

36------------------------------------------------------------------------------- KEKQKEEFRNYV-DSERV—
20 --------------------------------------------------------------------------------- QNRKTEDFRKYD-DSAP-----
4 0--------------------------------------------------------------------------------- EGKTTQEYRNYE-TPTR----
1------------------------------------------------------------------------------------ MEEKTFRNYE-APDVS —
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M. musculus 38
H. sapiens 38
R.norvegicus 38
R.norvegicus 38
B.taurus 126
D.rerio 31
S.scrofa 35
C.familiaris 38
P.pygmaeus 38
A.mellifera 48
X. laevis 31
T.nigroviridis 37
A.gambiae 28
D.melanogaster 45
C.briggsae 29
0.sativa 59
A.thaliana 65
P.radiata 1
C. neo formans 71
A.fumigatusgi 69
S.lactativoragi 70
G.zeaegi 57
A.oryzaegi 70
P.chrysosporium 54
C.immitisgi 62
C.immitis 63
C.globosum 65
N. crassa 104
C. albicans 95
M. grisea 1
K. lactis 73
A.gossypii 109
D.hansenii 87
U.maydis 86
C.gloesporioides 1
S.purpuratus 1
F. johnsoniae 53
S.usitatus 36
X. puncti forme 56
F. bacterium 16
consensus

M.musculus 96
H. sapiens 96
R. norvegicus 96
Rat.unknown 96
B.taurus 184
D. rerio 89
S.scrofa 93
C.familiaris 96
P-pygmaeus 96
A.mellifera 106
X. laevis 89
T. nigroviridis 95
A.gambiae 86
D.melanogaster 103
C.briggsae 87
0.sativa 117
A.thaliana 123
P.radiata 26
C.neoformans 128
A.fumigatusgi 126
S. lactativoragi 127
G.zeaegi 116
A.oryzaegi 127
P. chrysosporium 111
C.immitisgi 119
C. immitis 120
C. globosum 124
N. crassa 163
C. albicans 152
M. grisea 26
K. lactis 130
A.gossypii 166
D.hansenii 144
U.maydis 143
C.gloesporioides 26
S .purpuratus 58
F. johnsoniae 111
S. usitatus 94
N. puncti forme 114
F.bacterium 73
consensus

DRVFTTYKLMHTHQTVDFVSRKRIQYGS—FSYKKMTIMEAVGMLDDLVDESDPDVDFPN 
DRVFTTYKLMHTHQTVDFVRSKHAQFGG—FSYKKMTVMEAVDLLDGLVDESDPDVDFPN 
DRVFTTYKLMHTHQTVDFVRSKHAQFGS—FSYKKMTVMEAVDMLDDLVDESDPDVDFPN 
DRVFTTYKLMHTHQTVDFVMRKRIQFGS—FSYKKMTVMEAVDMLDDLVDESDPDVDFPN 
DRVFATYKLMHTWQTVDFVRRKHAQFGG—FSYKRMTVMEAVDMLDGLVDESDPDVDFPN 
DRVFNTYKLMHTHQTLDFVKQKHQVWSN—CSHFSLSMMDSIDSLDELVDESDPDVDFPN 
DRVFRTYKLMHTWQTVDFVRKKHAQFGG—FSYKRMTVLEAVDMLDGLVDESDPDVDFPN 
DRVFATYKLMHTYQTVDFVRKKHIQFGG—FSYKKMTVLEAVDMLDELVDESDPDVDFPN 
DRVFTTYKLMHTHQTVDFVRSKHAQFGG—FSYKKMTVMEAVDLLDGLVDESDPDVDFPN 
ERVRKTYQKMHSNQTVDFVRSRMKEWLR—FDKFKMTVKEALTKLNNLVDESDPDTDLPN 
DRVKNTYTLMHTYQTVPFVKEKHAQWGS—CTHRKMSVMEALNLLDNLVDESDPDVDFPN 
DRVFRTYKLMHTNQTVDFVKLKHAEWNG—CSHSQMGMMDAIMTLDQLVDESDPDVDFPN 
ERVRRTYKLMHTHQTVDFVKGRHADWLK—FDHFKATVRQALEKLNDLVDESDPDLDLPN 
ERVRQTYRQMHLNQTVDFVKGRREHWLK—FNTIKMTVREALEKLNDLVDESDPDLDLPN 
VRVRNHYYTQHQNQTVQFVEEMHKKWLN—FDHAKMPILGCLDMLATFLDESDPDVDEAN 
ETVEEFYRVNHINQTYDFVRRMREEYGR—VDKTEMGIWECIELLNEFIDDSDPDLDMPQ 
KSVEHFYATQHTNQTLDFVQKMRSEYGK—LDKMVMNIWECCELLKEWDESDPDLDEPQ
------------------------------------------------------------------- MSIWESCELLNEFVDESDPDLDEPQ
-RVKNFYAEQHLKQTYEYNVKIRQEFRN—TVRARMSIWEAMELLDNLVDESDPDTSVGQ 
-RVKNFYREQHTKQTVAYNLKARNDFHS—KTRAEMSZWEAMEKLNTLIDESDPDTSLSQ 
-RVKNFYREQHEKQTVAYNLNARMNFKS—KVRAQMTIWEALEKLNTLIDESDPDTEMSQ 
-RVKNFYREQHHKQTVAYNLAARNRFYNASRPRPEMTIWEAMEKLNTLVDESDPDTSLSQ  
-RVKNFYKEQHTKQTVAYNLKARHAFHS—KTRAEMTIWEAMEKLNTLIDESDPDTSLSQ 
-RVKAFYKEQHEKQTVEFNIKVRANFKK—TVRARMGIWEAMELLNTLVDESDPDTTVSQ 
-RVKEFYLEQHTKQTVAFNLKARNEFRS—KVRARLTVWEAIEKLNSLIDDSDPDTELSQ 
-RVKSFYEEQHTKQTVAYNIQARHDFHS—KIRAEMSVWDAIVKLDTLIDESDPDTSLSQ 
-RVKHFYAEQHAKQTVAHNLAARAHFHSPSRKRPELGIWEAMEKLNTLVDDSDPDTSLSQ 
-RVLNFYTEQHTKQTVSHNLAARAHFNSPDRKRPEMTIWQAIECLNSLIDESDPDTELSQ 
-RVKQFYEEQHEKQTVAYNIQARINFKT—KTRARMTVWEGLEKLNKLLDDSDPDTELSQ
------------------------------------------------------------------- MTVWEAMEKLNTLIDESDPDTSLSQ
-RVREFYKEQHEKQTMAYNLQARINFKT—KVRARMTVWDALCQLSKLIDESDPDTELSQ 
-RVKDFYKEQHENQTVAFNLQARINYKT—KVRAKMSIWEALCKLSKLIDESDPDTELSQ 
-RVKQFYEEQHKKQTVAYNIQARINFKT—KTRARMTIWEGLERLNKLLDDSDPDTELSQ 
-HVKAFYKTQHEKQTVAFNIAARERFLH—NHHASMTVWEAIEKLDTLVDESDPDTSLSQ
------------------------------------------------------------------- MTIWEAMEKLNTLIDNSDPDTELSQ
MFVLTRIDSAALPCMVDVCIR-HEKWLS—FTLGEMTVMEALDLLNNLIDESDPDTDLPN 
ETVKEFYRINHTYQTYDFVCSKEQEFLQ—FNRKEMSIWEAVEFLNTLVDDSDPDIDLDQ 
AGVREFYRENHAKQTREFAQAMKRKYGA—KTRGRMSIWEACEFLNTLVDESDPDTDLSQ 
ETVKEFYRLNHINQTYNFVLEKEKNFLK—FDKKEMSVWDAVEFLNQLVDDSDPDTEMDQ 
VAVKEHYRKMRKNQTLDYVQKMHKKYLR----- FDKPMDLWEAMRHLNKLIDVSDPDLDMPN

+ + +•*•* +

SFHAFQTAEGIRKAHPDKDWFHLVGLLHDLGKIMALWG-------------- EPQWAWGDTFPVG
SFHAFQTAEGIRKAHPDKDWFHLVGLLHDLGKVLALFG-------------- EPQWAWGDTFPVG
SFHAFQTAEGIRKAHPDKDWFHLVGLLHDLGKILALWG-------------- EPQWAWGDTFPVG
SFHAFQTAEGIRKAHPDKDWFHLVGLLHDLGKILALWG-------------- EPQWAWGDTFPVG
SFHAFQTAEGIRKAHPDKDWFHLVGLLHDLGKVLALAG-------------- EPQWAWGDTFPVG
SFHAFQTAEGIRREHPDKDWFQLVGLIHDVGKVMALYS-------------- EPQWAWGDTYPVG
SFHAFQTAEGIRKAHPDKDWFHLVGLLHDLGKVLVLAG-------------- EPQWAWGDTFPVG
SYHAFQTAEGIRKAHPDKDWFHLVGLLHDLGKVLVLAG-------------- EPQWAWGDTFPVG
S FH AFQTAEGIRKAHP DKDWFH LVGLLHDLGKVLALFG-------------- EPQWAWG DT FP VG
IVHAFQTAELIRKEHPDLDWFHLTGLIHDLGKVMAFFG--------------- EPQWAWGDTFPVG
SFHAYQTAEGIRRIHPDKDWFQLVGLLHDIGKMMALDN--------------- EPQWSVVGDTFPVG
SFHAFQTAEGIRQAHPDKDWFQLVGLIHDVGKVMALWD--------------- EPQWAWGDTFPVG
IVHAFQTAERARAEFPELDWLHLTGLIHDLGKVMAFYG--------------- EPQWAWGDTFPVG
IIHAFQAAERARAEFPEHDWLHLTALIHDLGKIMAFYG--------------- EPQWAWGDTFAVG
LIHAYQTAEKIRENHPDKPWMHLAGLIHDLGKIMSVWG--------------- EHQWAVTGDTYPVG
IEHLLQTAEAIRKDFPDEDWLHLTGLIHDLGKVLLHPSFG-------- ELPQWSWGDTFPVG
IQHLLQSAEAIRKDYPNEDWLHLTALIHDLGKVLTLPQFG-------- GLPQWAWGDTFPVG
IEHLIQTAEAIRKDYPNEEWLHLTGLIHDLGKVLLHPDFG-------- SEPQWAWGDTFPLG
IEHLLQTAEAIRRDG-KPEWMQLTGLIHDLGKLLCFFG------------ ADGQWDWGDTFWG
IEHLLQSAEAIRRDG-KPRWMQLTGLIHDLGKLLYFFD------------ AQGQWDWGDTFPVG
IEHALQTAEAMRRDG-KPRWMQLTGLLHDMGKLLYFFD------------ AEGQWDWGDTFPVG
IQHLLQSAEAIRRDG-KPRWMQLTGLIHDLGKLMLFFPEL------- ETQGQWDWGDTFPVG
IEHLLQSAEAIRRDG-KPRWMQLTGLIHDLGKLLYFFD------------- AQGQWDWGDTFPVG
IEHLLQTAEAIRRDG-KPDWMQVAGLVHDLGKLLHIFG------------- SDGQWDWGDTFWG
IQHLLQSAEAIRRDG-KPRWMQLIGLIHDLGKLLYFFG------------- AEGQWDWGDTFPVG
IHHLFQSAEAIRRDG-KPRWMQLVGLIHDLGKLLHFFG------------- AKGQWDIVGDTFPVG
IQHLLQSAEAIRRDG-KPRWMQLTGLIHDLGKLMLFFEG--------- CCDGQWDWGDTFPVG
IQHLLQSAEAIRRDG-KPRWMQLVGLIHDLGKLMLFFE----------- LASGQWDWGDSFPVG
IDHALQTAEAIRRDG-KPRWFQLVGLIHDLGKLLYFFD------------- SRGQWDWGDTFPVG
IQHLLQSAEAIRRDG-KPRWMQLTGLIHDLGKLLFFDG------------ AEGQWDWGDTFPVG
IDHALQTAEAIRNDG-KPRWMQLVGLIH DLGKILYFFE------------ S EGQWDWG DT FP IG
IDHALQTAEAIRAEG-RPRWMQLVGLIHDLGKILYFFD------------ S EGQWDWG DTFPVG
IDHALQTAEAIRKDN-KPRWFQLVGLIHDLGKLLYFFD------------- SRGQWDWGDTFPVG
IQHLLQTAEAMRRDG-KPDWMQLTGLIHDLGKLLCFFG------------- ADGQWDWGDTFWG
IQHLLQTAEAMRRDG-KPRWMQLTGLIHDLGKLLFFYG------------- AEGQWDWGDTFPVG
IYHAFQTAERIREKHPDEDWFHLIGLIHDMGKIMAMHG--------------- QPQFSTVGDTFWG
TQHLLQTSEAIRADG-HPDWFVLTGFIHDLGKVLCLFG--------------- EPQWAWGDTFPVG
IQHLMQTSEAIRRDG-HPRV7MILTGFLHDLGKALCLYG--------------- EPQWAWGDTFPVG
LQHLLQTSEAIRADG-HPDWMVLTGFFHDMGKVLCLFG--------------- EPQWATVGDTYPVG
IQHLIQSAEGIREDD-RPDWMQLTGLIHDLGKVMFLWGSDEDGTSQAEQWGMVGDVFWG

-t: -k zk f ie
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M. mus culus 143
H.sapiens 148
R.norvegicus 148
R.norvagicus (2) 143
B.taurus 236
D.rerio 141
S.scrofa 145
C.familiaris 148
P.pygmaeus 148
A.mellifera 158
X.laevis 141
T.nigroviridis 147
A.gambiae 138
D.melanogaster 155
C.briggsae 139
0.sativa 172
A.thaliana 173
P.radiata 81
C.neoformans 130
A.fumigatusgi 178
S.lactativoragi 179
G.zeaegi 171
A.oryzaegi 179
P. chrysosporium 163
C. immitisgi 171
C. immitis 172
C.globosum 178
N. crassa 216
C.albicans 204
M. grisea 78
K. lactis 182
A.gossypii 213
D.hansenii 196
U .may dis 195
C. gloesporioides 78
S. purpuratus 110
F. johnsoniae 162
S.usitatus 145
N.puncti forme 165
F. bacterium 132
consensus

M.musculus 2Q1
H.sapiens 207
R.norvegicus 207
R.norvegicus (2) 207
B.taurus 295
D.rerio 200
S.scrofa 204
C.familiaris 207
F.pygmaeus 207
A.mellifera 217
X.laevis 200
T.nigroviridis 206
A.gambiae 197
D.melanogaster 214
C.briggsae 198
0.sativa 230
A.thaliana 236
P.radiata 139
C.neoformans 237
A.fumigatusgi 236
S.lactativoragi 236
G.zeaegi 229
A.oryzaegi 237
P.chrysosporium 220
C. immitisgi 229
C. immitis 229
C. globosum 235
N.crassa 273
C.albi cans 261
M. grisea 135
K. lactis 239
A.gossypii 275
D.hansenii 253
U. may dis 251
C. gloesporioides 135
S.purpuratus 169
F. johnsoniae 218
S.usitatus 201
N .puncti forme 221
F.bacterium 191
consensus

CRPQASWFCDSTFQDNPDLQDPRYSTELGMYQPHCGLENVLMSWGHDEYLYQMMKFN-K 
CRPQASWFCDSTFQDNPDLQDPRYSTELGMYQPHCGLDRVLMSWGKDEYMYQVMKFK-K 
CRPQASWFCDSTFQDNPDLQDPRYSTELGMYQPHCGLENVLMSWGHDEYLYQMMKFN-K 
CRPQASWFCDSTFQDNPDLQDPRYSTELGMYQPHCGLENVLMSWGHDEYLYQMMKFN-K 
CRPQASWFRDCTFQDNPDLQDPLYSTELGMYQPHCGLENVLMSWGHDEYMYRMMKFN-K  
CKFQNSIVFRNSTFEGNPDGKNPAPNTEFGIYEPQCGLDKVLMSWGHDEYLYRVMKFN-K 
CRPQASWFCDSTFQDNPDLQDPVYSTELGMYQPHCGLENALMSWGHDEYMYQMMKFN-K 
CQPQASWFRESTFQDKPDLQDPRYSTELGMYQPHCGLENVLMSWGKDEYMYQVMKFN-K 
CRPQASWFCDSTFQDNPDLQDPRYSTELGMYQPHCGLDRVLKSWGHDEYMYQVMKFN-K 
CAWADSIVYRDTSFEDNPDGKDSRYNTKYGMYEPKCGIENLLMSWGHDEYLYRVLVHN-N  
CKFQQSIVFSDTTFQDNPDTKHPIYSTKYGIYKPNCGLENVLMSWGHDEYLYKVLTFN-K 
CQFQNSIVYRNNSFQDNPDDRNPDYNTKYGMYAPNCGLEQVLMSWGKDEYLYRVLTFN-R 
CEWGPSIVYREDSFVDNPDGANPKYNTKNGMYEPNCGLEQLTMSWGHDEYLYRVLKHN-G 
CRWGDSIVYRDESFEGKPDGDNPAYNTELGIYQPNCGVDNLLMSWGHDEYMYSVLKHN-K  
CAPAESIVYGKASFQGNPDVDHEVYGTPMGKYQEKCGLENLMMTWSHDEYMYQVLVNH-G 
CAFDECNVHFK-YFKEKPDYLNPKLNTKFGAYSEGCGLDNVLKSWGHDDYMYLVAKEKK-  
CAFDE SNVHHK-YFMENPDFNNPKYNTKAGIYSEGCGLENVLMSWGHDDYMYLVAKENG- 
CAFSETIVHHE-FFKDNPDFHNPKYNTKYGVYSEKCGLDNVLMSWGHDEYMYLVAKMNN- 
CQFSDKIIYPD-TFKANPDYNNPKLNTKYGVYEPNCGLDNVLLSWGEDEYMYEICKNQ— 
CAFDDRIIYGKESFKENPDYEHEIYGTKYGIYTPGCGLDNMMLSWGHDEYLYHWKDQ— 
CKFSDKIIYPD-TFKNNPDYDHPIYSTENGIYTPGCGLDNIMLSWGHDEYMYHVCKDQ— 
CAFSDKIIYPESFTEGNPDAVNPDFNTKFGIYSANCGLDNVML3WGHDEYLYHWKDQ— 
LAFDDRIIYGTESFKENPDYGHDVYGTKFGIYSPGCGLDKVMLSWGHDEYLYHWKDQ— 
CKFSDKNIYPE-TFKGNPDYYDPVYSTEYGVYSPHCGLENVMLSWGHDEYLYHVLKNQ— 
CAFDDRIIYGSESFEKKEDYGHEIYGTKFGIYYPGIGLDNVMLSWGHDEYLYHWKDQ— 
CAFDETIIYPD-TFVNNPDYKHDVYSTKYGIYKPHCGLDKVMLSWGHDEYLYTWKSQ-- 
CRFDERCIYPE-LFAANPDAGHEVYSTRYGIYQPGCGVNELMMSWGHDEYLYLVLRDQ— 
CKFSEKCILHE-SFSANPDSGHAVYSTEHGIYAPGCGIENLMMSWGHDEYLYQWKDQ— 
CKFSKRIIFPD-SFKNNPDFLNPLYNTKYGIYSKHCGLDKVMLSWGHDEYMYHVAKKN— 
CAFDERIIYPG-TFANNPDKDHPVYGTKLGIYEEGCGMDNIMLSWGHDEYLYHWKDQ— 
CGFVKENIFPE-FFQGNPDNSHPIYSTKLGIYEENSGLKSVMISWGHDEYMYYIAKNQ-- 
CQFAEEIIFKE-FFEGITADKNHPIYSQKLGIYHENCGLASVMLSWGKDEYMYYIAKGQ— 
CKFLKRIIFPD-SFKKKPDFFNPLYNTKYGIYSKGCGLDKVMLSWGHDEYMYHVAKLR— 
capqg-tvyph-tfenkpdlhderyntkygmyqpncglgnvmlsfghdeylyeiakre— 
CAFDNRIVLPT-TFEGNPDIHHPVYSTKHGIYKPGCG1ENLMISWGHDEYMYTVCKEQ— 
CHPPLSLPYGLKSFTDNPDLNDPRYNTRLGIYKENCGLSKVTMSWGHDEYLYHVLVKN-K
CAYSDKIVYSE-FFKENPDYTDERFNTKLGIYTENCGLDNVKMSWGHDEYLYQIMKD-----
CAWSDKIIFPE-FFAANPDSAVSEYQTRLGVYQEGCGLDNVDLSWGHDEYLYQWKD -----
CAFSDKIVFSE-FFQENPDYNNPNYNTKYGIYEPNCGLINVHISWGHDEYFYQMMKN-----
CKLPDSCVYPE-FNNLNVDMDNDKYNTDLGIYDKGCGLDNVDLAWGHDEYLYQVLNNHKS

* * * * ★ +* * *

F3LPSEAFYMIRFHSFYPWHTGGDYRQLC3QQDLDMLPWVQEFNKFDLYTKCPDLPDVES  
FSLPPEAFYMIRFHSFYPWHTGRDYQQLCSQQDLAMLPWVREFNKFDLYTKCPDLPDVDK 
FSLPSEAFYMVRFHSFYPWHTGGDYRQLCSQQDLDMLPWVQEFNKFDLYTKCPDLPEVKS 
FSLPSEAFYMVRFHSFYPWHTGGDYRQLCSQQDLDMLPWVQEFNKFDLYTKCPDLPEVKS 
FALPPEAFYIIRFHSFYPWHKFGDYQQLCNEQDLAMLPWVQEFNKFDLYTKSSSLPDVAA 
CTIPEEGLYMIRFHSFYPWHSNGDYMHLCNEKDQQMLPWVKEFNKFDLYTKSTELPDVER 
FSLPGEAFYIIRFHSFYPWHTGGDYRQLCNEQDLAMLPWVQEFNKFDLYTKGSDMPDVDE 
FALPPEAFYMIRFHSFYPWHTGGDYRQLCSELDLAMLPWVQEFSKFDLYTKCPELPDVAT 
FSLPPEAFYMIRFHSFYPWHTGSDYQQLCSQQDLAMLPWVQEFNKFDLYTKCPDLPDVDK 
CKLPEQALAMIRYHSFYPWHAGGDYMHFCTSKDMETLKWIVEFNKYDLYTKNNEVPDIEK 
CSIPEEGLYMIRFHSFYPWHTGGDYQHLCNDKDHRMLHWVKEFNKFDLYTKTEDLPDVEL 
CSLPEEGLYMIRYHSFYPWHSQGDYLHLCNQKDGAMLPWVQEFNKFDLYTKTSALPDVAT 
STLPEQALHMIRYHSFYPWHSGGDYHHLTNEKDEQTKQWVLMFNRYDLYTKSTTLPDIEA 
TKLPHVACNIIRFHSFYPWHNGGDYKHLEAPQDAETKKWVLIFNRYDLYTKSEWPDIEA 
STLPDEALYAIRFHSFYPYHSHNDYLQFQNERDIQMKPAIMMLNECDLYSKNDETPDIAA 
TTLPSAGLFIIRYHSFYPLHKHGAYMHLMNDEDKENLKWLRVFNKYDLYSKSNERIDVEK 
STLPSPGLFIIRYHSFYPLHKAGAYTHLMNEEDKENLKWLHVFNKYDLYSKSKVHVNVEK 
TTLPPAALFIIRFHSFYPLHREGAYMHLLNDEDKEMLEWLKIFNKYDLYSKSKVRIDVEE 
STLPQEALAMIRYHSFYPWHREGAYQHLMNEKDHSQLKAVKAFNPYDLYSKSDDPPKKEE 
STLPDEALAMIRYHSFYPWHQAGAYHEFMNEKDQKMLQAVKAFNPYDLYSKSDDVPSVEE 
STIPAEGLAMIRYHFFYPWHREGAYSKFMNEHDKKMLEAVKAFNPYDLYSKSDELCDVNK 
STLPDEALAMIRYHSFYPWHREGAYQHLMCDKDWEMLKAVNAFNPYDLYSKSDGVPDAEK 
STLPDEALAIIRYHSFYPWHNAGAYQELMNDHDKBMLKAVKAFNPYDLYSKSDDVPTVDE 
SSLPDEALYMIRYHSFYPWHREGAYMHLTNANDQRALEAVRAFNPYDLYSKSDDPIDPEK 
STLPPEALAMIRYHSFYPWHAAGAYTELMNEHDKDMLAAVRAFNPYDLYSKSDDILNVEE 
STLPEEGLAMIRYHSFYPWHTAGAYRHLMNGRDYEMLEAVKAFNPYDLYSKSDEVPDVEK 
STLPREALAMVRFHSFYPWHKEGAYTEFMADGDEALLSAVRAFNPYDLYSKSDDVPKVDE 
STIPREGLAMIRFHSFYPWHREEAYGWAMKEGDEELRRAVRAFNPYDLYSKSDEPVDVEA 
STLPPEALAMIRYHSFYPWHQELAYSYLMDEHDKEMLKAVKAFNSYDLYSKIDQQYDVEE 
STLPDEALAMIRYHSFYPWHKENAYREFMCEKDHAMLEAVRAFNPYDLYSKSDDVPSVEE 
STLNEKALAMIRYHSFYPWHREGAYRYLM3ESDYEILEAVQDFNQYDLYSKGLQKHNRDE 
SLLNDKALAMIRYHSFYPWHREGAYRYLMDESDYELLEAVQDFNKYDLYSKTNKKYDVGE  
STLPPEALAMIRYHSFYPWHQEYAYSYLMDNHDEEMLKAVKAFNGYDLYSKIDKTYDVDV 
STLPQAALDMIRYHSFYPWKREGAYQELCAPQDQEALQWVLAFNPYDLYSKSDSPPDPVA 
SKLPREALAMIRYHSFYPWHREGAYREFMKEGDEELLKAVLAFNPYDLYSKSDDAPSVEE 
TTLPDEGLYMVRFHSFYPWHRGNEYTFLMDNKDKEMMKWIHEFNQFDLYSKSDSVPNIDA 
-YLPDPALYMIRYHSFYSQHKENAYAHLMNEKDIEMFDWVRKFNPYDLYTKAPVKPDVQA 
-YLPEEGQYMIRYHSFYPWHREGAYGYLMNDRDRRMLPWVQKFNPYDLYSKSAAPPDVAE 
-YLPEPALYMLRYHSFYPQHRENAYKHLMDNHDREMFKWVKLFNPYDLYSKNPTPPDWQK 
NKLPEEAMVMIRYHSFYPWHTGGSYGELLSEKDGQYLEWIRDFNKYDLYTKSQKIYDLED

+ * ** * * * **★ *
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M. musculus 267
H. sapiens 267
R.norvegicus 267
R.norvegicus (2) 267
B.taurus 355
D.rerio 260
S.scrofa 264
C.familiaris 267
P.pygmaeus 267
A.mellifera 277
X.laevis 260
T.nigroviridis 266
A.gambiae 257
D.melanogaster 274
C.briggsae 258
0.sativa 290
A.thaliana 296
P.radiata 199
C. neoformans 297
A.fumigatusgi 296
S.lactativoragi 296
G.zeaegi 289
A.oryzaegi 297
P. chrysosporium 280
C. immitisgi 289
C. immitis 289
C. globosum 295
N.crassa 333
C.albicans 321
M.grisea 195
K. lactis 299
A.gossypii 335
D.hansenii 313
U. may dis 311
C.gloesporioides 195
S.purpuratus 229
F. johnsoniae 277
S.usitatus 260
N.punctiforme 280
F. bacterium 251
consensus

LRPYYQGLIDKYCP-- GTLSW
LRPYYQGLIDKYCP-- GILSW
LRPYYQGLIDKYCP---GILSW
LRPYYQGLIDKYCP-- GTLSW
LRPYYQGLVDKYCP-- GILCW
LKPYYQSLIDKYCP-- GVLQW
LRPYYQGLIDKYCP-- GVLCW
LRPYYQGLIDKYCP-- GVLSW
LRPYYQGLIDKYCP-- GILSW
LWPYYEKLIDKYVP-- GVLEW
LRPYYQELIDKYCP-- GVLSW
LKPYYQALIDKYCP-- GVLRW
LWPYYQSLIDKYCP-- GELEF
LWPYYQTLIDKYLP-- GVLEF
LKPYYQSLIDQYVP-- GWNW
VKPYYMSLIEKYFP-- AKLRW
VKPYYMSLIKKYFP-- ENLRW
VKPYYQSLIDKYFP-- PKLRW
LKPYYQSIISKFFP-- AEVQW
LKPYYLELIDEFFP—KKVLKW 
LKPYYMELIDEFFP—NKVINF 
LKPYYMDLIAEYFP—NPVIKW 
LKPYYLELIDEFFP—NKVIKW
VKPYYQSLIAKFFP-- DVIEW
LKPYYLELIDEYFP—QKVLDW 
LKPYYLGLIDEFFP—QKIIRW 
LKPYYLELIDEFFP—QKVIKW 
VKPYYMELIDEFFP—NKVIKW 
LKPYYLELIDEFFP—NKVIDF 
LKPYYLELIDEYFP—NKVVKW 
LKPYYLELIDEFFP—QKLVEF 
LKEYYQDLINEFFP—TKLVEF 
LKPYYMELIDEFFP—TKIIEF 
LRPYYETLIEKYFGGKDRKIQW 
LKPYYMELIDEYFP—SRVIKW
LRPYYQSLIDKYLP-- GKLKW
LLPYYKELVAKYLP-- EKLKF
LKPYYEELISEFFP-- SKIAW
LRPYYEDLVAKYLP-- ATLKF
VIDYYRPIADKYLG—SGPIYW

** . . . .

Key

Eukaryota (Motazoa) yellow highlight
Eukaryota (Viridiplantae) green highlight 
Eukaryota (Fungi) blue highlight
Bacteria purple highlight

* = 100% conserved residue 
. = strongly conserved residue

Accession codes

M. musculus gi 55793669
H. sapiens gi 55793671
R. norvegicus gi 12656151
R. norvegicus (2) gi 6694288
B. taurus gi 76617327
D. rerio gi 66910506
S. scrofa gi17432544
C. familiaris gi 73968833
P. pygmaeus gi 55725775
A. mellifera gi 66503826
X. laevis gi 54311516
T. nigroviridis gi47224130
A. gambiae gi 55241112
D. melanogaster gi 42415375
C. briggsae gi 39580936
0. sativa gi 53792787
A. thaliana gi21536858
P. radiata gi 2935529
C neoformans gi 57227591
A. fumigatusgi gi 71001350
S. lactativoragi gi34481596
G. zeaegi gi 46111739
A. orzyaegi gi 83774965
P. chrysosporium gi 58979298
C. immitisgi gi90303719
C. immitis gi 90301015
C. globosum gi88175499
N. crassa gi18375962
C. albicans gi68467613
M. grisea gi 39960766
K. lactis gi 50308861
A. gossypii gi 44985075
D. hansenii gi 50423385
U. maydis gi71002991
C. gloesporioides gi12583550
S. purpuratus gi 72044271
F.johnsoniae gi 90587746
S. usitatus gi 67928962
N. punctiforme gi 23123721
F. bacterium gl88714087

Figure 8.2 Multiple sequence alignment of 40 putative MIOX sequences
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Crystal structure of a substrate complex of 
myo-inositol oxygenase, a di-iron oxygenase 
with a key role in inositol metabolism
Peter M. Brown*1, Tom T. Caradoc-Davies*t, James M. J. Dickson*1', Garth J. S. Cooper*1, Kerry M. Loomes*1, 
and Edward N. Baker*115

‘Maurice Wilkins Centre for Molecular Biodiscovery, ’School of Biological Sciences, and ’Department of Chemistry, University of Auckland, Auckland 1142, 
New Zealand
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Altered metabolism of the inositol sugars myo-inositol (Ml) and 
D-ch/ro-inositol is implicated in diabetic complications. In animals, 
catabolism of Ml and D-ch/ro-inositol depends on the enzyme Ml 
oxygenase (MIOX), which catalyzes the first committed step of the 
glucuronate-xylulose pathway, and is found almost exclusively in 
the kidneys. The crystal structure of MIOX, in complex with Ml, 
has been determined by multiwavelength anomalous diffraction 
methods and refined at 2.0-A resolution (R = 0.206, Rfree = 0.253). 
The structure reveals a monomeric, single-domain protein with a 
mostly helical fold that is distantly related to the diverse HD 
domain superfamily. Five helices form the structural core and 
provide six ligands (four His and two Asp) for the di-iron center, in 
which the two iron atoms are bridged by a putative hydroxide ion 
and one of the Asp ligands, Asp-124. A key loop forms a lid over 
the Ml substrate, which is coordinated in bidentate mode to one 
iron atom. It is proposed that this mode of iron coordination, and 
interaction with a key Lys residue, activate Ml for bond cleavage. 
The structure also reveals the basis of substrate specificity and 
suggests routes for the development of specific MIOX inhibitors.

diabetes | substrate binding | metalloprotein | HD domain | 
polyol metabolism

Diabetes mellitus is a chronic disease characterized by hyper
glycemia caused by defective action and/or secretion of insu
lin. Hyperglycemia leads to complications such as nephropathy, 

neuropathy, retinopathy, and cataract. There is considerable evi
dence that both type-1 and type-2 diabetes are associated with 
altered inositol metabolism, particularly of myo-inositol (MI) and 
its less abundant epimeric form, D-ch/ro-inositol (DCI) (1-3). MI is 
an osmoregulator and a precursor for inositol-based second mes
sengers, and both MI and DCI are known components of endog
enous inositol phosphoglycans, which act as insulin mediators (4,5), 
leading to the hypothesis that control of inositol levels may have 
therapeutic potential. Consistent with this hypothesis, administra
tion of inositols, especially DCI and derivatives, lowers blood 
glucose in diabetes and enhances insulin action (5-7).

The enzyme MI oxygenase (MIOX; EC 1.13.99.1) is a key 
regulator of inositol levels, catalyzing the first committed step in the 
glucuronate-xylulose pathway (8, 9), the only known pathway for 
MI catabolism (10). MIOX is almost exclusively expressed in the 
kidneys, where it is localized to the proximal tubular epithelial cells 
(11). Importantly, MIOX also acts on DCI (12) and potentially 
mediates its catabolism as well. MIOX expression is up-regulated in 
conditions of hyperosmotic stress (13-14), and in db/db mice, a 
model for type-2 diabetes, increased MIOX activity correlates with 
increased hyperglycemia (13).

MIOX is a 33-kDa nonheme iron protein that catalyzes the 
oxidative conversion of MI to D-glucuronic acid (15). This reaction 
(Fig. 1), in which the bond between C6 and Cl of MI is cleaved, 
involves a dioxygen-dependent four-electron oxidation that appears 
to be unique in biological systems (9). Recent reports indicate that 
MIOX activity depends on substrate binding to an antiferromag-

Fig. 1. Reaction catalyzed by myo-inositol oxygenase (MIOX).

netically coupled di-iron center with unusual redox properties and 
novel catalytic features, distinct from other di-iron oxygenases 
(16-18). The amino acid sequence of MIOX, which is highly 
conserved across many species, matches a previously reported 
mouse renal-specific oxidoreductase (19), indicating that they are 
the same protein. The sequence bears no obvious similarity to 
di-iron oxygenases such as ribonucleotide reductase (RNR) (20) or 
methane monooxygenase (MMO) (21) or to any other protein of 
known three-dimensional structure. Despite the intense mechanis
tic interest in MIOX, its evident importance in diabetes, and the 
possibility that inhibitors of MIOX could be of therapeutic value, 
little is known of the structure of the enzyme and its di-iron center 
or the determinants of its substrate binding and specificity.

Here, we describe the 2.0-A resolution crystal structure of mouse 
MIOX, in complex with its substrate MI. This structure reveals a 
mostly helical protein fold, with a distant evolutionary relationship 
with a widespread protein family referred to as HD domains (22). 
Crucially, the MI substrate is found to be bound to one of the iron 
atoms in a manner that gives important clues to the enzyme 
mechanism and reveals the basis for epimer specificity.

Results
Structure Determination. Mouse kidney MIOX was expressed in 
Escherichia coli, purified, and crystallized in complex with MI, 
which was essential for obtaining diffracting crystals (23). The 
enzyme was active when assayed in the presence of 1 mM Fe2+ and 
2 mM L-cysteine, but the crystals probably represent the inactive, 
oxidized Fe(III)/Fe(III) form, because of the time required for
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Table 1. Data collection and processing statistics
Data collection Fe peak Hg peak Native Native

Wavelength, A 1.7389 1.0062 1.0719 0.9795
Resolution range (outer shell), A 57-2.8(3.0-2.8) 57-2.4 (2.5-2.4) 57-2.6(2.7-2.6) 45-2.0 (2.1-2.0)
Total reflections (final shell) 24,632 (3,403) 45,940(4,849) 31,226 (3539) 243,171 (35,238)
Unique reflections (final shell) 7,448(1,047) 12,311 (1,587) 9,145 (1,172) 2,0619 (2,954)
Completeness (final shell) 97.1 (95.7) 96.4(87.6) 95.5 (87.5) 100 (100.0)
Average//cr (final shell) 15.4(3.7) 12.8(3.5) 12.4(2.3) 18.9(4.0)
«merge (final shell) 0.060(0.309) 0.065 (0.223) 0.082 (0.502) 0.087 (0.602)

crystal growth, the aerobic conditions, and the absence of L-cysteine 
from the crystallization solution. The structure was solved by a 
single-wavelength anomalous diffraction/single isomorphous re
placement with anomalous scattering approach using anomalous 
scattering from the two intrinsic iron atoms and anomalous and 
isomorphous differences from a mercury derivative. The structure 
was then refined at 2.0-A resolution by using a separate high- 
resolution data set, to a final R factor of 0.206 (Rfree = 0.253) (see 
Tables 1 and 2). No electron density was found for the N-terminal 
residues 1-28. An N-terminal 3-kDa fragment is readily lost by 
proteolysis (15), but SDS/PAGE analysis of dissolved crystals (23) 
showed that the molecule was intact; these residues are assumed to 
be disordered in the crystal structure. The putative NADPH- 
binding motif identified by Yang et al. (19) is in this disordered 
region; we find no evidence of NADPH binding (data not shown). 
The rest of the structure, residues 29-285, has excellent electron 
density. It conforms well with the Ramachandran plot with 90% of 
residues in most-favored regions, as defined in PROCHECK (24), 
and no outliers.

Protein Fold. MIOX is monomeric in solution and in the crystal. It 
is folded into a single, mostly helical domain (Fig, 2A), in which five 
helices, a4 to a8, form the core and contribute the six ligands of the 
di-iron center. Helices a4 and a5 (residues 94-111 and 113-132) 
form an antiparallel pair and contribute three ligands. Two of these, 
His-123 and Asp-124, constitute the characteristic HD motif of HD- 
domain proteins (see below) and are found at a point where helix 
a5 is distorted and its hydrogen bonding is disrupted. Helices a6 
and al (residues 193-206 and 210-220) form a second antiparallel 
pair and contribute two more ligands, and helix a8, residues 
236-256, completes the di-iron site, contributing the sixth ligand; 
this helix, too, has its hydrogen bonding disrupted, by the presence 
of Pro-244. Four more helices decorate the protein surface (Fig. 
2A): al packs against two loops (residues 83-93 and 135-143) that 
are important for substrate specificity; a2 packs against a7, anti
parallel to it; and a3 and a9 lie over the a4-a5 antiparallel pair. In 
this way, the core helices a4-a7 are largely buried.

Residues 134-190, between helices a5 and a6, form an extensive 
series of loops that emanate from the main core of the structure. 
MIOX copurifies from kidney with D-glucuronate reductase, the 
next enzyme in the MI catabolic pathway (25), and this region, 
which contains a number of conserved residues distant from the 
active site, may play a role in protein-protein interactions. Arg-29, 
immediately following the disordered N-terminal region, has a key 
structural role, ir-stacking with Tyr-31 and forming a salt bridge 
with Asp-142 that secures the substrate-binding pocket. These three 
residues are almost completely conserved across >40 putative 
MIOX sequences. The C-terminal residues 283-285 form a short 
antiparallel /3-ribbon with residues 69-71, with the final residue, 
Trp-285, inserting its side chain into the hydrophobic core. From 
residue 29 to 285, the MIOX molecule is well defined, with no 
obviously mobile regions.

Di-Iron Site. The di-iron site in MIOX (Fig. 3A) is buried between 
two pairs of antiparallel helices, a4/a5 and a6/a7, and a fifth helix,

a8. A key feature relevant to the antiferromagnetic coupling of the 
two iron atoms (16) is that they are doubly bridged, by the 
carboxylate group of Asp-124, which binds symmetrically through 
OS1 and OS2 and by a bridging water or hydroxide that had positive 
difference density at 6a in an omit map. The Fe-Fe distance is 3.65 
A, similar to distances observed in other dinuclear iron sites (26). 
Mutation of Asp-124 to Ala gives colorless, inactive protein, 
suggesting loss of iron binding. In native MIOX, FE(1) is coordi
nated by His-98 Ne2, His-123 Ne2, Asp-124 OS2 and Asp-253 061, 
a water molecule OW-305, and the bridging water/hydroxide 
OW-304, in a distorted octahedral geometry. FE(2) is also octa- 
hedrally coordinated, by Asp-124 081, His-194 Ns2 and His-220 
Ne2, the bridging water/hydroxide and two oxygen atoms, O1 and 
06 of the MI substrate. Iron-ligand distances are all in the range 
1.99-2.14 A (see Table 3, which is published as supporting infor
mation on the PNAS web site). Assuming that both irons are 
Fe(III), the resultant 6+ charge is balanced by only 2— from the 
protein ligands (four His and two Asp). This 4+ net charge on the 
di-iron site implies that the bridging species is likely to be a 
hydroxide ion rather than water. We also favor hydroxide over a 
/r-oxo species because the Fe-OW-304 bond lengths average 2.0 A, 
significantly longer than the value of «1.8 A expected for a /r-oxo 
species (27), and because the bridging oxygen is only 2.70 A from 
the noncoordinated carboxylate oxygen 082 of Asp-253, in perfect 
position to hydrogen bond to it.

Substrate Binding. The bound MI substrate is almost completely 
buried in a pocket formed between the di-iron site, two short 
sections of polypeptide (residues 140-142 and 220-223), and a 
hairpin loop (residues 83-93), which acts as a lid over the substrate 
and appears to play a critical role in substrate binding. Key 
interactions that hold the lid in place include three salt bridges, 
Asp-85/Lys-127, Asp-88/Lys-257, and Asp-92/Arg-39, together 
with main-chain hydrogen bonds with Thr-32, Arg-39, and Gln-136.

Table 2. Phasing and refinement statistics
BI

O
CH

EM
IS

TR
Y

Phasing (AUTOSHARP)
Hg (x7) phasing power 1.375/1.173
(ano/iso)
Fe (x2) phasing power 0.531/0.369
(ano/iso)
Overall figure of merit 0.462

Refinement (45-2.0 A resolution)
No. of reflections. 19,516/1,057

working/test
R (outermost shell) 0.206 (0.274)
«free (outermost shell) 0.253 (0.282)
Protein atoms 1,942
Subtrate atoms 12
Ions 2 Fe3+, 1 formate
Water molecules 155
rms deviations, bonds/angles 0.021 A/1.7"
Average B factor, A2 25.1
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Fig. 2. Structure of MIOX. (A) Stereo ribbon diagram, with Fe atoms as orange spheres and Ml in yellow, in stick mode. Helices are labeled a1-a9, with the helices 
that provide iron ligands in blue: the helix pairs a4/a5 and a6/a7 plus a8. The "lid" loop that folds over the Ml substrate is in red. (B) Superposition of common 
regions of MIOX (dark blue) on the HD domain proteins from P. furiosus (green), A. fulvida (light blue), and E. coli (wheat). The Ni2+ ion in the P. furiosus protein 
(green sphere) overlaps FE(1) in MIOX (orange sphere), and equivalent His and Asp residues (stick mode) are present in all four proteins.__
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__

Most of these residues are invariant in all MIOX sequences, and the 
conserved sequence motif DxSDPD (residues 85-90) signifies the 
importance of this “lid loop” for function.

The electron density for the MI molecule (Fig. 3B) is extremely 
well defined, making its stereochemical fit unequivocal. Of critical 
importance to the catalytic mechanism, the two oxygens bound to 
iron are from the Cl and C6 hydroxyl groups, and thus bracket the 
bond (C1-C6) that is cleaved in the MIOX enzymatic reaction. 
Both oxygens are also hydrogen bonded to protein groups, O1 to

the amino group of Lys-127, invariant in all MIOX sequences, and 
06 to Ser-221, conserved in all but one of the 40 MIOX sequences 
examined. Recognition of the other hydroxyl groups on the inositol 
ring is achieved by a network of hydrogen bonds. 02 is hydrogen 
bonded to Asp-85 081, Ser-87 Oy, and the peptide NH of Gly-141; 
03 to Ser-87 Oy and water OW-40, which bridges to the side-chain 
oxygens of Tyr-31 and Tyr-44; 04 to Asp-142 081 and two waters, 
OW-40 and OW-66, the latter bridging to Arg-29 N-rjl; and 05 to 
Asp-142 081. Residues Asp-85, Ser-87, and Asp-142, which medi

Fig. 3. Active site of MIOX. (A) Stereoview of the di-iron site. Fe atoms, orange spheres; Ml, yellow; protein side chains in stick mode, colored by atom type; 
water/hydroxide ligands, red spheres. Bonds to Fe, solid lines; hydrogen bonds, broken lines. Note the change in helix geometry (a to 3w) associated with His-123 
and Asp-124. The C1 hydrogen of Ml (gray) is adjacent to the modeled dioxygen (transparent orange spheres), in position for abstraction. (B) Stereoview of 
Ml-binding mode. The Fe atoms, Ml, side chains, water molecules, and hydrogen bonds are represented as in A. Electron density for Ml is from a bias-removed 
omit map, contoured at 3<r, and the anomalous density for each Fe atom from the Fe-edge data is contoured at 7a.
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ate substrate specificity, are all invariant. To test the importance of 
these residues for function, we mutated each of Asp-85, Lys-127, 
Asp-142, and Ser-221 to Ala. The mutant proteins D85A, K127A, 
D142A, and S221A were all inactive, suggesting that the correct 
recognition and binding of MI is critical.

Sequence and Structure Comparisons. The current sequence data
base contains >40 putative MIOX sequences, from animals, plants, 
and microorganisms. Sequence comparisons (see Fig. 5, which is 
published as supporting information on the PNAS web site) show 
very high conservation. Mouse MIOX shares «90% identity with 
the human and rat enzymes and «45% identity with bacterial 
MIOXs, and even across 40 species, 43 residues are invariant. Most 
are involved in the di-iron site or the substrate-binding pocket, but 
some are remote from these sites (e.g., a cluster comprising 
Glu-104, Arg-107, Tyr-270, and Tyr-271) and may reflect other 
aspects of MIOX function. Between residues 38 and 281 there are 
only two positions where significant insertions or deletions occur in 
any MIOX sequence, implying high structural conservation.

Searches of the Protein Data Bank with SSM (28) show that the 
closest structural matches to MIOX are not any of the well known 
di-iron oxygenases, such as RNR (20) or MMO (21), but three 
uncharacterized proteins, from Pyrococcus furiosus (PDB code 
1XX.7), Archaeoglubus fulvida (PDB code 1YNB) and£. coli (PDB 
code 1WPH). Approximately 100 residues of MIOX can be super
imposed onto each of these proteins (Fig. 2B) with root-mean- 
square differences in Ca positions of 2.8-3.2 A. Correspondence is 
limited to helices a3, a4, a5, and parts of a6 and a8. Significantly, 
a4, a5, and a8 provide the ligands for FE(1) in MIOX (His-98, 
His-123, Asp-124, and Asp-253), and there are exact equivalents of 
each of these residues in the three microbial proteins, one of which 
(1XX7) binds a Ni2+ ion. A similar level of structural homology is 
found with the metal-binding catalytic domain of phosphodiester
ases (29) and a domain from an exopolyphosphatase (30), and it is 
clear that all these proteins belong, with MIOX, to the HD-domain 
superfamily of metal-binding phosphohydrolases (22).

Despite the absence of significant sequence identity between 
MIOX and the HD-domain proteins (<5% overall), structural 
conservation suggests that they are related by divergence from 
a common ancestor. Key common elements are the antiparallel 
pair of helices a4/a5, which provide three metal ligands includ
ing the HD motif, plus a8, which provides a fourth ligand. These 
give rise to a metal-binding sequence His-X«.3o-His-Asp-X>5O- 
Asp, which coordinates FE(1) in MIOX and the Zn in phos
phodiesterases. The HD motif is associated with a characteristic 
distortion of helix a5 that allows both residues to be presented 
together as metal ligands. At this position, the Asp residue has 
(<p, T) angles (-100°, 20°), and helix a5 either terminates or 
changes to 3 io-type hydrogen bonding. Helices equivalent to a3, 
a6, and al in MIOX are present in the other HD-domain 
proteins but are more variable in their orientations compared 
with the core of a4, a5, and a8. Of the characterized HD-domain 
proteins, only in MIOX does the a6/a7 pair provide ligands for 
a second metal ion, FE(2); in phosphodiesterases the second 
metal has mostly water ligands and is displaced relative to FE(2). 
Other features unique to MIOX are the lid over the substrate 
provided by the a3-a4 loop and the complex loop region, which 
separates a4/a5 from a6/al and may play a role in protein- 
protein interactions by MIOX.

Discussion
Iron-dependent oxygenases are increasingly recognized for their 
key roles in a variety of essential biological processes (31, 32), 
reflecting the importance of iron for the binding and activation 
of molecular oxygen. Many contain a single iron center, Fe(II) 
in its resting state (32), but the di-iron oxygenases potentially 
display a richer chemistry, and participate in processes as diverse 
as de novo DNA synthesis (RNR) (20), hydrocarbon hydroxy

lation (methane and toluene monooxygenases) (21,33), and fatty 
acid biosynthesis (A9 stearoyl-acyl carrier protein desaturase) 
(34). MIOX, described here, has unique structural and func
tional features that expand the known repertoire of di-iron 
oxygenases.

Structural Relationships. MIOX shares key design features with 
di-iron oxygenases such as RNR and MMO. In these proteins, as for 
MIOX, the di-iron site is deeply buried between two antiparallel 
helix pairs, which provide most of the iron ligands (31). Burial in 
such a site may help protect the cell against the potentially damaging 
radical and oxidizing species that are formed as intermediates. The 
oxygen carrier hemerythrin also has its di-iron site within a similar 
four-helix cluster (35); the only known exception so far is purple 
acid phosphatase, an a/p protein which does not bind molecular 
oxygen (36). Despite its design similarities, MIOX does not appear 
to be evolutionarily related to RNR, MMO, and A9 desaturase. The 
latter group is characterized by a common set of iron ligands, 
including a repeated HxxD motif, and substantial structural ho
mology (31, 34). MIOX, in contrast, lacks this HxxD motif and 
belongs to a structurally distinct family, the HD-domain superfam
ily (22), with its HD sequence signature and strongly conserved 
metal-binding structure.

The functional properties of proteins with di-iron sites are tuned 
by the protein ligands that coordinate the iron atoms. Thus, 
hemerythrin, an oxygen carrier, has five His ligands and two 
carboxylates coordinating its two Fe(II) ions (35). In contrast, the 
oxygenases RNR, MMO, and A9 desaturase each have two His 
ligands and four carboxylate ligands (21, 31), with the higher 
proportion of negatively charged carboxylate ligands likely to 
stabilize high-valent intermediates such as the diferryl Fe(IV)- 
Fe(IV) species proposed for RNR and MMO (26, 31). With four 
His ligands and two carboxylates, MIOX more closely resembles 
hemerythrin than the RNR-type oxygenases, suggesting that the 
proposed mechanism involving a (superoxo)di-iron(III)/(III) in
termediate (18) is more likely than intermediates involving higher- 
valent species.

MIOX also differs from other oxygenases in having a valence- 
localized Fe(II)/Fe(III) pair as its catalytically competent state 
(16). Among structurally characterized di-iron enzymes, the only 
mixed-valence example is purple acid phosphatase (36), but its 
ligand complement is different, and it is not an oxygenase. The 
oxidized MIOX structure does not identify which of the iron atoms 
is more likely to be Fe(II) in the mixed-valent state, but structural 
and mechanistic considerations, discussed below, suggest FE(1) as 
the likely Fe(II) site. It is probable that the protein ligands present 
in the Fe(II)/Fe(III) state are the same as in the Fe(III)/Fe(III) 
crystal structure. Carboxylate shifts (37, 38), in which carboxylate 
ligands shift between monodentate and bridging as the redox state 
changes, have been documented for RNR and MMO (31, 38) and 
contribute to the altered metal coordination in a mixed-valent form 
of MMO (38). Such changes seem less likely for MIOX, however. 
The monodentate Asp ligand coordinated to FE(1) has insufficient 
flexibility to bridge to FE(2) without disruption of the whole di-iron 
site, and it is similarly unlikely that the bridging Asp-124 becomes 
monodentate. The use of Asp residues rather than the more flexible 
Glu to provide carboxylate ligands, and the presence of four His 
ligands, are key features that should ensure a relatively rigid di-iron 
site.

Mechanistic Implications. The catalytic cycle for MIOX is unprec
edented among di-iron oxygenases in that it carries out a full 
four-electron oxidation of its substrate, returning to its Fe(II)/ 
Fe(III) resting state without need for an external reductant (9,18). 
Spectroscopic studies have identified a key intermediate G, which 
is reached reversibly after dioxygen binding, and is formally a 
(superoxo)Fe(III)/Fe(III) species (18). This abstracts the Cl hy
drogen of MI, thereby cleaving the Cl-H bond and resulting in the
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Fig. 4. Key steps in the MIOX reaction, following Xing etal. (18). (A) The putative (su peroxo)Fe(l I l)/Fe(l 11) species, formed by displacement of the terminal water 
on FE(1) by dioxygen. Abstraction of the C1 H atom gives the radical species in B, followed by formation of a hydroperoxy derivative in C, breakage of the C1-C6 
bond, and product release.

likely formation of a (hydroperoxo)Fe(III)/Fe(III) species, similar 
to the peroxodiiron(III) intermediate observed for toluene mono
oxygenase (39). Transfer of the intact hydroperoxide unit to the 
substrate Cl radical would then be followed by deprotonation of the 
C6 hydroxyl by a base to give an aldehyde at this position and 
breakdown of the hydroperoxy moiety with concomitant breakage 
of the C1-C6 bond (16, 18) (Fig. 4). The full sequence of steps is 
not clear, but the MIOX crystal structure illuminates several key 
points.

The structure confirms that the substrate binds directly to the 
di-iron moiety, as was deduced from substrate-induced spectro
scopic changes (17), but the binding mode is fundamentally differ
ent from that suggested. Rather than bridging the irons via a 
p,-alkoxide bridge as proposed, MI binds in bidentate mode 
through its Cl and C6 hydroxyls, having major implications for the 
catalytic mechanism. The EPR spectra of the (superoxo)Fe(III)/ 
Fe(III) intermediate G imply that oxygen binds to a single iron and 
not as a bridging species (18). Because no free coordination position 
exists on FE(2) for oxygen binding, we postulate that oxygen must 
bind to FE(1) by displacement of the terminal water ligand. 
Displacement of a protein ligand is unlikely, and oxygen is known 
to displace water ligands in other iron-dependent oxygenases. Each 
of the two iron atoms in MIOX thus has a different role, binding 
oxygen and substrate, respectively, and valence localization in the 
di-iron site thereby correlates with these distinct roles.

The substrate-binding mode strongly supports the proposed C-H 
cleavage mechanism (18). The Cl hydrogen is oriented toward the 
terminal water OW-305 on FE(1) (Fig. 3A) and is only 2.8 A from 
it. Assuming that oxygen displaces OW-305, the resulting superoxo 
species would be ideally placed to abstract the Cl hydrogen as 
proposed. We modeled bound oxygen with end-on coordination 
(Fig. 3/1) and find that it fits well in this orientation, adjacent to MI, 
although the general conclusions would not be altered by side-on 
binding. The observed Mi-binding mode also clearly activates the 
substrate for attack. With four His ligands and two Asp, the 
Fe(II)/Fe(III) site has a formal net positive charge of 2+ or 3+, 
depending on whether the bridging aquo ligand is hydroxide or 
water. The coordination of the Cl hydroxyl to iron, and its strong

hydrogen bond with the e-amino group of Lys-127 (2.7 A), will 
promote ionization of the Cl hydroxyl and help activate the Cl-H 
bond for cleavage. Mutation of Lys-127 to Ala abolishes activity, 
consistent with this role. The C6 hydroxyl must also be deproto- 
nated before formation of the C6 aldehyde (16). This process may 
also be assisted by coordination to iron, with the proton taken by 
the hydroxide liberated from the hydroperoxy unit or by the 
bridging hydroxide OW-304, 3.0 A away from 06; this bridging 
species could act as a catalytic base, assisted by the noncoordinated 
carboxylate oxygen of Asp-253, to which it is hydrogen bonded.

Understanding all of the changes that occur at the di-iron center 
during the catalytic cycle will require multiple crystal structures for 
different states, as has been elegantly demonstrated for MMO (40). 
Those changes that do occur will likely involve the bridging species, 
especially the water/hydroxide. Binding of MI not only activates the 
substrate for attack, but also conditions the di-iron cluster for 
oxygen activation. The observed increase in Fe-Fe exchange cou
pling that accompanies MI binding (17) may result from conversion 
of bridging water to hydroxide. It is also possible that, in the absence 
of substrate, this aquo species does not bridge and that an additional 
consequence of MI binding is to bring the two iron atoms closer 
together.

Implications for Substrate Specificity and Inhibitor Design. The bio
chemistry of diabetic complications is complex, and many ther
apeutic strategies have been discussed (41). Although linkages 
between inositol metabolism and diabetic complications are 
mostly circumstantial, the demonstrated therapeutic potential of 
inositol administration (5-7) suggests that the regulation 
of inositol levels may represent a useful strategy. Inhibition of 
MIOX, as the first enzyme in the only known pathway for inositol 
catabolism, should raise inositol levels in diabetes and may thus 
help counter hyperglycemia.

The crystal structure of MIOX explains its substrate specificity 
and provides a template for inhibitor design. Iron chelation through 
O1 and 06 implies that the configuration at Cl and C6 is likely 
critical for the correct alignment of the substrate with the iron- 
bound oxygen. The close fit of MI against residues 140-142,
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conserved as VGD in all MIOX sequences, also restricts the 
substrate configuration at C4, whereas the configurations at C2, C3, 
and C5 appear much less restricted. Modeling shows that DCI, 
which differs from MI only in its configuration at C3, should bind 
in the same way as MI, with its axial C3 hydroxyl then able to 
interact with the side chains of Asp-88 and Lys-257. The restrictions 
at C4 also suggest that L-chiro inositol, which differs in configuration 
at C3, C4, and C5, may not be a substrate. Finally, if the observed 
Mi-binding mode is taken as a template for inhibitor design, the 
axial substituents on C3 and C5 should offer attractive sites for 
derivatization, because they are oriented toward a cavity containing 
several water molecules.

Materials and Methods
Cloning, Expression, and Purification. The ORF encoding mouse 
MIOX was amplified by PCR from genomic DNA and cloned into 
the expression vector pPro-EX Htb (Invitrogen, Carlsbad, CA). 
This construct was transformed into E. coli BL21 (DE3) pRP cells, 
and the protein was expressed at 28°C and purified as described 
(23). Ni2+-affinity chromatography, using the N-terminal His6 tag, 
was followed by cleavage of the tag with recombinant tobacco etch 
virus protease. After incubation with 1 mM Fe2+ and a final step 
of size-exclusion chromatography, homogeneous fractions identi
fied by dynamic light scattering were pooled and concentrated to 20 
mg-mU1 11. Mutant proteins D85A, D124A, K127A, D142A, and 
S221A were generated by PCR mutagenesis of the wild-type MIOX 
gene and expressed and purified as for wild type. Enzyme activity 
was measured by the colorimetric orcinol assay for D-glucuronate 
formation (25). Before crystallization, the enzyme was incubated 
with 20 mM MI.

Crystallization and Data Collection. Crystallization conditions were 
identified as described (23). Crystals grew from a 1:1 mixture of 
protein solution [20 mg-ml ’1 MIOX/20 mM MI/50 mM Mes, pH 
6.0/50 mM NaCl/2 mM Tris(2-carboxyethyl)-phosphine hydro
chloride] and precipitant (4.4 M sodium formate). These crystals 
were orthorhombic, space group P2i2i2i, with unit cell dimensions 
a = 44.60, b = 77.20, c = 85.40 A, with one MIOX molecule in the 
asymmetric unit (KM = 2.2 A3-Da_1). A mercury derivative was 
prepared by soaking crystals in mother liquor containing 5 mM 
methylmercuric chloride and then back-washing in mother liquor 
before data collection.
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1. Introduction
Diabetes mellitus (DM) is a major global health concern, the 
prevalence of which has risen dramatically in recent decades owing to 
changes in diet and lifestyle. Importantly, the morbidity and mortality 
associated with DM is largely attributed to its complications, 
including coronary and cerebrovascular disorders, peripheral arterial 
disease, nephropathy and retinopathy (Khan et al., 2006). These 
complications result from sustained hyperglycaemia and are believed 
to develop through a number of pathways, including non-enzymatic 
glycation processes, increased aldose reductase activity and alteration 
of the protein kinase C pathway (Brownlee, 2000).

Afyo-inositol oxygenase (MIOX), consisting of 285 residues 
(33.2 kDa), is an enzyme implicated in diabetic complications owing 
to its ability to catalyze an oxidative cleavage of the inositol 
compounds myo-inositol (MI) and its epimer D-chiro inositol (DCI) 
between C-l and C-6 of the inositol ring to form glucuronic acid 
(Fig. 1). This reaction occurs predominantly in the kidney, where 
MIOX is found almost exclusively (Arner et al., 2006), and is the only 
known route of inositol catabolism. As this oxidative cleavage is the 
first step in the glucuronate-xylulose pathway, MIOX potentially 
plays an important role in the regulation of endogenous inositol 
levels, which are involved in many aspects of cellular regulation 
(Arner et al., 2001). Altered inositol metabolism is associated with 
diabetes and insulin resistance, while administration of DCI has been 
shown to lower blood glucose and improve insulin action (Ortmeyer 
et al., 1993). As MIOX expression and activity is increased in diabetes 
(Nayak et at., 2005), its inhibition under these circumstances may 
therefore represent a promising strategy for raising depleted inositol 
levels.

© 2006 International Union of Crystallography 
All rights reserved

Figure 1
The first step of the glucuronate-xylulose pathway catalyzed by tnyo-inositol 
oxygenase (MIOX).
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MIOX has previously been described as a renal-specific oxido
reductase with an NADPH-binding sequence motif (MAKS), as seen 
in the mouse MIOX sequence (Yang et al., 2000). However, as other 
mammalian MIOX sequences lack this motif, this classification has 
been under debate. More recently, MIOX has been characterized 
spectroscopically as a non-haem di-iron oxygenase with a mechanism 
that utilizes an Fen/Fenl binuclear iron centre for catalysis (Xing et 
al., 2006).

MIOX is highly conserved across all mammals, plants and micro
organisms, yet shows no homology with other proteins based on 
sequence similarity. Pairwise sequence alignments of mammalian 
MIOX show ~90% amino-acid sequence identity, strongly suggesting 
a conserved and essential function (Arner et al., 2006). Solution of the 
crystal structure of MIOX will allow discovery of its polypeptide fold 
and active-site architecture, which are currently unknown, and 
potentially yield new insights into the reaction mechanism. Here, we 
describe the cloning, expression, purification and crystallization of 
mouse MIOX, together with preliminary crystallographic data from 
these crystals.

2. Methods and results
2.1. Cloning, expression and purification

The DNA fragment encoding mouse MIOX (accession No. 
AY738257) was amplified by PCR from Mus musculus genomic DNA 
using the primers miox-N-term-fwd (5'-ATACCATGGGAATGAA- 
GGTCGATGTGG-3') and miox-C-term-rev (5'-TATGAA TCCTC- 
ACCAGCTCAGGGT-3') containing Ncol and EcoRI restriction 
sites, respectively. The PCR product, digested with Ncol and EcoRI 
endonucleases (Invitrogen), was cloned into the expression vector 
pPro-EX HTb (Invitrogen), which provides an N-terminal His6 tag 
(H6DYDIPTTENLYFQGAMG). The resulting construct, termed 
pPro-EX HTbmlox, was subsequently confirmed using DNA sequen
cing.

The pPro-EX HTbmlox construct was used to transform Escherichia 
coli BL21 (DE3) pRP cells (Novagen) for MIOX overexpression. The 
cells were grown in Luria-Bertani (LB) broth containing ampicillin 
(100 pg ml-1) and chloramphenicol (34 pg ml-1) at 310 K until the 
absorbance (OD6oo) reached ~0.9. The addition of 1 mM isopropyl 
/5-n-thiogalactopyranoside (IPTG) initiated MIOX expression, which 
then proceeded for 12 h at 301 K. The cells were subsequently 
harvested by centrifugation for 15 min (3000g, 277 K) and 
resuspended in 50 mA/ Tris-HCl pH 8.0, 50 inM NaCl, 2 mM 
/Tmercaptoethanol (buffer A) supplemented with EDTA-free 
protease-inhibitor tablets (Roche) and lysed using a cell disruptor

0.2 mm

Figure 2
Crystals of MIOX grown from unbuffered 4.4 M sodium formate. Crystals 
appeared after one week and grew to approximately 0.1 x 0.2 x 0.05 mm after 
two weeks.

(Constant Systems) at 124 MPa. To separate soluble and insoluble 
fractions, the lysis mixture was collected and centrifuged for 15 min 
(13 500g, 277 K). The supernatant, containing MIOX, was filtered 
through a 1.2 pm filter (Sartorius).

MIOX was purified using a three-step procedure. The first step, 
Ni2+-affinity chromatography, utilized the N-terminal His6 tag on 
MIOX. The lysate was applied onto a 5 ml Hi-Trap chelating column 
(Amersham Biosciences) charged with Ni2+, followed by 10 ml buffer 
A containing 50 mM imidazole to remove non-specifically bound 
protein. To elute MIOX, buffer A containing 175 mM imidazole was 
applied until the absorbance (OD60n) returned to baseline. MIOX 
was incubated with recombinant tobacco etch virus (rTEV) protease 
for 12 h at 277 K to remove the His6 tag, leaving four amino acids 
(GAMG) prior to the start methionine. The protein was then re
applied onto the Ni2+ column and eluted with buffer A, allowing 
further purification of MIOX from contaminants. Prior to a final 
purification step of size-exclusion chromatography, the protein 
solution was concentrated to a volume of 1 ml and incubated with 
1 mM ammonium ferrous sulfate for 5 min. The enzyme was then 
applied onto an S200 HR10/30 column (Amersham Biosciences) pre
equilibrated in 50 mM MES pH 6.0, 50 mM NaCl, 2 mA/ TCEP 
(buffer B). MIOX eluted from the column as a single peak with a 
16 ml retention volume. Based on both dynamic light-scattering 
results and the observed retention volume, it was concluded that 
MIOX is a monomeric protein (33 kDa), in agreement with previous 
studies (Arner et al., 2006). The purified enzyme was incubated with 
20 mM MI and concentrated to 20 mg ml-1 in buffer B. Absorbance 
readings (OD28o) of purified MIOX suggested a typical yield of 
100 mg MIOX per litre of culture.

Circular-dichroism spectroscopy indicated that the purified enzyme 
was folded prior to crystallization. The recombinant protein did not 
display NADPH-binding characteristics as previously observed 
(Yang et al., 2000). MIOX was shown to be active towards both MI 
and DCI in the presence of 1 mA/ Fe2+ and 2 mM L-cysteine using a 
colorimetric orcinol method for D-glucuronate detection (Reddy et 
al., 1981). The protein was stored at 277 K for up to a week or 112 K 
indefinitely without precipitation or loss of activity.

2.2. Crystallization

The initial search for crystallization conditions was carried out with 
a Cartesian Honeybee dispensing system (Genomic Solutions), using 
a locally developed 480-condition crystallization screen (Moreland et
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Figure 3
SDS-PAGE analysis of a dissolved crystal, highlighting the crystallization of the 
full-length enzyme. Lane 1, Precision Plus protein standards (kDa; BioRad); lane 2, 
semi-purified MIOX; lane 3, empty; lane 4, dissolved MIOX crystal (following 
extensive washing).
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Figure 4
A 1.0° X-ray diffraction image from a native MIOX crystal. Crystals diffracted to 
2.8 A (edge of plate).

a!., 2005) that included Hampton Research Crystal Screens I and II, 
Top 67, MPD, PEG/Ion and Precipitant Synergy screens. Experiments 
were performed using sitting-drop vapour diffusion at 291 K using 
96-well Intelli-Plates (Hampton Research) containing 100 pi reser
voir solution. Crystallization drops consisted of 100 nl protein solu
tion (20 mg ml-1 in 50 mA-/ MES pH 6.0, 50 mA/ NaCl, 2 mA/ TCEP, 
20 mA-/ MI) and 100 nl precipitant solution. Spherulites appeared in a 
condition comprising unbuffered 3.0 A/ sodium formate after one 
week.

VDX plates (Hampton) were used for fine screening around 
unbuffered 3.0 A/ sodium formate, producing crystals from unbuf
fered 4.4 M sodium formate (Fig. 2). The resulting mother liquor was 
shown to have a final pH of 6.5. Further variation of pH and the use 
of alternative salts or additives produced no improvement in the 
crystals, although increased drop sizes significantly enhanced crystal 
morphology.

Evidence from our laboratory and previous research (Arner et at., 
2006) shows that MIOX often degrades at the N-terminus to form a 
stable 30 kDa product. However, the MIOX crystals were analyzed 
by SDS-PAGE and were confirmed to be the full-length enzyme, as 
seen in Fig. 3.

2.3. Data collection and processing

Single MIOX crystals were transferred to a cryoprotectant solution 
consisting of 4.4 A/ sodium formate, 5% ethylene glycol for 
approximately 15 s before flash-cooling in liquid nitrogen. X-ray data 
were collected on beamline ID-29 at the European Synchrotron 
Radiation Facility (ESRF) using an ADSC Quantum-210 detector. 
Although most crystals diffracted anisotropically, crystal screening of 
diffraction patterns 90° apart allowed selection of a crystal with 
minimal anisotropic diffraction, resulting in a data set that was ~97% 
complete to 2.8 A resolution (Fig. 4).

The data were processed using MOSFLM (Leslie, 2006) and scaled 
with SCALA (Evans, 2006), giving the statistics shown in Table 1.

Table 1
Data-collection statistics.

Values in parentheses are for the outermost shell of data.

Wavelength (A) 1.7389
Oscillation angle (°) 1.0
Resolution range (A) 57.5-2.8 (2.95-2.80)
Unique reflections 7448 (1047)
Space group «2,2,2,
Unit-cell parameters (A) a = 44.87, b = 77.26, c = 84.84
Matthews coefficient (A3 Da-1) 2.2
Mosaicity (°) 0.8
Molecules per ASU 1
Solvent content (%) 44.4
Completeness (%) 97.1 (95.7)
Mean 7/o(7) 15.4 (3.7)
R„™t(%) 0.060 (0.309)

t Aym = Ei, EiilAOO - W'))l/E* El WJ. where I, is the ith measurement and <Z(/i)> 
is the weighted mean of ail measurements of /(/,).

As no homologous protein structures are currently available in the 
PDB, it is not possible to use molecular replacement for structure 
solution. In attempt to obtain phase information, selenomethionine 
substitution and heavy-metal incorporation experiments are under 
way. Furthermore, methods to improve crystal diffraction are being 
explored.

3. Summary
MIOX has received greater interest in recent years owing to the 
recognition of its importance in inositol regulation and diabetes 
aetiology. Crystallographic analysis of MIOX will provide a detailed 
description of the overall structure and active site of the enzyme, 
allowing a greater understanding of its novel mechanism. The 
preparation of diffraction-quality crystals of MIOX, reported here, 
represent an important first step towards this goal.
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